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Nederlandse samenvatting

–Summary in Dutch–

Optische systemen vinden vandaag vooral toepassingen in beeldacquisitie,

communicatie en beeldschermen. De motivatie om optische systemen te mini-

aturiseren is daarom gelijklopend als die voor elektronische systemen: het cre-

ëren van goedkopere en meer functionele systemen en het toegang krijgen tot

applicaties waar bulk optische componenten eenvoudig weg niet passen. Te-

gelijkertijd vereisen de meeste systemen zowel elektronica (bv. voor de aanstu-

ring) en optische componenten, en moeten deze intiem geïntegreerd worden.

Deze directe integratie met elektronische systemen zorgt ervoor dat goedkope

en overvloedige rekenkracht uitgebreid beschikbaar is. Anderzijds is minia-

turisatie ook voordelig omdat het toelaat om vele parallelle kleinere systemen

het werk te laten doen van een enkel groter systeem. Al deze voordelen maken

dat er een grote interesse is in de studie van de integratie van klassieke geïnte-

greerde schakelingen (IC) met micro-elektro-mechanische systemen (MEMS)

als een platform voor geminiaturiseerde optische systemen.

Deze nieuwe klasse van microsystemen, genaamd micro-optische elektro-

mechanische systemen (MOEMS), die heeft geleid tot nieuwe optische functi-

onaliteit met voordien nooit vertoonde kwaliteit en nauwkeurigheid. Het sa-

menbrengen van deze verschillende technologieplatformen heeft geleid tot in-

dustrieel belangrijke verwezenlijkingen zoals de DMD (digital micromirror dis-

plays), laser scanners, optische schakelaars en dynamische microspiegels ge-

baseerde beeldschermen. De trend om klassieke optische systemen te mini-

aturiseren en verder te integreren zal ook de adoptie en commercialisatie van

MOEMS technologie versnellen.

Het onderzoek in deze thesis naar Silicium Germanium gebaseerde MOEMS

kadert in deze toenemende trend naar integratie van elektronica en microsyste-

men. Poly-SiGe is een ideaal materiaal voor het postprocessen van MEMS struc-

turen boven op elektronische chips. De films hebben heel goede elektrische

en mechanische eigenschappen en worden gedeponeerd op een relatief lage

temperatuur die compatibel is met bestaande elektronische chips. Het SiGe-

MEMS platform laat dan ook toe om complexe MEMS structuren bovenop be-
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staande elektronische chips te fabriceren en direct te interconnecteren met de

aanstuurcircuits. Dit maakt het platform heel interessant voor toepassingen die

heel grote rijen of matrices van MEMS schakelaars vereisen, die elk individueel

moeten worden verbonden met de besturingslogica.

Dit werk focusseert in het bijzonder op de volgende MOEMS applicaties:

Beeldvormende systemen: MOEMS, die MEMS en micro-optische com-

ponenten combineren, zijn vanzelfsprekend in de eerste plaats bedoeld voor

het manipuleren van licht. Verschillende aanpakken voor het sturen, richten en

moduleren van licht bundels gebruik makend van minuscule micromechani-

sche structuren kunnen worden beschouwd. Verschillende types MOEMS geba-

seerde systemen werden ontwikkeld voor toepassingen in defensie, luchtvaart,

industrie, medische wereld en consumer markt, onder de vorm van draagbare

beeldschermen, barcode lezers, projectie gebaseerde beeldschermen en infra-

rood camera’s. Een goed voorbeeld van een zeer succesvol MOEMS product is

Texas Instrument’s DMD array, die waarschijnlijk het grootst aantal bewegende

mechanische componenten (meer dan 1 miljoen) bevat ooit samengebracht in

1 product.

In dit werk hebben we een poly-Silicium Germanium gebaseerde GLV (gra-

ting light valve) MOEMS in detail bestudeerd. GLV beeldscherm pixels zijn

opgebouwd uit aanpasbare diffractie-roosters die in reflectie werken. Elk van

de pixels bestaat uit een aantal parallelle, vrijstaande microbalkjes die verti-

caal kunnen bewegen in respons op een elektrisch veld en op die manier een

diffractie rooster kunnen vormen met variabele amplitude. Het onderzoek fo-

cusseerde zich op de optische en mechanische performantie van deze roosters

en met name het bereikbare optische contrast en de schakeltijd. De voor- en

nadelen van verschillende ontwerpscriteria werden in detail onderzocht en ge-

optimaliseerd om de performantie van de systemen te maximalizeren. De mee-

topstelling wordt uitvoering besproken en methodes om de contrastmeting te

verbeteren worden aangebracht. Methodes om de verschillende dimensionele

parameters zodanig te kiezen dat kritische demping - met de beste schakeltijd

- wordt bekomen zijn onderzocht en experimenteel geverifieerd. De moge-

lijkheid om GLV’s te gebruiken in combinatie met een grijswaardeschaal werd

geverifieerd. Deze optie is een van de belangrijkste voordelen die deze GLV’s

bieden t.o.v. concurrenten in het zelfde veld zoals DMD’s.

Variabele optische attenuator (VOA): VOA’s spelen een sleutel rol in

het controleren van vele optische systemen en in het bijzonder in optische

netwerken. In optische vezelsystemen kunnen een hele reeks van vermogen-

niveaus gebruikt worden, van heel sterke signalen (∼100mW), direct na de

transmitter tot heel zwakke signalen (∼ microwatt) na transmissie over langere
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afstanden. VOA’s kunnen dan gebruikt worden om het vermogen van deze sig-

nalen aan te passen en op een gelijk niveau te brengen. Oorspronkelijk werden

ze gebruikt om optische ontvangers te beschermen van al te hoge invallende

vermogens en het simuleren van verschillende reikwijdtes in systemen met

beperkte lengte. De ontwikkeling van golflengte gemultiplexeerde communica-

tiesystemen (DWDM of Dense Wavelength Division Mulitiplexion) heeft nieuwe

toepassingsgebieden voor VOA’s geopend, en met name het in vermogen egali-

seren van rijen van laserbronnen wordt alsmaar belangrijker.

Verschillende types VOA’s werden al ontwikkeld voor deze toepassingen. In

dit werk is een diffractierooster gebaseerde VOA ontwikkeld. De component

werd gevormd door de elektrodes van een poly-SiGe component te structure-

ren en op die manier een twee-dimensionaal rooster te vormen, dat ongevoelig

is aan de polarizatie van de invallende licht bundel, in tegenstelling tot de

eendimensionele roosters die eerder werden onderzocht. Het verlies van de

component, de polarisatieafhankelijkheid, dynamisch bereik en schakeltijd

zijn onderzocht. Mogelijke verbeteringen van de optische en mechanische per-

formantie worden besproken.

Microsystemen voor siliciumfotonica: Silicium fotonica vormt een

ideaal platform voor de miniaturisatie van geïntegreerde optische circuits, van-

wege het hoge index contrast tussen silicium en lucht of oxide, wat toelaat het

licht heel sterk op te sluiten in de kern van de golfgeleiders. Bovendien vertoont

silicium heel lage verliezen bij golflengtes van 1.3-1.6 micrometer, wat be-

langrijk is voor toepassingen in telecommunicatie. Het belangrijkste voordeel

wellicht is echter het feit dat voor hun fabricage de zelfde toestellen gebruikt

kunnen worden als die voor de fabricage van de meest geavanceerde elektroni-

sche systemen gebruikt worden. Ondanks al deze voordelen blijft een belangrijk

struikelblok het in- en uitkoppelen van licht in deze silicium gebaseerde opti-

sche circuits. Het belangrijkste probleem is het verschil in modediameter voor

het licht in de golfgeleiders - een paar honderd nanometer - en dat in de op-

tische vezel - een tiental micrometer. Een oplossing voor dit probleem is de

gefocusserde roosterkoppelaar, die eerst een laterale transformatie ondergaat

in het vlak en dan het licht uitkoppeld over een afstand van een 10-tal micro-

meter en op die manier de bundeldiameter aanpast aan die van de optische

vezel. Maar zelfs met deze koppelaar is nog altijd een alignatienauwkeurigheid

vereist van minder dan 1 micrometer, wat moeilijk haalbaar is met standaard

verpakkingstechnologieën en vaak ook van een vergelijkbare grootteorde is als

de excentriciteit van de kern in vezelarrays.

Daarom hebben we in dit werk een nieuw idee om dit alignatieprobleem op

te lossen onderzocht. Door de roosterkoppelaar vrij op te hangen en kamtype

actuatoren te bevestigen langs beide zijden kunnen ze in principe zowel lateraal



als transversaal worden bewogen. Door het actueren van de kamactuatoren in

een specifieke combinatie kan de positie van de roosters dan in principe ge-

optimaliseerd worden t.o.v. de optische vezel en kan de koppel efficiëntie wor-

den verbeterd. Binnen dit werk zijn we er in geslaagd de laterale beweging te

demonstreren. De transversale beweging - langs de as van de binnenkomende

golfgeleider - kon nnog niet eenduidig worden vastgesteld. Naast deze structuur

is een alternatief voorgesteld waarbij de capacitieve kracht tussen roosterkop-

pelaar en substraat werd benut om de koppelaar uit het vlak te laten roteren. Op

deze manier kan het signaal komende uit de roosterkoppelaar in verschillende

richtingen worden gestuurd en kan het worden gebruikt voor bundelsturing in

vrije ruimte interconnecties.



English summary

Modern optics is primarily used for information capture, communication and

imaging applications. The motivation for miniaturization of optics is therefore

the same as for electronics; to create cheaper and more functional information-

technology (IT) systems, and to gain access to regions where bulk equipments

will not fit. At the same time, highly-functional IT systems require both elec-

tronics (for computations) and optics (for communication), so these two should

be closely integrated. A direct consequence of the integration with electron-

ics is the availability of cheap and abundant signal processing. On the other

hand, reduction of the overall size is also advantageous to use many parallel

systems to perform the job of a single large device. It leads us to consider Inte-

grated Circuits (IC) and micro-electro-mechanical systems (MEMS) as platform

for miniaturized optical systems.

The integration of micro-optics and MEMS has created a new class of mi-

crosystems, termed as micro-opto-electro-mechanical systems (MOEMS) that

are capable of performing a range of optical functions with unprecedented lev-

els of quality and accuracy. Merging all these multi technologies, made MOEMS

an ideal knowhow for many industrial demonstrations of commercial devices,

such as optical switches, digital micromirror devices (DMD), laser scanners, op-

tical shutters and dynamic micromirror displays. All technologies of MOEMS

have the potential of batch processing and embossed replication which, again,

makes them highly attractive and necessary for commercial applications. The

trend towards miniaturization and integration of conventional optical systems

will further accelerate the adoption of MOEMS technology in commercializa-

tion of many industrial components.

Keeping in mind the benefits of integration of electronics and microsystems,

we describe poly-SiGe based MOEMS devices in this thesis. Poly-SiGe has been

demonstrated to be an ideal material for post-processing MEMS above CMOS,

since films with very good electrical and mechanical properties can be obtained

at CMOS-compatible temperatures.

The SiGe MEMS technology allows to postprocess MEMS structures on top

of CMOS with a large number of fine-pitch interconnections between the MEMS

devices and the underlying circuits. This makes the SiGe MEMS platform very
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well suited for applications that need large arrays of MEMS devices, which need

to be individually connected to the interfacing circuits.

In this thesis we particularly focus on the following applications of MOEMS:

Display and imaging systems: MOEMS technology combining MEMS

and micro-optics is well suited for manipulating light. Different ways can be

envisioned to scan, steer or modulate light beams using tiny electromechanical

structures. A number of MOEMS displays, imaging products and technology

demonstrators have been developed for defence, aerospace, industrial, medical

and consumer markets in the form of wearable displays, projection displays,

imaging devices, barcode readers and infrared imaging cameras.

An array of micromechanical devices can be used to produce a line or a 2D

array of pixels, each pixel is a microelectromechanical element that displays dif-

ferent pixel intensities or gray levels. A good example of a successful MOEMS

display product is the Texas Instrument’s digital micrrmirror device (DMD) dis-

play, which probably has the largest number of moving mechanical compo-

nents (over 1 million) of any product.

In this work, we investigated the poly-SiGe based Grating Light Valve (GLV)

devices in detail. GLV display pixels are reflection type diffraction gratings con-

sisting of parallel freestanding microbeams which move vertically in response

to an electric field and hence form a square well grating with changing phase.

We particularly focused on the optical and mechanical performance of the de-

vices in terms of the obtained contrast and switching rate. The pros and cons

of the different design criteria are mentioned in detail to get the maximum per-

formance out of the devices. A detail discussion is also presented on how the

experimental setup can also influence the contrast measurement and to what

extent it can be improved. We also discuss the influence of different dimen-

sional parameters of the devices to obtain critical damping of the microbeams

which provides the best switching rate. We also show the analog gray scale na-

ture of the GLVs which is one of the strongest points of these devices compared

to the other competitors within the same field (e.g. DMDs).

Variable optical attenuator (VOA): VOAs play a key role in the opti-

cal power management of many optical systems, especially in optical networks.

Fiber-optic systems operate over a large span of optical power level, from very

strong signals (>1 W) emitted from high-power laser sources to very weak sig-

nals (several microwatts) after transmitting over long distances. VOAs are key

components for adjusting optical powers to different levels. They were initially

used to protect optical receivers from overhigh incident powers and simulate

different span losses in short-span systems. However, the development of dense

wavelength division multiplexed (DWDM) systems technology has opened up
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new application areas for VOAs. Empowered by advanced fabrication technolo-

gies and integration capabilities, different types of VOAs have been demonstra-

ted based on the fiber direct coupling, laser interference, diffraction, refraction,

and reflection; each having several different designs.

In this thesis we concentrated on diffractive grating based VOAs. We pat-

terned the bottom electrode of the poly-SiGe devices to form 2D movable grat-

ings which are more insensitive to polarization of the incident light beam com-

pared to their 1D counterpart. We focused on investigating the insertion loss,

polarization dependent loss, dynamic range and response time of the devices

which are the prime factors in determining the overall performance of the

VOAs. A detail discussion is also presented regarding the design of the device

to show how the optical and mechanical performances can be improved further.

Silicon photonic microsystems: Silicon photonics is one of the ideal

candidates for miniaturization of integrated photonic circuits due to the high

index contrast between silicon and air which confines light effectively within

the silicon core. Silicon exhibits low loss at wavelengths near 1.5 microns,

which makes it simple to leverage existing telecommunications components.

In addition, the fabrication and manufacturing of silicon photonics is typi-

cally compatible with CMOS-based silicon processing. Despite such positive

prospects, a major stumbling block on the way to silicon photonics applica-

tions remains the issue of coupling light in and out of the photonic circuits by

means of optical fibers. The major problem stems from the large mismatch in

modesize of nanowires (a few hundred nanometers) and standard single mode

fibers. One solution to this problem is to use a focused grating coupler (FGC)

to perform a lateral spotsize conversion in an adiabatic taper plus out-of-plane

coupling to a single mode fiber by diffraction via a waveguide grating. But, the

most important feature of the FGC is their drop in coupling efficiency due to

the slight lateral and angular misalignment of the single mode fiber above the

grating structure.

In this thesis, we propose an idea to resolve the misalignment problem be-

tween a grating coupler and a single mode fiber (SMF) by attaching combina-

tions of comb-drives on either sides of the FGC. By actuating the specific com-

bination of comb-drives, the FGC can be moved in-plane and hence, any mis-

alignment issue can be addressed within the maximum permissible displace-

ment range of the FGC. At the same time, we propose another mechanism based

on the capacitive action of MEMS devices which can tilt the FGC in out-of-plane

direction. This way the outgoing signal from the FGC can be steered along mul-

tiple directions to mitigate the alignment issue and can also be used as a beam

steering method in free space interconnects.
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1
Introduction

Similar to what happened in the industrial age where the power to process and
apply materials defined the productivity of a society, the ability to acquire, pro-
cess and apply information defines the growth of the current era. The modern
information processing power is provided mostly by highly advanced electronic
integrated circuits (ICs). As these are continuously being miniaturized following
Moore’s law (Fig. 1.1), the total information processing power of humankind is
growing exponentially. To take advantage of this, it is of extreme importance to
design and build systems that can extract information from the physical world,
which is inherently analog and can convert this information into formats rec-
ognizable to IC processors in efficient and economical ways. At the same time,
action needs to be taken to react to the environment based on the processed
information. In this process, it is very beneficial to integrate the information
collector, processor and the corresponding actuators in a single system.

Micro-electro-mechanical systems (MEMS) can serve these needs. MEMS
are a new frontier for miniaturization in the 21st century. The terms micro and
electro refer to the compatibility with ICs, whereas mechanical refers to the in-
teractive connection of the systems to the physical world. In MEMS, the in-
formation contained in an outside physical variable can be mechanically con-
verted into electronic formats and processed by ICs or vice versa.

MEMS technology can be viewed as a technology for fabrication of micro-
scale and nano-scale mechanical devices, based on semiconductor fabrica-
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Figure 1.1: Plot of CPU transistor count against date of introduction. Note

the logarithmic vertical scale; the line corresponds to an exponential

growth with the transistor count doubling every two years.

tion technology. It mostly uses the same tools as those used for IC fabrica-
tion technology, complemented by some specific processing steps unique to
MEMS technology. The majority of the MEMS fabrication techniques can be
categorized either into surface micromachining or bulk micromachining [1]
techniques. Surface micromachining consists of the addition or deletion of
thin films of different materials by photolithography, thin film deposition tech-
niques and dry and wet etching methods. Bulk micromachining is based on
making different shapes using crystal orientation based etching of the silicon
substrate underlying the thin film structures. The most common method for
performing bulk micromachining is via selective masking and wet chemical
solvents. The newer alternative to this method is dry etching using a plasma
or laser system to remove unwanted material. This is generally more accurate
than wet etching, but it is also more expensive.

In MEMS technology, the standard constructs of classical mechanics are
not always useful, since weight is almost insignificant. However, other forces,
especially electrostatic forces become more important. Therefore, MEMS de-
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vices can move very rapidly without the movement creating mechanical wear or
cracks over a very long period of time and hence resulting in very high switch-
ing rates (e.g. operations at several kilohertz over a number of years have been
reported).

Depending on the transducing mechanisms MEMS can be categorized into
mechanical transducers, electromagnetic transducers, microfluidic transduc-
ers, thermal transducers or optical transducers. In the remaining part of the
thesis, we will focus only on the optical transducing methods using micro-opto-
electro-mechanical systems (MOEMS) or optical MEMS (1.2), where optical in-
formation is obtained, modulated or created by MEMS devices.

Figure 1.2: Multidisciplinary nature of optical MEMS.

1.1 Optical MEMS

During the past decade, the field of optical MEMS experienced a fast growth
[1, 2]. The optical functionality facilitated by these microsystems goes from
light emission, detection and amplification to switching, spatial modulation
and routing of optical signals [3]. Performance of these devices increased with
the advances in the field of materials and processing techniques and the devel-
opment of a system approach for their conception. Miniaturization is one of
the key aspects in the development of MOEMS. From the point of view of cost
reduction, it is a significant factor in many cases. However, in most cases, minia-
turization alone cannot ensure the commercial success of optical microsystems.
Some of the key requirements for success are:

• the possibility to set-up large scale matrices of micro-device;

• the ability to reset optical properties, spatially and temporally, using mi-
croactuation and micro-deformation;
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• nanopositioning, i.e. the nanoscale control of positioning precision and
alignment for these devices;

1.2 Applications of Optical MEMS

Based on their operating mechanism, MOEMS can be classified into three dif-
ferent categories: geometrical, interferometric/ diffractive and electromagnetic
devices. Geometric MOEMS modulate the intensity of the light by changing the
optical path of the incident light; interferometric/ diffractive optical MEMS use
two or multi beam interference or diffraction to change the spatial and spec-
tral distribution of the incoming light; electromagnetic MOEMS modulate the
light by mechanically changing the electromagnetic boundary conditions of the
waveguide structures or resonant cavities.

1.2.1 Geometric MOEMS

The majority of optical MEMS devices are based on the principles of geometric
or Gaussian wave optics. These devices use mirrors or lenses with one or two
degrees of rotational freedom to redirect the optical path of the light. Their di-
verse applications include two dimensional displays, optical communications,
adaptive optics and medical imaging.

The Digital Micromirror Device (DMD) from Texas Instruments is one of the
most commercially successful optical MEMS devices to date. The DMD chip is a
MEMS array of aluminum alloy based micromirrors, monolithically integrated
onto and controlled by an underlying CMOS SRAM array [2–4]. The micromirror
superstructure is fabricated through a series of aluminum metal depositions,
oxide masks, metal etches and organic spacer deposition steps. The organic
spacers are then subsequently removed using oxygen and fluorine plasma etch-
ing to release the mirrors. The DMD has a layered structure, consisting of a mi-
cromirror layer, a yoke and hinge layer, and a metal layer on a CMOS memory
array. An exploded view of the DMD layer and the corresponding AFM surface
height images are shown in Fig. 1.3 [5].

One DMD chip contains half a million to more than two million of these in-
dependently controllable reflective micromirrors each with a size of the order
of 14x14 µm2 and 15 µm pitch. Each of these mirrors switch back and forth at
a frequency on the order of 5-7 kHz. To produce grey scales, the mirror is tog-
gled on and off very quickly, and the ratio of on time to off time determines the
shade produced (binary pulse-width modulation). Contemporary DMD chips
can produce up to 1024 shades of gray (10 bits). The micromirrors are rotated
because of the electrostatic attraction of the mirrror structure and the under-
lying electrode. Fig. 1.4 shows a schematic of two pixels of a DMD [2]. The
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Figure 1.3: An exploded view of the DMD layered structure with AFM images

showing the micromirror, yoke, hinge and metal layer arrays.

micromirror and the yoke are connected to a bias/ reset voltage. The address
electrodes are connected to the underlying CMOS memory through contacts.
Movement of the mirrors is accomplished by storing a 1 or 0 in the memory
cell applying a bias voltage to the micromirror or yoke structure. When this
occurs, the micromirror is attracted to the side with largest electrostatic field
differential, as shown in Fig. 1.4. To release the micromirrors a short reset pulse
is applied that excites the resonant mode of the structure and the bias voltage
is removed. This combination allows the mirrors to leave the landing site. Each
SRAM cell is connected to a micromirror and allows each mirror to be individu-
ally addressed so as to rotate ±12deg with respect to the horizontal plane, lim-
ited by a mechanical stop [2, 6]. Contact between cantilever spring tips at the
end of the yoke (four are present on each yoke) with the underlying stationary
landing sites is required for the binary operations.

DMD’s major applications are digital projectors and projection TVs [6]. A
variety of new applications including spectroscopy, volume display, lithography
and microscopy are actively being exploited by researchers.

MEMS based optical switches are another set of examples which has taken a
major role in the optical telecommunication market. With the recent popular-
ity of fiber-to-the-home, gigabit ethernet and more and more upcoming band-
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Figure 1.4: Two pixels of a DMD with the micromirror attached to the side of

the largest field differential.

width hungry applications, large scale optical switches are becoming more of a
necessity than a luxury. With its core 3D MEMS technology, CALIENT has devel-
oped its flagship S320 Photonic Switch [7]. This offers industry’s one of the high-
est density photonic switches with 320 x 320 ports. As shown in Fig. 1.5, inside
CALIENT’s 3D MEMS photonic switching technology [8], the optical beams are
steered in three dimensions by two stages of dual-axis micromirrors, directing it
toward the desired output port where the input and output fibers are arranged
in 2-D arrays.

The MOEMS micromirror [9] developed by Sandia National Laboratory is
another example of a commercially successful optical switch which was de-
signed for switching laser or IR signals. In addition to the examples discussed
here, other companies, including Xerox, Optical MEMS and Agilent technolo-
gies have also been developing MOEMS based optical switches which are surely
going to have a strong impact on the future of optical network communications.

1.2.2 Interferometric MOEMS

Interferometric optical MEMS change the spectral and spatial output of the in-
cident light based on the principle of optical interference of two or multiple
temporally and spatially coherent beams. In the interferometric MEMS devices,
the amplitude of the light wave is split and the resulting wavefronts are added
constructively or destructively.

Qualcomm’s Mirasol displays uses the Interferometric Modulator (iMoD)
technique which is a MOEMS device [11, 12] that is composed of two conduc-
tive plates. One is a thin film stack on a glass substrate over which the second,
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Figure 1.5: Schematic of a 3-D MEMS switch.

Figure 1.6: Basic structure of an iMoD pixel [10].

a metallic membrane, is suspended. There is an airgap between the two in the
non-actuated state and when the light is hitting the substrate it is simply re-
flected back as shown in left figure of Fig 1.6. In the actuated state, when a small
voltage is applied, the plates are pulled together by electrostatic attraction and
the light is absorbed, turning the element black. This is the fundamental build-
ing block of the Mirasol display. iMoD elements are typically 25- 60 µm on a
side (400- 1000 dots per inch). Therefore, many iMoD elements are stacked and
driven together as a single pixel when used in a color display. The color of the
iMoD element is determined by the size of the gap between the plates. Com-
pared to classical displays, the iMoD display technique increases brightness and
contrast and enables saturated colors to be displayed, high-resolution formats,
smooth video playback and low power consumption.
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1.2.3 Diffractive grating MOEMS

Unlike the interferometric MOEMS, diffractive MEMS change their spectral and
spatial output based on the principle of diffraction. Here the wavefronts are
split spatially to change the direction of propagation of the outgoing light and
hence creating an ON or OFF state to modulate the light intensity.

Figure 1.7: Single pixel of a GLV matrix where the alternate ribbons are actu-

ated (ON state) to create the grating shape.

An example of a diffractive MOEMS device which has gained quite a lot of at-
tention due to its high performance and simple fabrication process is the Grat-
ing Light Valve [13–15] technology developed by Silicon Light Machines. It is
a unique MOEMS that acts as a dynamic tunable grating to precisely vary the
amount of laser light that is diffracted or reflected. The GLV is made of many
microscale ribbons on the surface of a silicon plate (Fig. 1.7). These ribbons can
move upwards or downwards by very small distances by adjusting the electro-
static forces between the ribbons and the substrate. Due to the positioning of
the ribbons, each element can modulate light, so that a well positioned matrix
can vary the level of reflected light. The light control can be analog or digital
(on/off switching). As the GLV device uses the grating diffraction principle to
switch, dim and modulate light, it is very precise, easy to produce and can pos-
sibly manipulate relatively high power beams.

Each GLV component is made of 6 parallel ribbons that are suspended at
both ends and made of a thin layer (∼ 300-400 nm) of silicon nitride (with high
tensile stress ∼ 800 MPa) covered with a reflective metal layer. This upper layer
also acts as an electrode, allowing to attract the ribbons towards the bottom
electrode shared by every tape. Through applying an electric field between the
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two, the switching from the undeflected state to maximum deflection of the rib-
bon is fast. It can switch in ∼ 100 nanoseconds which is a million times faster
than conventional LCD display devices, and about 1000 times faster than TI’s
DMD technology (see section 1.2.1). This high speed can be achieved because
of the small size and mass of the ribbons and the small excursion needed (only
a few hundreds of nanometers). Besides, there is no physical contact between
moving elements which results in a lifetime for GLVs of as long as 15 years with-
out stopping (over 210 billion switching cycles).

The GLV technology was originally developed for use in extremely high res-
olution digital display products. The GLV device creates bright and flawless im-
ages with high contrast and supreme color reproduction. Sony corporation is
developing a product based on Silicon Light Machines’ GLV technology to accel-
erate the development of its next generation display products that utilize lasers
as a light source. Except for the display application, GLV technology can also be
used in high-end printers and optical communications [15].

1.2.4 Microsystems for integrated optics

Figure 1.8: SEM image of a 40 µm long cantilever successfully integrated with

the racetrack ring resonator showing (A) top view and (B) oblique view.

The optical microsystems described in the previous sections can be consid-
ered as free-space optical systems since the mobile structures (mirrors, grat-
ings, etc.) interact with light during its travel through air. On the contrary, in
integrated optics, light is contained in waveguides fabricated in the appropriate
optical materials. In that case, it is hard to control the propagation of light with
mirrors or diffraction gratings in direct contact with the light beam. However,
there are other means to control light with mechanical structures in integrated
optics. They are based on the evanescent coupling between guided light and
dielectric structures such as bridges or cantilevers, suspended on waveguides.
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Basically these devices are phase modulators and work by modifying the guided
refractive index.

Tuning of a microring resonator makes it possible to use it as an active ele-
ment, which can have ample applications in future optical communication net-
works. Changing the effective index of the guided mode of the ring resonator
results in a shift of the ring’s resonance wavelength. Among other methods (e.g.
thermal tuning), opto-mechanical tuning by electrostatic actuation could po-
tentially provide a broad wavelength tuning range and require only very little
energy for operation. Fig. 1.8 shows an example of a silicon based ring res-
onator device whereby a cantilever is formed above the device using a surface
micromachining technique. On application of a voltage between the top elec-
trode and the substrate, the cantilever is pulled towards the resonator and the
air is partially replaced by the dielectric material having a higher refractive in-
dex. This changes the modal propagation and hence tunes the resonator. These
electrostatically actuated integrated devices have been fabricated on wafer scale
with CMOS compatible technologies. Reversible resonance wavelength tuning
over 122 pm with a modulation depth of 18 dB was demonstrated for this de-
vice [16].

Figure 1.9: SEM diagram illustrating the fabricated device of the nano-

mechanically suspended low-loss silicon nanowire waveguide direc-

tional coupler displacement sensor [17].

Fig. 1.9 shows a novel integrated nanophotonic sensor based on a silicon
nanowire based directional coupler [17]. From coupled mode theory we know
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that the coupling efficiency changes as function of the gap distance between
two silicon waveguides. Here, the in-plane displacement is achieved using an
ultrasmall electrostatic comb actuator. The proposed device is capable of pro-
ducing sub-100 nm displacement with a relatively low noise level resolution at
a magnitude of 0.172 nm/

p
H z. As the design can be easily fabricated with con-

ventional SOI micromachining techniques, it may potentially be used in com-
pact, low power high sensitivity, fast displacement sensing applications.

1.3 CMOS-MEMS integration

Over the last decades, CMOS (complementary metal oxide semiconductor)
technology has become by far the predominant fabrication technology for in-
tegrated circuits (IC). Tremendous efforts have been made to continuously im-
prove process yield and reliability, while minimal feature sizes and fabrication
cost continue to decrease. Semiconductor roadmaps show the current state
and, more important, outlines the future performance of CMOS technology
with ever increasing integration density and decreasing feature sizes.

Figure 1.10: Hybrid (a) and Monolithic approach (b) of integration of MEMS

and CMOS [18].

Nowadays, the power of CMOS technology is not only exploited for ICs but
also for a variety of microsensors and microelectromechanical systems (MEMS)
benefiting from well established fabrication technologies. Particularly, integra-
tion of the MEMS devices with the integrated circuit becomes increasingly im-
portant for compactness and performance reasons [19, 20]. The majority of cur-
rent MEMS products on the market, is still using a hybrid approcah (Fig. 1.10a)
where MEMS and CMOS are fabricated separately and connected through wire-
bonds. The advantage of the hybrid approach is its modular nature which has a
much shorter development time as compared to the monolithic approach. Also
it allows for an independent optimization of the CMOS and the MEMS technol-
ogy. On the other hand, the assembly and packaging cost also rises with increas-
ing degree of integration. Furthermore, with MEMS and electronic circuits on
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separate chips, the parasitic capacitance and resistance of interconnects, bond
pads, and bond wires can attenuate the signal and add significant noise [19].

Therefore, using a monolithic approach (Fig. 1.10b) to fabricate the MEMS
devices directly on top of the CMOS metal interconnects will result in a reduc-
tion of the parasitics which will improve the system performance and will also
help to further miniaturize the devices. At the same time, once volumes become
high enough, the longer development time needed for the monolithic approach
is more likely to be paid back by the reduced assembly and packaging cost.

Figure 1.11: Three different approaches that can be used in monolithic inte-

gration of MEMS with CMOS [18].

The requirement of CMOS compatibility as discussed in [21], in practice re-
sults in CMOS being the dominant technology. This means that the MEMS de-
vices have to adapt to the CMOS process and not the other way around. Still,
this leaves three different options for producing CMOS-MEMS systems:

• Pre-CMOS Micromachining, where the microsystems are processed be-
fore the CMOS [22].
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• Intra-CMOS Micromachining, where the CMOS and MEMS fabrication
processes are inter-mixed [23, 24].

• Post-CMOS Micromachining, where the CMOS is processed before the
MEMS and the MEMS is typically on top of the CMOS [25–28].

The pre-CMOS fabrication module neither interrupts the CMOS process,
nor does it place any constraints on the thermal budget of the MEMS process.
There are many choices of CMOS technologies, but this approach requires
much development and preparation of the micromachined wafers. The major
hurdles of the pre-CMOS approach include the MEMS topography which can
compromise subsequent state-of-the art CMOS lithography steps. Also, it re-
sults into larger die areas due to the fact that the MEMS and CMOS devices can-
not be easily stacked and the fact that integrated circuits foundries are usually
not inclined to accept pre-processed wafers because of material compatibility
and contamination issues. In addition to this, there will most probably be a
requirement of post-CMOS processing in order to release the MEMS devices.
Considering all these constraints, this is not a favorable technology.

The intra-CMOS fabrication module brings many constraints to the CMOS
processing, thus making it harder to proceed to more advanced technologies. In
addition, in this case it almost always required to have fabrication of CMOS and
MEMS at the same foundry. The critical factor is the high temperature steps re-
quired for fabrication of microstructures, which may violate the allowable ther-
mal budget of the CMOS process. Hence, this fabrication module is also not
favorable.

Post-CMOS microfabrication is the most flexible fabrication module, espe-
cially because the CMOS and the MEMS circuits can be processed separately.
The advantages of post-CMOS processing are:

• The MEMS structure may be placed on top or besides the CMOS circuitry.

• The CMOS process can easily adapt to new generations of electronics,
which e.g. allows to reduce the area of the required electronics drive cir-
cuits, without requiring expensive re-qualification of the CMOS process.
[29].

• It is possible to use two different foundries for the CMOS and MEMS cir-
cuits.

The primary constraint for the post-CMOS integration is that the CMOS pro-
cess introduces a maximum temperature which the MEMS fabrication module
must stay below. This thermal budget is determined by the metallization layers
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of the transistors which is mostly Copper and Aluminum. Because Al can with-
stand temperatures only till approximately 450◦ C, poly-Si (deposition temper-
ature of 800◦ C) cannot be used any further as a MEMS material for post-CMOS
processing.

1.3.1 Poly-SiGe technology

As an alternative, Poly-SiGe has been proven to provide the necessary mechan-
ical properties and reliability required for MEMS applications while requiring a
significantly lower processing temperature compared to poly-Si (i.e. deposition
temperature of ≤ 450◦C instead of ≥ 800 ◦C). This makes poly-SiGe technol-
ogy to be highly suitable for post CMOS integration of MEMS [30]. Hence, in
IMEC’s 200 mm fab, a dedicated poly-SiGe above-IC MEMS platform has been
set up to integrate MEMS devices and their readout and driving electronics on
the same chip. The SiGe MEMS platform consists of a number of standard mod-
ules: a CMOS protection layer, vias between the MEMS and CMOS layer, a poly-
SiGe electrode, anchors, a poly-SiGe structural layer and an optional thin-film
poly-SiGe packaging module (Fig. 1.12). These modules can be processed at a
maximum temperature of 450◦ C, above standard CMOS, avoiding any degra-
dation of the circuit functionality. Extra modules (optical coating, piezoresistive
probes) can be added depending on the functionality that is needed. Both the
electrode and the structural layer are in-situ B-doped and can have two different
thicknesses within the same design.

Figure 1.12: Different modules provided by IMEC as a part of the SiGe plat-

form [31].

With this platform, several successful demonstrators have been built al-
ready. Examples are an integrated gyroscope for automotive applications [32],
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a reliable 11 megapixel micro-mirror array for high-end industrial applica-
tions [31, 33] and a cantilever array for probe-based data storage [34].

In the Flemish IWT SBO project GEMINI (Generic Electronics and Microsys-
tems INtegration Initiative) [35], the possibilities of this platform have been ex-
plored further. In Gemini, three different demonstrators were realized: mirrors
for display applications (CMST, Ghent University), grating light valves (Photon-
ics Research Group, Ghent University ) and accelerometers (ESAT, K.U.Leuven).
Whereas the mirrors and GLVs are realized with a ∼300 nm thick SiGe structural
layer (+ optional 5 nm SiC/30 nm Al coating for improved reflectivity), the SiGe
structural layer thickness for the accelerometers is 4 µm to improve the capaci-
tive readout of in-plane devices.

1.4 Grating couplers for coupling light to nanopho-

tonic waveguides

Figure 1.13: Schematic representation of a grating coupler which can be used

to couple incoming/outgoing light from/ to an optical fiber [36].

Coupling of light between a single mode fiber and nanophotonic circuits
remains a serious issue in integrated optics. The large difference in dimensions
between the fiber and the waveguides on a chip causes high insertion losses
and high packaging costs. The ongoing trend to make components smaller, in
order to integrate them on a single chip, makes the problem even more difficult.
The key features of an effective solution are compactness, low insertion loss,
large alignment tolerance and broadband operation. However, use of grating
couplers for out-of-plane coupling between a standard single-mode fiber and
waveguide have become more and more popular with time. The approach has
major advantages over edge-coupling methods. There is no need for a cleaved
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facet and light can be coupled in and out everywhere on the chip, opening the
way for wafer-scale testing.

A coupling efficiency (for 1.55 µm wavelength) to single-mode fiber of 33%
for a 10 x 10 µm2 grating coupler in silicon-on-insulator (SOI) was demonstra-
ted [37] by Taillaert et al, where the angle (θ) between the fiber and the normal
to the grating was optimized at 10◦. But, a misalignment of only ±2 µm from
the optimal position already results in an additional coupling loss of 1.0 dB at
the same wavelength [38]. At the same time, the central wavelength exhibit-
ing maximum coupling shifts approximately 9 nm per degree of change in θ.
This clearly shows how sensitive the coupling efficiency is with regard to slight
misalignment between the two components (grating and fiber). This makes
it very difficult to achieve efficient coupling using a purely passive alignment
technique. Hence, there is a need for new concepts which allow the fiber or the
grating coupler to be actively adjusted with sub µm precision either in-plane or
out-of-plane and thereby find the best coupling efficiency.

In the second part of this thesis, we will propose a concept which has the po-
tential to successfully mitigate the alignment problem using MEMS to actively
control the position or the angle of the grating coupler with respect to the opti-
cal fiber.

1.5 Objectives of this work and thesis outline

The core of this thesis is related to the investigation of different kinds of opti-
cal MEMS systems. Being a part of the GEMINI project, we used poly-SiGe as
a structural material to form different types of diffractive MOEMS systems and
characterized the quality of the devices which in turn gives feedback on the us-
ability of poly-SiGe in fabricating high quality MEMS devices. In addition, we
investigated integrated optical micro systems integrated on a silicon photonics
integrated waveguide platform which can be employed in solving misalignment
issues between an optical fiber and a grating coupler.

In chapter 2, we introduce the theory of the bending of a microbeam which
we use later to determine the electromechanical properties of our MEMS de-
vices. The importance of the squeezed film damping phenomenon is described
in detail which has a significant effect on the dynamic properties of our MEMS
devices. Standard device characterization techniques of optical interferometry
and laser doppler vibrometry are described thoroughly. In this chapter, we also
provide an in detail description of the GEMINI process flow which was devel-
oped solely in imec (without any contribution from the PhD candidate’s side) to
fabricate the poly-SiGe devices.

In chapter 3, we mainly deal with Grating Light Valves (GLV). Our devices
are significantly different in specs from their earlier counterparts because of the
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different properties of poly-SiGe compared to the Silicon Nitride used by Silicon
Light Machines as a structural material. We also investigated other geometries
which give better and more reliable performance for the fabricated GLV devices.
Other than concentrating only on the nature of the optical output, we gave equal
importance to investigating the dynamic properties of the GLVs which are ex-
tremely important in overall qualification of the fabricated devices.

In chapter 4, we demonstrated another kind of MEMS gratings which are
based on a similar working principle as the GLVs, but instead, have a 2D struc-
ture. Due to their planar symmetry, these gratings are more insensitive to the
incident polarization.

In chapter 5, we investigated integrated waveguide based microsystems
with the goal of reaching dynamic beam steering and thereby solving fiber
to photonic circuit or VCSEL to photonic circuit alignment problems. Our
approach involved the grating coupler which is used to couple incoming/ out-
going light in between an optical fiber and a silicon photonic waveguide. We
investigated two different approaches: (i) the grating coupler is tilted out-of-
plane to direct the outgoing light in several directions, (ii) we attached the
grating coupler with nanoscale combs to laterally translate the outgoing light in
orthogonal directions in the same plane.

Finally, we draw our conclusion on the overall work described in this the-
sis and propose some improvements that can be implemented in the future to
make the devices better.

1.6 Publications

The results obtained in the framework of this work is published in three peer
reviewed journals and were presented at other international conferences.

Publications in international journals

1. S. Rudra, R. Van Hoof, J. De Coster, G. Bryce, S. Severi, A. Witvrouw, and
D. Van Thourhout, "A 2D MEMS grating based CMOS compatible poly-
SiGe variable optical attenuator", Microelectronic Engineering, vol. 105,
pp. 8-12, 2013.

2. S. Rudra, J. De Coster, R. Van Hoof, G. Bryce, S. Severi, A. Witvrouw, and D.
Van Thourhout, "Static and dynamic characterization of pull-in protected
CMOS compatible poly-sige grating light valves", Sensors and Actuators
A: Physical, vol. 179, pp. 283-290, 2012.

3. S. Rudra, J. Roels, G. Bryce, L. Haspeslagh, A. Witvrouw, and D. Van
Thourhout, "SiGe based grating light valves: A leap towards monolithic
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integration of MOEMS", Microelectronic Engineering, vol. 87, no. 5-8,
pp. 1195-1197, 2010.

Publications at international conferences

1. S. Rudra, J. De Coster, R. Van Hoof, A. Witvrouw, D. Van Thourhout, Static
and dynamic characterization of poly-SiGe Grating Light Valves,IEEE Op-
tical MEMS and Nanophotonics 2011, Turkey, p.203-204 (2011)

2. A. Witvrouw, R. Van Hoof, G. Bryce, B. Du Bois, A. Verbist, S. Severi, L.
Haspeslagh, H. Osman, J. De Coster, L. Wen, R. Puers, R. Beernaert, H.
De Smet, S. Rudra, D. Van Thourhout, SiGe MEMS technology: a Plat-
form Technology Enabling Different Demonstrators,218th ECS Meeting,
Las Vegas, NV (invited), 33(6), United States, p.799-812 (2010).

3. S. Rudra, J. Roels, G. Bryce, S. Severi, A. Witvrouw, R. Baets, D. Van
Thourhout, Grating light valves: a SiGe based approach towards mono-
lithic integration of MOEMS,Proceedings of the 2009 Annual Symposium
of the IEEE Photononics Benelux Chapter, Belgium, p.109-112 (2009).
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2
Electro-Mechanics of the MEMS

structures and GEMINI Process Flow

2.1 Introduction

In this chapter we will focus on the electromechanical properties of microbeams.
First, a short introduction will be given regarding beam theory and interaction
with an electric field. Later, we will introduce the basics of microfluidics and
how it influences MEMS structures. Though most of the content of this chapter
is readily available in literature, further introductory explanations will help the
reader to understand the experimental results described later in the thesis. We
first discuss the static behavior of a beam under an electrostatic force and will
check how the residual stress in the structure influences the deformed shape
and its vibrational properties. Afterwards, we will introduce the squeezed film
damping phenomenon which influences the MEMS operation and how it can
be optimized to our advantage. Later, we talk about the processing steps that
were used in imec to fabricate our poly-SiGe based MEMS devices and using the
previously described beam theory, we will deduce the elastic properties of the
fabricated structures. Lastly, we will give a very short description of the optical
profilometry and Laser Doppler Vibrometry (LDV), which we used intensively
to characterize the static and dynamic properties of the MEMS devices.
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2.2 Bending of a beam

Figure 2.1: Distribution of the force and bending moment over the section of

a beam of length δx.

Let us consider an element of a beam as shown in Fig. 2.1, the left edge of
which is at a distance x from the origin and the right edge at a distance x+δx as
shown in Fig. 2.1. The shearing stress at the left edge is F and at the right edge is
F+ δF during upward displacement of the element. The corresponding internal
resisting moment at the left face due to the left hand portion of the beam is M
in the counter clockwise direction and at the right face of the beam is M+ δM
in the clockwise direction.To attain, vertical equilibrium of the element δx, the
force equation becomes:

F −ωδx − (F +δF ) = 0 (2.1)

where ω is the distributed load or the force per unit length of the beam. Hence,
in the limit δx–> 0, we get:

dF

d x
=−ω (2.2)

Considering the moment equation (taking moments about A since there is
no rotation) we may write:

M −ωδx
δx

2
− (M +δM)− (F +δF )δx = 0 (2.3)

in the limit δx–> 0, we get:
d M

d x
=−F (2.4)

and hence, finally by coupling eq. 2.3 and eq. 2.4 we can write:

d 2M

d x2 =ω (2.5)
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Figure 2.2: Distribution of different filaments over the length of a bent beam.

Now, if we consider a portion of a bent beam and imagine the beam to be di-
vided in straight parallel longitudinal filaments, then the strain at a small height
z from the neutral axis [1] is given by s = zφ

Rφ = z
R , where R is the radius of curva-

ture of the neutral axis.
Let, α be the sectional area of the filament in Fig. 2.2 and f be the longitudi-

nal force that comes to play across the section of the filament to resist elonga-
tion. Then we have, f= Y αz

R , where Y is the Young’s modulus of the material of
the beam. Hence, the internal bending moment of the whole beam is given by:

M =Σ f .z = Y

R
Σαz2 (2.6)

But Σαz2 signifies the geometric moment of inertia (I) of the section of the
beam about the axis passing through the center of the section and for small
bending we can write: 1

R = d 2h
d x2 [2], where h(x) is the deflection of the beam in

the z direction at some point x.
Hence, combining the equations we obtain:

Y I
d 4h

d x4 =ω (2.7)

Now, if we consider a uniformly loaded low-stress fixed-fixed beam of length
l, width b and thickness t with ω as the force per unit length of the beam, then
the deflection h, at a point x of the beam can be given as (by solving eq. 2.7):

h = ω

24Y I
x2(l −x)2 (2.8)

For a rectangular beam, it can be shown that the moment of inertia is given
by, I = bt 3

12 [3], and hence, the deflection curve takes the form [4, 5]:

h = q

2Y t 3 x2(l −x)2 (2.9)
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where q is the spatially uniform and temporally harmonically varying force per
unit area (the applied pressure).

If, due to a particular deposition condition of the material, the rectangular
beam has a large built-in tensile stress, then the stored potential energy in the
ribbon is mostly due to elongation, and hence its deflection curve can be ex-
pressed as [6, 7]:

h = q

tσ
x(l −x) (2.10)

where, σ is the tensile stress in the beam.

The deflection shapes given by the two different equations are shown in Fig.
2.3. It can be seen that the stress dominated beam has a much flatter central
part than the bending dominated beam.

Figure 2.3: Deflection curves for beams without any residual stress and with

residual stress.

2.3 Electro-mechanics of the MEMS structures

The electromechanical behavior of the fixed-fixed microbeams (as used in our
MEMS structures) can be described by the spring-capacitor model as shown in
Fig. 2.4. For a fixed-fixed beam with tensile stress the spring constant (k) is given
by [7]:
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Figure 2.4: Spring-capacitor model resembling the operation of a GLV mi-

crobeam.

k = 32Ew

(
t

l

)3

+8σ(1−ν)w

(
t

l

)
(2.11)

where, E is the Young’s modulus, ρ is the specific mass, ν is the Poisson’s
ratio, σ is the tensile stress, w is the width, t is the thickness and l is the length
and m is the mass of the microbeams.

If the residual stress within the beam is compressive then the above formula
is not valid anymore. The primary concern with compressive stress is the ten-
dency of the beam to buckle. Due to the inherent stiffness of the beam, a certain
amount of the compressive stress can be tolerated before the buckling occurs.
This compressive stress is known as the critical stress and for a fixed-fixed beam
it is be given as [8]:

σcr = π2Et 2

3l 2(1−ν)
(2.12)

Hence, a shorter beam can tolerate higher compressive stress but the shortcom-
ing is that the actuation voltage becomes even higher. When a voltage is applied,
the plate on top is pulled towards the bottom electrode by the Coulomb force.
If we consider a plate of width w and length l is displaced by a distance δ due to
an applied voltage of V w.r.t. the bottom electrode, then by equating the applied
electrostatic force [9] with the mechanical restoring force due to the stiffness of
the beam (F = kx), we can write:

1

2

ε0wl

(h0 −δ)2 V 2 = kδ (2.13)



28 CHAPTER 2

V =
√

2k

ε0wl
δ (h0 −δ)2 (2.14)

Now, if we plot the gap spacing between the plate and the bottom electrode
as shown in Fig. 2.5, then it shows two possible solutions for a single applied
voltage. This is due to the fact that after δ> h0

3 , the electrostatic force is greater
than the restoring force, resulting in (i) the beam position becoming unstable
and (ii) collapse of the beam on top of the bottom electrode. This phenomenon
is known as pull-in [4, 7].

Figure 2.5: Gap spacing vs applied voltage for a fixed-fixed microbeam with

w= 5 µm, l= 50 µm, t = 300 nm, E= 120 GPa, σ= 20 MPa and h0 = 1 µm.

The dashed line represents the unstable region of the beam.

Another important parameter for a fixed-fixed beam is the resonance fre-
quency which determines its fastest achievable modulation rate. And for a
beam with the above mentioned details, the resonance frequency (ωr ) is given
by [10]:

ωr = α2

p
12

t

l 2

(
E

ρ
(
1−ν2

) )0.5
(

1+γ
(
σ

(
1+ν2

)
E

)
l 2

t 2

)0.5

(2.15)
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where, α = 4.73 and γ= 0.295. It is clear from the above equation that though
the resonance frequency is independent of the width, it is strongly dependent
on the length and thickness of the microbeams. At the same time, the higher
the tensile stress within the structures, the faster will be the modulation rate of
the devices.

2.4 Effects of air damping on microstructures

It can be shown that the drag force applied to a sphere moving in a viscous fluid
at a speed of v is F= 6πµrv [11], where µ is the coefficient of viscosity of the fluid
and r is the radius of the sphere. The ratio between the drag force F and the
mass of the body, M, is given by:

F

M
= 6πµr v

4πr 3ρ/3
= 4.5µv

ρr 2 (2.16)

It is obvious from the above equation that the smaller the dimension, the
more important is the drag force on the body. If we consider two spheres of ra-
dius of 1 cm and 1 µm respectively, made of the same material, then the drag
force by mass ratio on the smaller sphere is a million times larger than that ex-
erted on the bigger one. Hence, while the drag force caused by viscosity of the
surrounding air is usually negligible for conventional macro-structures, it plays
a crucial role in the motion of microstructures. Therefore, in the next section
we will discuss in detail on how the viscous forces influence the motion of our
microbeams and how we can tailor it to our advantage.

2.5 Viscous forces in MEMS

In general, in any flow, different layers move with different velocities and the
fluid’s viscosity [12] arises from the shear stress between the layers that ulti-
mately oppose any applied force. The internal shear force in a steady flow of a
viscous fluid is proportional to the velocity gradient. If the flow velocity u, in the
X direction is a function of Y, then the shear force is given by

τy x =µ∂u(y)

∂y
(2.17)

where, µ is the coefficient of viscosity of the fluid.
If we consider a cubic element in a moving fluid as shown in Fig. 2.6, then

it suffers shear forces on each of its six surfaces because of the velocity gradient
in the flow, which are given by: τx y (x)d yd z, τx y (x + d x)d yd z, τy z (y)d zd x,
τy z (y +d y)d zd x, τzx (z)d xd y , τzx (z+d z)d xd y , τxz (x)d yd z, τxz (x+d x)d yd z,
τy x (y)d zd x, τy x (y + d y)d zd x, τz y (z)d xd y , τz y (z + d z)d xd y . Additionally,
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Figure 2.6: Shearing forces on the different sides of a cube in a viscous flow.

there are also six normal force components on its surfaces caused by pres-
sure: P (x)d yd z, P (x +d x)d yd z, P (y)d zd x, P (y +d y)d zd x, P (z)d xd y,P (z +
d z)d xd y .

Then for a steady flow, assuming the weight of the fluid is negligible, the
force balance for the cube in the z-direction is:

[P (z+d z)−P (z)]d xd y = [τxz (x+d x)−τxz (x)]d yd z+[τy z (y+d y)−τy z (y)]d xd z
(2.18)

Then, we obtain:
∂P

∂z
= ∂τxz

∂x
+ ∂τy z

∂y
(2.19)

But, if we consider u, v and w to be the velocity component in the x, y and z
directions respsectively, then we get: τxz =µ ∂w

∂x and τy z =µ ∂w
∂y . And hence:

∂P

∂z
=µ

(
∂2w

∂x2 + ∂2w

∂y2

)
(2.20)

Similarly,
∂P

∂x
=µ

(
∂2u

∂y2 + ∂2u

∂z2

)
(2.21)

∂P

∂y
=µ

(
∂2v

∂z2 + ∂2v

∂x2

)
(2.22)

For conventional bulk machines, the damping caused by surrounding air
can be ignored because the energy dissipated by air damping is much less than
the energy dissipated by other mechanisms. But in case of micro dimensional
structures (MEMS), the surface to volume ratio is very high and hence a larger
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part of the device is damped by the air which is a key factor behind their dy-
namic behavior.

2.5.1 Squeeze film damping

Figure 2.7: Pressure gradient created due to relative motion of two parallel

plates separated by a small gap.

If we consider two parallel plates separated by a tiny gap which are mov-
ing towards each other, then, part of the air closer to the center of the gap is
squeezed and a part of it flows away at the boundary. As a result, an additional
pressure ∆P is created within the gap (Fig. 2.7) which restricts the motion of the
plates. On the contrary, if the plates are moving away from each other then the
pressure inside the gap is reduced to keep the air flowing into the gap. Hence,
in both moving directions, the forces on the plates caused by the built-up pres-
sure are always working against the movement of the plates. In short, the fluid
medium in between the plates acts like a damper and this damping is known
as squeeze-film damping [13, 14]. Depending on the application, the damping
force should either be reduced or optimized to a desired level.

2.5.2 Reynold’s equation

Suppose, that we have a pair of plates parallel with the x-y plane of the Cartesian
coordinates as shown in Fig. 2.8 and the dimensions of the plates are much
larger than the distance between them so that the gas flow between the plates
caused by the relative motion of the plates is lateral (in the x- and y-direction
but not in the z-direction).

Let us consider an elemental column, hdxdy (where h = h2 −h1), as shown
in Fig. 2.8, where qx is the flow rate in the x-direction per unit width in the
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Figure 2.8: Pressure gradient created due to relative motion of two parallel

plates separated by a small gap.

y-direction and qy is the flow rate in the y-direction per unit width in the x-
direction.

The balance of mass flow for the elemental column requires:

(
ρqx

)
x d y − (

ρqx
)

x+d x d y + (
ρqy

)
y d x − (

ρqy
)

y+d y d x =
(
∂ρh2

∂t
− ∂ρh1

∂t

)
d xd y

(2.23)
Again we can write:

(
ρqx

)
x+d x = (

ρqx
)+[

∂ρqx

∂x

]
d x (2.24)

(
ρqy

)
y+d y =

(
ρqy

)+[
∂ρqy

∂y

]
d y (2.25)

By using the above equations, we can obtain:

∂(ρqx )

∂x
+ ∂(ρqy )

∂y
+ ∂(ρh)

∂t
= 0 (2.26)

To find qx and qy , we have to find the speed distribution in the z-direction
first. As the dimensions of the plate are much larger than the gap and the flow is
lateral, the velocity components u and v are functions of z only. From Eq. 2.21,
we have:

∂P

∂x
=µ

(
∂2u

∂z2

)
(2.27)

For a small gap, P(x,y) is not a function of z. By integrating the equation
twice, we have:
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u (z) = 1

2µ

∂P

∂x
z2 +C1

1

µ
z +C2 (2.28)

If the plates do not move laterally and we put the origin of the coordinates
on the bottom plate, the boundary conditions for Eq. 2.28 are, u(0)=0, u(h)=0.
Therefore:

u (z) = 1

2µ

∂P

∂x
z (z −h) (2.29)

The flow rate in the x-direction for a unit width in the y-direction is:

qx =
∫ h

0
ud z =− h3

12µ

∂P

∂x
(2.30)

The negative sign in the equation indicates that the flow is in the direction
with decreasing pressure. Similarly, we have:

qy =− h3

12µ

∂P

∂y
(2.31)

By substituting Eq. 2.30 and Eq. 2.31 into Eq. 2.26, we find

∂

∂x

(
ρ

h3

µ

∂P

∂x

)
+ ∂

∂y

(
ρ

h3

µ

∂P

∂y

)
= 12

∂
(
hρ

)
∂t

(2.32)

Eq. 2.32 is referred to as Reynolds’ equation. Eq. 2.32 can also be derived
from the much more complicated Navier-Stokes equation under the condition
that the Modified Reynolds’ Number for a squeeze film, Rs , is much smaller than

unity, i.e., the condition of Rs = ωh2ρ
µ << 1, whereω is the radial frequency of the

oscillating plate. This condition is satisfied for typical silicon microstructures.
As h is assumed to be uniform both in the x- and y-directions, we have:

∂

∂x

(
ρ
∂P

∂x

)
+ ∂

∂y

(
ρ
∂P

∂y

)
= 12

µ

h3

∂
(
hρ

)
∂t

(2.33)

For an isothermal film, the air density, ρ, is proportional to pressure P, i.e.,
ρ = P

P0
ρ0. The above equation can then be written as(

∂P

∂x

)2

+
(
∂P

∂y

)2

+P

(
∂2P

∂x2 + ∂2P

∂y2

)
= 12

µ

h3

(
P

dh

d t
+h

∂P

∂t

)
(2.34)

Assuming that h = ho +∆h and P = Po +∆P , for small motion distance of the
plate, we have ∆h << ho and ∆P << Po . Under these conditions, the equation
can be approximated as:

P0

(
∂2∆P

∂x2 + ∂2∆P

∂y2

)
= 12

µ

h3 P0h0

(
1

h0

d∆h

d t
+ 1

P0

∂∆P

∂t

)
(2.35)
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If ∆P/Po <<∆h/ho , Eq. 2.34 can be developed into:

∂2∆P

∂x2 + ∂2∆P

∂y2 = 12
µ

h3

d∆h

d t
(2.36)

or

∂2P

∂x2 + ∂2P

∂y2 = 12
µ

h3

d∆h

d t
(2.37)

In Eq. 2.37, P is equivalent to ∆P. Thus, letter P in Eq. 2.37 is sometimes
read as ∆P. However, attention must be given to the difference in the boundary
conditions for P and ∆P : P = Po but ∆P = 0 at the periphery of the plate.

Now, as in the case of the GLVs, let us consider a pair of rectangular plates
(Fig. 2.7) with length L and width B on top of each other separated by a gap of
h. For the plates, the length of the microbeam is much bigger than the width
of it, i.e.L À B . Considering the vertical motion of the top plate, the modified
Reynolds equation 2.37 reduces to a one-dimensional problem:

d 2P

d x2 = 12µ

h3

dh

d t
(2.38)

In this case, the boundary conditions are: P (±B
2 ) = 0 and by solving the above

equation we obtain:

P (x, t ) = −6µ

h3

(
B 2

4
−x2

)
dh

d t
(2.39)

The damping pressure is positive when the air film is squeezed, i.e. dh/dt<0 and
vice versa. The maximum damping pressure occurs at the center of the plate,

where P (0, t ) = −3µB 2

2h3
dh
d t . The damping force F on the plate is then given by:

F =
∫ +B/2

−B/2
P (x)d x = −µB 3L

h3

dh

d t
≡ −µB 3L

h3 ḣ (2.40)

According to the definition of F = −cż, the coefficient of damping force for a
long rectangular plate is given by:

cd = µB 3L

h3 (2.41)

It can be shown that the amplitude-frequency relation is governed by the
damping factor [14]:

ς= cd

2mω0
(2.42)

where, m is the mass of the microbeam and ω0 is the natural angular vibration
frequency of the plate.
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Further, it can be explained [4, 7, 13] that the damping ratio ς determines
the dynamic behavior of the system where a damped harmonic oscillator can
be:

Overdamped (ς > 1): The system returns (exponentially decays) to equilib-
rium without oscillating. The larger the value of the damping ratio ς, the slower
the system returns to equilibrium.

Critically damped (ς = 1): The system returns to equilibrium as quickly as
possible without oscillating.

Underdamped (0 <ς < 1): The system oscillates with the amplitude gradu-
ally decreasing to zero.

Hence, careful choice of the dimension of the micro-devices can produce
the desired damping effect which can be used for dedicated application of the
MEMS.

2.6 GEMINI process flow

The general process flow for the poly-SiGe GLVs is schematically shown in Fig.
2.9. This process flow was developed solely in imec (without any contribution
from the PhD candidate’s side).

(a) A standard Si wafer is used as the starting substrate. A 1 µm thick High
Density Plasma (HDP) Si-oxide layer is deposited over the Si-wafer followed by
the deposition of a trilayer of Ti (20 nm)/ AlCu (880 nm)/ TiN (60 nm) after a
short degas. The metal stack was subsequently patterned to define the underly-
ing metal connections to the bondpads.

(b) A 1650 nm of HDP Si-oxide was added further on top of the existing struc-
tures and planarized by CMP. Next, a 200 nm additional HDP Si-oxide was added
and the wafers were then annealed at 455◦ C for 30 mins. Later, a 400 nm of SiC
layer was deposited on top of the planar oxide to protect the bottom dielectric
layers during the aggressive vapor HF-based release process. This protection
layer was subsequently patterned and plasma-etched, stopping on the underly-
ing metal layer to define the opening for the MEMS via.

(c) A trilayer of Ti (5 nm) / TiN (10 nm) / poly-SiGe (380 nm) was deposited
at a maximum wafer temperature of 450◦. This layer fills the via holes and at
the same time creates the electrode layer on top of which a 250 nm Si-oxide
hardmask is deposited and patterned.

(d) Further, an extra SiGe layer is deposited to form a thicker electrode. A
single etch process was used to pattern both the thin and thick electrode layers
by using the oxide hardmask as an etch stop layer. The thick electrode structures
are therefore defined by lithography while the Si-oxide hardmask defines the
thin electrode structures.
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Figure 2.9: Process flow for fabrication of the devices.

(e) Next, the electrode structures were planarized by the deposition of a HDP
Si-oxide layer followed by CMP which makes the thick electrode to be ∼ 50 nm
thicker than the thinner one.

(f) After this planarization with stop on the SiGe layer, the sacrificial HDP
oxide layer was added on top of the electrodes to define the actuation airgap
for the MEMS structures. Two different thicknesses were used, 350 nm and 800
nm as measured from cross section SEM pictures. In this sacrificial oxide, the
anchors for anchoring the structural layer to the electrode are etched.

(g) These anchors are filled during the deposition of the SiGe structural layer.
To create the bondpads, a low temperature protecting oxide was deposited on
top of the structural layer stack followed by a subsequent patterning to create
bondpad openings.

(h) These openings were filled with metals and later patterned to form the
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(a)

(b)

Figure 2.10: (a) SEM cross section of the device showing the anchor and the

thick electrode, (b) SEM cross section of the device showing the thin

electrode and the thickness of the airgap.
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bondpads. Next, another protecting oxide layer was deposited on top of the
bondpads. Further, the poly-SiGe structural layer was patterned to create the
fixed-fixed microbeams defining the GLVs.

(i) Finally the samples were released with a 5 step release recipe in a vapor
of HF and ethanol. By breaking the release process in several steps, the water
formed as by-product could be efficiently removed which decreases the chance
of stiction of the structural layer.

Figure 2.11: Experimental and simulated resonance frequency of the fixed-

fixed beams with different lengths.

The structural layer is a B-doped poly-SiGe layer with a thickness of 330 nm
(or 380 nm) which is deposited by chemical vapor deposition (CVD) at a wafer
temperature of 450◦ C on top of a Ti (5 nm) / TiN (10 nm) adhesion layer. The
precursor gasses are Si H4, GeH4 and B2H6. The Si H4:GeH4 ratio equals 0.9:1
and a B2H6 (1% in H2) flow of 90 sccm was used at a wafer temperature of 450◦

C resulting in an expected Ge concentration of 78% [15]. The total processing
time at 450◦ C was 12.5 minutes for a 330 nm thick layer and 14.2 minutes for a
380 nm thick layer. Next, a CMP step was used on the SiGe structural layer for
roughness reduction. This CMP step also reduces the thickness of the structural
layer down to 300 nm (350 nm). Then a barrier layer of 5 nm thick SiC and a 30
nm thick Al layer were further added on top of the structural poly-SiGe layer to
increase the reflectivity of the structures.

The strain gradient in cantilever beams was measured to be 7x10−4/µm,
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which makes this process also suitable for processing micro-mirrors. Due to dif-
ficulties in performing stress measurements on the thin SiGe samples, the reso-
nance frequency of fixed-fixed beams with different lengths were measured and
then fitted to find the Young’s Modulus (E) and the tensile stress (σ) in the SiGe
structural layer. As can be seen from the Fig. 2.11, E = 120 GPa and σ = 20 MPa
result in a perfect fit. The maximum resonance frequency that was achieved in
our structures is 1MHz which corresponds to the shortest microbeam of 50 µm.

2.7 Optical Interferometry

Optical interferometry has been widely used in accurate measurements of dis-
tances, displacements and vibrations, tests of optical systems, measurements
of gas flows and plasmas, temperature, pressure, electrical and magnetic fields,
rotation sensing, microscopy, and high resolution spectroscopy [16]. Because of
its high precision and non-contact nature, it has long been acknowledged as a
reliable profiling technique for measuring surfaces when stylus profiling cannot
be used due to the risk of damage.

>From the basic principle of interferometry we all know that, if two coher-
ent beams of intensities I1 and I2 overlap, then the resulting intensity can be
expressed as:

Itot = I1 + I2 +2
√

I1I2cos(
2π

λ
(p1 −p2)) (2.43)

Wherep1 and p2 are the path lengths traversed by the respective beams.

If the two waves are derived from a common source, we have: ∆ϕ= 2π
λ (p1 −

p2)

That is, the phase difference is linearly related to the optical path difference
(OPD). Thus the resultant sinusoidally varying intensity will form alternating
bright and dark fringes if being observed from across the propagation direction.

In order to obtain sustained and distinguishable interference patterns, a few
constraints should be fulfilled [17]:

i) The phase difference from the two vibrating sources must remain constant
(they must remain coherent).

ii) The waves must have the same frequency and wavelength and nearly
equal amplitudes.

iii) The wave sources must be of a single wavelength or nearly monochro-
matic.

iv) The wave fronts of the interfering waves must be traveling in the same
direction or make only a very small angle with each other.

v) The two interfering waves must possess the same polarization state.

Optical interferometers can be used to measure distances in terms of the
wavelength of light. Most of the interferometers used for this purpose are two-
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beam interferometers, using amplitude division. In the Michelson interferome-
ter, a beam-splitter is used to create interfering beams from a single light source
and recombine them to form interfering fringes. The properties of the fringe
pattern are determined by the known wavelength of the source and the OPD
introduced by the modifiable relative positions of two reflecting mirrors for the
two interfering beams. This scheme has been preserved and adapted to most
of the modern interferometers. The fringes are observed by a light detector that
can collect the intensity information, which will be sent to a photo-electronic
fringe counting device to derive the OPD. Charge-Coupled Detector (CCD) ar-
rays are usually used as the detector because of the capability of simultaneous
measurements over a large array of points.

Figure 2.12: Distribution of the optical components inside a WYKO optical

profilometer showing its operational principle.
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2.7.1 WYKO Optical Profiler

Using a narrowband (near monochromatic) light source and trying to follow the
continuous fringe shapes, Phase Shifting Interferometry (PSI) 1 is usually used
to test smooth surfaces (roughness less than 30nm). Sub-nanometer resolution
can be achieved in vertical measurements. However, PSI is incapable of obtain-
ing a correct profile for objects with large step changes in height. It becomes in-
effective as the height discontinuities of adjacent pixels approach λ/ 4, in which
case maxima will occur at multiple positions in the resultant fringe pattern due
to the near-monochromatic source, causing ambiguity.

A better solution is to use a broadband source (white light) with Vertical
Scanning Interferometer (VSI). With a white-light source, a separate fringe sys-
tem is produced for each wavelength, and the resultant intensity at any point
in the observation plane is the sum of all the individual patterns. If an inter-
ferometer is adjusted so that the OPD is zero at the center of the field, when all
the fringe systems from different wavelengths superimpose to each other, the
maximum intensity with the best contrast is obtained only at this center point.
Moving away from the center, because the coherence length of the source is
short and the spacing of the fringes varies with the wavelength, the contrast
decreases rapidly to zero at distances greater than the coherence length of the
source, thus eliminating the height ambiguity in PSI. In other words, a sample
point is in focus only when the maximum fringe contrast is obtained. In this
kind of white light interferometery (VSI mode), th e height variations across the
sample are determined by locating the focus points from the maximum fringe
contrast. Each CCD pixel effectively acts as an individual interferometer and
thus leads to a very accurate map of the surface.

The major disadvantage of VSI is that only a single height is measured at a
time. This usually requires multiple scans for any surface larger than the FOV of
the profiler, which would be time-consuming. White light interferometry gives
a vertical resolution ∼ 3nm, whereas it can measure rough surfaces with vertical
range of ∼ 135 nm to 10 mm.

The Michelson and other traditional amplitude division interferometers suf-
fer from a vibration problem due to the long beam paths. To overcome this
problem, the Mirau interferometer introduces a compact setup as shown in Fig.
2.12. In this scheme, source light is incident through the microscope objective
on a beam splitter. The transmitted beam goes to the test surface, while the
reflected beam goes to the reference mirror placed at the focal plane of the ob-
jective. Using the VSI mode, the sample is scanned along the vertical axis by a
computer controlled piezoelectric pusher. The test beam is recombined with
the reference beam at the same beam splitter and returned through the objec-

1taking successive interferograms at slightly shifted mirror positions
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tive to the CCD detector. Both beams share a common path over most of their
length, so the system is much less sensitive to vibrations. The demodulation is
performed through post-processing involving Fourier analysis.

2.7.2 Laser Doppler Vibrometer

A laser Doppler vibrometer (LDV) [18, 19] is the scientific instrument that we
employed to make the non-contact vibration measurement of our microstruc-
tures. The laser beam from the LDV is directed at the surface of interest and the
vibration amplitude and frequency are extracted from the Doppler shift of the
laser beam frequency due to motion of the microstructures. The output of an
LDV is generally a continuous analog voltage that is directly proportional to the
target velocity component along the direction of motion of the laser beam.

2.7.2.1 The Doppler effect

When a wave is reflected from a moving object and is detected by a measure-
ment system, then the measured frequency shift of the wave can be described
as [20]:

fD = 2∗ v(t )∗ cos(α)

λ
(2.44)

Where λ is the wavelength of the wave, v(t) is the object velocity as a function of
time and α is the angle between the laser beam and the velocity vector. To be
able to determine the velocity of the object, the (Doppler-) frequency shift has
to be measured at a known wavelength. This is done in the LDV by using a laser
interferometer as described in section 2.6.

2.7.2.2 Experimental set-up

Figure 2.13: A simplified experimental set-up and working principle of a

Laser Doppler Vibrometer.
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A simplified experimental arrangement for an LDV system is shown in Fig.
2.13. A He-Ne laser beam is split by the beamsplitter BS1 into a reference beam
and a measurement beam. After passing through a second beamsplitter BS2,
the measurement beam is focused onto the surface under investigation which
further reflects it back. The reflected beam is now deflected downwards by BS2
and merged with the reference beam by the third beamsplitter BS3 and is then
directed towards the detector. Since, the path length of the reference beam re-
mains constant over time (p2 = const.), a movement of the object surface under
investigation (p1 = p1(t)) generates a dark and bright fringe pattern typical of
interferometry on the detector.

Change in the optical path length per unit of time manifests itself as the
frequency shift of the measurement beam. This means that the modulation fre-
quency of the interferometer pattern determined is directly proportional to the
velocity of the object. Since, the object movement away or towards the inter-
ferometer results in the same frequency shift, the optical set-up alone cannot
determine the direction of motion of the object. Hence, an acousto-optic mod-
ulator (Bragg cell) [21] is placed in the reference beam, which shifts the light
frequency by 40 MHz (by comparison the frequency of the laser light is 4.74 *
1014 Hz). This generates a modulation frequency of the fringe pattern of 40 MHz
when the object is at rest. If the object then moves away from the interferometer
then the modulation frequency is increased and if it moves towards the interfer-
ometer then the detector receives a frequency lower than 40 MHz. In this way,
the vibrometer can not only de cipher the amplitude of the movement but also
the direction of movement of the object.

2.8 Summary

In this chapter we introduced the theory behind the deformation of the mi-
crobeams which we will use in the following chapters to describe the electro-
mechanical properties of the MEMS structures. We saw how the presence of
residual stress in the fixed-fixed beams can influence its static and dynamic
properties. We learned about the importance of the squeezed film damping
phenomenon in the microstructures and in the following chapters we will see
how it can be optimized to use the damping in our favor. We already got the de-
tails regarding the elastic properties of the poly-SiGe material which was used
in imec to fabricate the MEMS devices. We also introduced the two standard
measurement techniques to investigate the static and dynamic behavior of the
MEMS devices.
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3
Grating Light Valves

The Grating Light Valve (GLV) is a microelectromechanical reflection grating
[1–4]. It consists of clamped-clamped beams suspended in air over a conduct-
ing substrate with the help of anchors on the two far ends allowing them to move
vertically. The microbeams are held in tension so that when non-actuated they
remain flat and behave like a mirror giving specular reflection in the 0th order
and the pixel is in the OFF state, with no light diffracted to the ±1st order (dark
state). After actuation, the alternate movable beams are deflected downwards,
which turns the pixel ON and hence a quasi-continuous phase function can be
imprinted onto the incoming light beam (bright state). The result is an entirely
reconfigurable diffractive element in reflection mode providing precise and ac-
curate pixel-by-pixel brightness control.

3.1 GLV concept and modeling

Fig. 3.1(a) shows the top view of the GLV device showing the series of 50µm long
microbeams which are anchored on the two end sides. If we consider the side
view of the free-standing microbeams (the dotted region), then it looks like Fig.
3.1(b)(1) which acts like a specular reflector. Now if the alternative microbeams
are vertically displaced due to electrical actuation then the device enters into a
diffractive state. With increasing vertical displacement the amount of diffracted
light starts dominating the reflected amount. At a deflection of λ/4, the amount
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(a)

(b)

Figure 3.1: (a) The SEM picture of the top view of the GLV devices, (b) The

different states of operation of a GLV device. The picture shows how

the device transforms itself from a reflective OFF state (non actuated)

to a diffractive ON state (actuated) and how the beam deformation

influences the device characteristics further.
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of light reflected from the stationary and deformed microbeam remains the
same but they are exactly opposite in phase ( 2π

λ ·2 · λ4 = π). Hence, after a λ/4
vertical displacement, the specular reflection is minimal and the light diffracted
to the ±1st order reaches its maximum. For, any deflection between 0 and λ/4,
the returning light from the grating is a mixture of reflected and diffracted light.
By controlling the exact position of the microbeams and thereby the path length
difference, we have an analog control over how much light is reflected and how
much light is diffracted. Of course this requires that we have a structure and an
actuation mechanism that allows continuous positioning of the microbeams.

3.1.1 Binary diffraction grating

Figure 3.2: Binary grating with a period equal to twice the width of the rect-

angular steps.

If we consider a reflection type square wave phase grating [5, 6] consisting
of rectangular sections as shown in Fig. 3.2, then the mathematical description
of the unit cell is two offset rectangular functions with a phase constant applied
to the second one.

f (x) ≡
[

r ect (
x

b
)⊗δ(x)

]
+

[
r ect (

x

b
)⊗δ(x −b)

]
e iφ (3.1)

the offset is accomplished with the delta function and the phase difference,
φ = 2π

λ ∗ 2δ is introduced by δ, the height of the rectangular section. Having
defined the unit cell, the infinite grating can be represented with one additional
convolution:

g r ati ng = f (x)⊗ comb(x/Λ) (3.2)

Because the grating is a periodic structure, light propagation away from the
surface will resolve itself into discrete diffraction orders whose angles of propa-
gation θm are given by the grating equation:

Λsi n(θm) = mλ (3.3)
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The discrete diffraction orders propagate at discrete angles of θm . Therefore,
the Fourier transform of the grating is defined at discrete intervals correspond-
ing to the transform of comb(x/Λ), a function with unit value at q = m/Λ =
m/2b, where m is an integer. The Fourier transform of the unit cell, forms an en-
velope function that defines the amplitude and relative phase of each diffracted
order. The Fourier transform of the rect(x) function is sin(q)/q or sinc(q), so for
the unit cell we get:

F
(
q
)= 1

2

si n(πbq)

πbq
exp(i 2πqb/2)+ 1

2
exp

(
iφ

) si n(πbq)

πbq
exp(−i 2πqb/2) (3.4)

In the case of the ideal binary phase grating, where φ=π, it simplifies to:

F (q) = 1

2
× si n(πbq)

πbq
[exp(iπqb)−exp(−iπqb)] (3.5)

For the case of a square wave grating with b=Λ/2 and evaluating for the dis-
crete diffraction orders where the comb function is non-zero, the output of the
grating is defined as:

F (q)|q= m
Λ
= si n(mπ/2)

mπ/2
[i si n (mπ/2)] (3.6)

Which equals zero for all even values of m. For odd values of m, the diffrac-
tion efficiency from the grating is given by:

ηm = p2
m ≡ |F

(m

Λ

)
|2 =

(
2

mπ

)2

(3.7)

As evident, the diffraction efficiency is zero for all even values of m, whereas
the maximum power is steered towards the 1st order with a maximum efficiency
of 81%.

Given the high fill factor (µ= wr
wr +wg

) of the GLVs, they can be approximated
as a binary diffraction grating with changing phase due to controlled displace-
ment of the alternate microbeams.

Considering 92% reflectivity of the top Al layer with 94% fill factor for our
GLVs, the maximum attainable intensity together in both the 1st order turns out
to be ∼ 71%.

3.1.2 Simulation of the optical properties of the GLVs

The method of rigorous coupled wave analysis (RCWA) [7, 8] using the software
CAMFR was used to simulate the optical properties of the Al coated GLVs. Fig.
3.3 shows the variation in diffraction efficiency of different orders with the fill
factor of the GLVs. It clearly indicates the total diffraction efficiency in the 1st
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Figure 3.3: Variation of the 0th and 1st order diffraction efficiency of the GLVs

with fill factor.

order (after a deflection of λ/4 of the alternate microbeams) is always higher
than that of the 0th order (at non-deflected state of the microbeams) forµ < 0.91.
The situation reverses after µ > 0.91. It also shows that the maximum diffraction
efficiency achievable in the 1st order ranges between 70%-74%.

3.1.3 Modeling the electro-mechanical properties of the GLVs

In this section, we present the COMSOL simulations of the electromechanical
properties of the GLV microbeams. In our simulation each microbeam is of 5
µm wide and 300 nm thick, made of poly-SiGe and coated with 30 nm of Al on
top, both to increase the reflectivity and to act like a conductor. These are mod-
eled as thin beams resting on anchors on both the ends with an airgap of 600
nm and we simulated their electrostatic displacement towards the substrate.
The microbeams are under tensile stress which helps them to remain flat in
their non-actuated state. Precise control of the vertical displacement can be
achieved by balancing the electrostatic attraction against the restoring force of
the microbeams.

Fig. 3.4 shows the trade-off between the resonance frequency and the pull-
in voltage as a function of the length of the beams and tensile stress in it as found
from the COMSOL Multiphysics simulations. The ultimate goal of GEMINI is to
integrate the MOEMS with CMOS, hence the amplitude of actuation voltage is
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Figure 3.4: Trade off between the pull-in voltage and resonance frequency of

the GLVs.

of utmost importance to us. As can be observed from the figure, an increase
in resonance frequency comes at the expense of an increase in the operating
voltage of the device. Hence, though a high tensile stress increases the speed of
the device, it results in the operating voltage to go out of the range of the CMOS
integrated circuit.

We used COMSOL Multiphysics (Finite Element Analysis), to model the
static displacement of the GLV microbeams. Fig. 3.5 shows the deflection of a
50µm long microbeam under electrostatic attraction. It can be observed that
the deflection of the alternate beams does not exactly resemble a square well
grating structure. As seen from Fig. 3.6 the maximum deflection is only at the
very center of the microbeams. For a 50µm long structure, the maximum de-
flection is concentrated only within 10µm at the center. In case the width of
the focused spot finally incident on the GLV device is larger than 10µm, light
reflected from different parts of the actuated beam is not exactly in the same
phase and hence the efficiency of the device will deteriorate. This implies,
shorter beams increase the speed of the device manifold but also needs tighter
focussing to achieve the full optical functionality of the GLVs.

To maximize the efficiency of the diffracted light and to decrease the dark
state noise within the system, we tried an alternative flexure structure instead
of fixed-fixed continuous beams as shown in Fig. 3.7. Here a heavy central mass
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Figure 3.5: Electric field induced deformed shape of a fixed-fixed microbeam.

Figure 3.6: Side view of a deformed fixed-fixed beam showing a distinct dif-

ference from a square-well shape.

is suspended with the help of four strings fixed on anchors on both sides. Dur-
ing electrostatic actuation, the strings bend to create the deflection, though the
central heavy mass nearly remains flat. In our device, the flexure consists of
20 µm long central portion suspended with the help of 15 µm long individual
strings on both sides (the total length remains 50 µm). A clear difference in de-
flection of a fixed-fixed continuous beam and a flexure beam is shown in Fig.
3.8. As predicted earlier, the total length of the central flat portion of the flexure
structure (∼ 20µm) is nearly double that of a fixed-fixed continuous beam. As
a result, more light will be diffracted with the same phase which enhances the
efficiency of the device.
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Figure 3.7: Deflection profile of a flexural microbeam with a central heavy

mass supported at the two far ends by thin strings. As evident from

the picture the central heavy mass remains significantly flatter after

actuation of the structure compared to the simple microbeam of fig.

3.5.

Figure 3.8: Comparison of the deflection profile of a fixed-fixed beam and a

flexure beam of the same total length of 50 µm.

3.2 Static characterizations

3.2.1 Optical profilometry

One of the stringent requirements for a GLV to function well is to achieve mini-
mal height difference among the consecutive microbeams which will scatter the
incident light. This scattered light also adds up intensity in the direction of the
1st order diffraction without any actuation of the microbeams and as a result
deteriorates the dark state. Hence, in Fig. 3.9(a), we show the profile of a 100
µm long non-actuated GLV device. Using an optical profilometer, we can mea-
sure a minimal height difference of 2.6 nm among the consecutive microbeams
which indicates an excellent planarity of the fabricated devices. We further per-
formed optical profiling of the devices in the actuated state to determine the
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maximum displacement that can be obtained just before pull-in. Fig. 3.9(a)
shows the result for a 100 µm long GLV device in two steps of voltages. As seen
from Fig. 3.9(b) that after 129 nm of displacement of the microbeams at 5.3 V,
the devices go straight to pull-in with the next step of 5.4 V indicating the max
deflection obtainable is ∼130 nm for these devices (for 400 nm airgap between
the microbeams and the substrate).

3.2.2 Optical characterization set-up

As shown in Fig. 3.3, optical system can be constructed to collect either the
0th order or the 1st order diffracted light. The latter has definite advantages
over the the 0th order. The non-diffracting portions of the device (surrounding
region of the microbeams) remain equally reflecting for both the ON and OFF
states. Hence, it becomes difficult to separate the modulated light (reflected of
the center of the beam) from the stray light reflected from elsewhere. As a result,
a good contrast value can’t be reached.

The optical setup we used to characterize the DC performance of the de-
vice is shown in Fig. 3.10. The source we used was a 405 nm diode laser. The
laser light is collimated and magnified using two bi-convex lenses and passes
through a beamsplitter before facing the cylindrical lens which converges the
light in a single direction to make a linear field along the center of the mi-
crobeams. The light diffracted from the gratings is separated from the incoming
light with the help of the beamsplitter. A slit was used in between the collimat-
ing lens and the beamsplitter to change the length of the field incident on the
device. It makes sure that the focused spot is contained only within the series
of the microbeams and the amount of stray light generated from elsewhere of
the device is minimal. Finally a detector is used to measure the intensity of the
individual diffracted orders.

We thoroughly modeled our optical setup using the ray tracing software Ad-
vanced Systems Analysis Program (ASAP). To optimize the optical performance
of the GLVs, one of the most challenging tasks is tighter focusing, i.e. to reduce
the width of the line spot as far as possible. As the final focusing of the colli-
mated light is done by the cylindrical lens, this only determines the final width
of the focused spot on the microbeams.

We modeled all the optical components using ASAP (the shape, the dimen-
sions and the coatings on it). We considered a collimated source generating
50×50 rays along the X and Y directions and the simulation was confined to a
total of 2× 106 generated rays within the optical system. The distance among
the different objects was varied to minimize the stray light reaching the detec-
tor because of internal reflections among the different components. It ensures
us that the achieved contrast is not limited by the used setup. First, the simula-
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(a)

(b)

Figure 3.9: (a)Optical profile of a non-actuated GLV device as obtained from

WYKO, (b) Optical profile of an actuated GLV device showing the pull-

in phenomenon and hence the highest possible vertical displacement

of the microbeams.
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Figure 3.10: Schematic of the optical set-up as used in ASAP to study the stray

light density influencing the contrast measurement.

Figure 3.11: Influence of the different distances among the optical compo-

nents on the amount of stray light reaching the detector and hence

influencing the contrast measurement.

tion was performed considering a perfectly reflecting mirror at the focal plane
of the lens to know the amount of stray light reaching the detector because of
internal reflections and due to aberration of the lens. Then, maintaining the
same distances an ideal grating (70% efficiency in the ±1st order) was placed in
the focal plane to calculate the diffracted light along with the stray light finally
reaching the detector. Hence we were able to calculate the maximum contrast
that can be achieved with this experimental setup in case of an ideal grating.
Table 3.11 shows the variation in the flux with the change in the distance among
the different components and how it affects the contrast of the system. It gives
us an estimation that if no stray light is generated by the GLV device, the max-
imum achievable contrast in the ±1st order is still limited to ∼ 105 because of
the optical components used within the characterization set-up.

Fig. 3.12(a) shows the experimental set-up used for characterization of the
GLVs. A photodiode in series with a slit is used to measure the intensity of the
individual diffracted orders as a function of amplitude of the applied actuation
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(a)

(b)

Figure 3.12: (a) Experimental set-up as used for characterization of the GLVs,

(b) Line spot as generated by a cylindrical lens that was focused on

top of the GLVs, measured using a CCD camera.
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voltage. We could obtain a minimum line-width of 19.5 µm for the focused spot
(Fig. 3.12(b)) using this set-up. The length of the line can be changed by chang-
ing the opening of the front slit.

3.2.3 Optical characterization

As discussed earlier, the beams are curved from the anchors onwards with max-
imum deflection occurring only at the center. The longer the microbeam, the
flatter is the deformed shape. A comparison of the deformed shape (as obtained
from a COMSOL Multiphysics simulation) of the fixed-fixed microbeams, the
flexure structure and the experimentally obtained Gaussian intensity distribu-
tion of the focused spot is shown in Fig. 3.13(a). As can be observed, the vari-
ation in height of the central deformed region of a 75 µm long microbeam is
much smaller than that of the 50 µm long microbeam. Moreover, a 50 µm long
flexure beam with a heavy central mass has a comparable central deflection as
that of a 75 µm long fixed-fixed beam.

We used the full 1D array of the successive 100 microbeams to measure the
contrast and efficiency of the whole device using this set-up. Fig. 3.13(b) shows
the analog optical behavior of the GLVs with 400 nm airgap. We used a 405 nm
violet laser to characterize the optical response of the GLVs and to estimate the
maximum contrast achievable for the devices. A clear increase in the +1st order
diffracted intensity can be observed with increasing external DC bias. When
the displacement of the microbeams exceed h= λ/4, the diffraction efficiency
decreases again. At the same time, as described in Fig. 3.13, due to flatter de-
formation of the longer microbeams and the flexure structures compared to the
shorter microbeams, higher diffraction efficiency and hence higher contrast is
obtained for 75 µm long GLVs than that of the 50 µm long ones (section 3.1.3).
For our GLVs, the maximum power diffracted in the first order was measured to
be 67% (combining +1st and -1st orders) which follows the theoretical predic-
tion very closely. A maximum contrast of ∼ 1713:1 was obtained reproducibly
showing the usefulness of our GLVs in making high quality displays.

3.3 Dynamic characterization

3.3.1 Effect of squeezed film damping in GLVs

As discussed before, squeezed film damping [9–11] plays an important role in
the dynamic response of the devices. To take advantage of the relatively high
resonance frequency, the damping in these devices should also be high enough
to suppress oscillations [12]. We used laser doppler vibrometry to character-
ize the response of the GLVs to a square wave pulse train and varied different



60 CHAPTER 3

(a)

(b)

Figure 3.13: (a) Comparison of the deflection of the microbeams and the

Gaussian intensity distribution of the focused spot at the center of

the devices, (b) Analog response of GLV devices showing an excellent

optical response.
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(a)

(b)

Figure 3.14: Variation in settling time of the devices with change in (a) under-

lying airgap and (b) width of the microbeams.
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(a)

(b)

Figure 3.15: Variation in settling time of the devices with change in (a) layer

thickness and (b) length of the microbeams.
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dimensional parameters to determine their influence on the dynamics of the
devices.

As seen from Eq. 2.41, the most important parameter influencing the damp-
ing of the devices is the airgap (cd ∝ 1

h3
0

). Fig. 3.14(a) shows the dependence of

the settling time (equilibrium ± 2%) of the microbeams on the underlying air-
gap thickness. Whereas the settling time was ∼ 20 µs for a microbeam with 850
nm airgap, it reduced to 2.2 µs by changing the airgap to 400nm. With decreas-
ing airgap, the underlying fluid is more efficiently trapped during displacement
of the microbeams, damping the overshoots more effectively resulting in faster
settling. Since the GLV beams are electrostatically actuated, their dynamic op-
eration is inherently limited by the pull-in phenomenon (maximum deflection
= h0

3 ). Hence to obtain the maximum diffraction efficiency, the sacrificial layer

thickness should be designed in such a manner that h0
3 > λ/4. As a result, the

airgap is constrained by the wavelength of operation. Later in this chapter, we
show an approach which we used to avoid destruction of the devices due to
pull-in. In that case the airgap can be made closer to its minimum permissible
value of 3λ/4.

Fig. 3.14(b) shows the variation in settling time of the devices with change
in width for a 50 µm long microbeam with an airgap of 400 nm. As can be seen
clearly from the figure, with increasing width the mechanical oscillations and
overshoots are more efficiently damped resulting in a faster settling of the de-
vices. Whereas the settling time was ∼ 6.5 µs for a 2.7 µm wide microbeam, it
reduced to 2.2 µs by increasing the beam width to 4.7 µm. But the beam width
is also related to the angular separation among different diffracted orders as
shown in equation 3.3. Hence, for a larger width, the effective separation and
collection of the 0th and the ± 1st orders of diffracted light become more diffi-
cult, resulting in either a reduced contrast or a more extended optical setup.

Variation in settling time of the devices with the thicknesses of the mi-
crobeams is shown in Fig. 3.15(a). The two microbeams differ only by their
thickness and we actuated both of them in the same way. As can be seen from
the figure, for the thicker microbeam, the amplitude of the overshoot and ring-
ing is larger than that of the thinner one. Hence, faster settling is obtained
for the thinner microbeam. But with lower thickness the resonance frequency
also scales down. Hence a minimum thickness of the beam has to be chosen
to achieve a resonance frequency suitable for the targeted application. Any
additional thickness beyond the minimum value will degrade the settling time.

Fig. 3.15(b) shows the dependence of the settling time on the length of the
microbeams. Whereas a 4.7 µm wide and 50 µm long beam with 400 nm airgap
shows an under-damped nature with a settling time of ∼2.2 µs, longer beams of
75 µm and 100 µm lengths with identical parameters become critically damped
and over-damped with settling times of ∼ 2 µs and ∼ 11 µs respectively. It sug-
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gests that with increasing length, the damping ratio increases and accordingly
the nature of damping in the system is changed as predicted from Eq. 2.41. It is
clear from fig. 3.4 that though longer beams help in faster settling, it decreases
the resonance frequency and hence the modulation rate of the devices. On the
other hand, shortening the length of the beams increases the actuation voltage
and also requires critical optical settings to obtain a narrower focused spot at
the center of the beams. Hence a judicial choice of the length of the beams has
to be made depending on the target application of the devices.

Fig. 3.16 shows the relation among the above mentioned parameters with
the final performance of the GLVs. As clear from the table that all the parameters
are inter-related with other system level requirements. It shows that optimiza-
tion of a single parameter cannot improve the total performance of the whole
system and hence an overall optimization is necessary. Additionally, as evident
from the above mentioned experimental results, with the relatively low reso-
nance frequency of our microbeams, controlling the damping time becomes
extremely important in obtaining high switching speed of our GLV devices.

Figure 3.16: Relation among different device parameters to optimize the sys-

tem level performance of GLVs.

3.3.2 Effect of external impedance on settling time

Circuit impedance plays an important role in switching speed of the devices.
Fig. 3.17(a) shows the equivalent circuit of a fixed-fixed beam, where RS is the
circuit impedance, C is the GLV capacitance. The GLV device has a capacitance
value of only a few femtofarads. Usually the system RC time constant is deter-
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(a)

(b)

Figure 3.17: (a) A equivalent RC circuit of a GLV device, (b) Variation in set-

tling time of a GLV devices with change in external impedance.
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mined by the driver impedance, interconnect resistance and parasitic capaci-
tance. The time constant of the circuit determines the amount of energy trans-
ferred to the microbeams. If the kinetic motion of the beams is not damped
properly then it generates oscillations and overshoots. Fast rising edges have
high frequency components that can excite ribbons at their resonant frequency;
slow rising edges have less high-frequency energy and are less efficient at excit-
ing those oscillations. Thus, adding an external resistance lowers the slew rate
which reduces the ringing amplitude. However, if the electrical slew rate is too
low, it starts dominating the dynamic response time of the system and the full
capability of the GLV device is lost.

Fig. 3.17(b) shows the variation in settling time of the device with increas-
ing impedance. Mechanical oscillations and overshoots are more efficiently
damped with higher impedance though the transition time degrades.

Figure 3.18: Response of a GLV to a square wave pulse train showing the in-

herent analog nature of the device.

3.3.3 Analog gray scale of GLVs

One of the most important advantages of GLVs over other optical MEMS is
its intrinsic analog capability of producing gray scales as shown in Fig. 3.18.
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Other digital modulators use pulse width modulation (PWM) [13] to achieve
gray scales which directly erodes the data throughput of the devices. But GLVs,
instead of using PWM to achieve gray scales, can be actuated to reach a defined
displacement corresponding to a certain intensity level making these devices
perfectly suitable for high speed applications. By increasing the resolution of
the driving voltage, the GLVs can be easily programmed to different intensity
levels extending the bit depth of the system. 8 bit or 10 bit grayscale GLVs [14]
have already been reported and a bit depth as high as 16 bit has been proposed
for use in a display application [15].

3.3.4 Mechanical stoppers as a pull-in protection mechanism

As discussed before, one of the stringent constraints behind the operation of
GLVs, is avoiding the accidental pull-in of the microbeams when h0

3 ∼λ/4. Since
the GLV microbeams are always at a higher potential compared to the bottom
electrode (grounded), snapping down of the microbeams due to pull-in gives
rise to a short circuit, potentially damaging the device. Hence, to avoid the
short circuit, we did a thicker SiGe electrode deposition (within the airgap por-
tion) which is electrically isolated from the rest of the bottom electrode and
connected to the same metal line as of the microbeams through vias. There-
fore, the electrostatic force acting on the fixed-fixed microbeam is still present
because the larger area thin electrode does not interact with the equipotential
bumps. The cross-section schematic and the relevant dimensions are shown
in fig. 3.19(a). Once the pull-in occurs, the microbeams fall on the thicker
equipotential bumps instead of the grounded electrode avoiding the short cir-
cuit. Given the small contact area between the GLV beams and the bumps, the
problem of stiction after pull-in is avoided. Fig. 3.19(b) demonstrates the suc-
cessful implementation of our pull-in protection mechanism. We used a 100µm
long GLV microbeam having a pull-in voltage (VP ) of 5.5 V. As observed from the
figure, for a triangular pulse pattern of maximum ±6.5 V, the beam snaps down
once VP is exceeded. After snapping on the thicker bumps, no further displace-
ment is measured and hence a flat response is obtained. Soon after the triangu-
lar pulse strength reduces again below VP , the movement of the microbeam is
resumed and the displacements can be traced back again. No failure for the de-
vice was observed over several periods of operation which proves the usefulness
of the stopper mechanism.

3.4 Conclusion

We showed the successful implementation of poly-SiGe as a MEMS material in
fabricating GLVs. The devices showed an excellent behavior both for the static
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(a)

(b)

Figure 3.19: (a) Design details of the distribution of the equipotential thicker

bumps and grounded thinner electrodes defining the pull-in protec-

tion mechanism, (b) Displacement of a pull-in protected GLV device

in response to a triangular pulse pattern.
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and dynamic responses. A contrast of more than 1500:1 was obtained with high
diffraction efficiency. Since we operated with relatively short GLVs, the maxi-
mum diffracted light intensity was found to be strongly dependent on the length
of the microbeams. The settling time of the devices was mainly dominated by
the resonance frequency and the damping factor. Different dimensional param-
eters were varied to find their influence on the damping and hence the settling
of the devices following a step function excitation. A minimum settling time of
2.2 µs and 2 µs were obtained for the 50 µm and 75 µm long devices showing
under-damped and critically damped behavior respectively. We discussed how
other system related trade-offs have to be managed once the dimensional pa-
rameters are varied to obtain faster switching. We proposed the use of mechan-
ical stoppers [16] to save the devices from erroneous deterioration due to pull-
in [17]. Overall these results prove the usefulness of the thin poly-SiGe MEMS
technology for fabricating MOEMS devices directly on top of CMOS.
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4
Variable optical attenuator

In our earlier chapter we looked the GLVs as purely one-dimensional gratings
in the sense that the optical interaction between the incident light and the grat-
ing was considered to be confined to a plane, in which the grating is periodic
in one dimension and uniform in the other. In reality, of course the gratings
are three-dimensional objects. Hence, a complete model of the optical inter-
action with the gratings has to include the grating depth which is ranging over
the length of the beam, leading to shadowing and the fact that the gratings are
of finite length which leads to diffraction effects from the termination of the
microbeams. In practice for most applications, these effects are not significant
enough to influence the proper operation of the movable gratings.

Polarization dependence, on the other hand, is an issue that is important for
many practical implementations of the grating modulators. Because of the in-
creasing miniaturization with MEMS technology, the polarization dependence
worsens further with scaling down of the device dimensions. For the gratings,
both vertical and lateral dimensions can be accurately controlled. Vertical pre-
cision is of course necessary for phase control, whereas the lateral accuracy al-
lows us to create very narrow microbeams. As for any integrated circuit devices,
the tendency is to shrink the device dimension to the minimum permissible
value that can support the desired device functionality. This means, for the one
dimensional grating modulators, the targeted period is not much larger than the
wavelength. However, this is exactly the length scale at which periodic struc-
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tures suffer from strong polarization dependence.

For many applications, polarization dependency is simple to deal with. For
example, in a laser-based imaging system, the input polarization to the mod-
ulators can be held constant so that any polarization sensitivity is immaterial.
Unfortunately, there are applications for which this approach will not work. No-
tably in fiber optics, the polarization state of the incident light is randomized by
temperature dependence and time-varying birefringence of the fiber. For fiber
optic applications of these gratings, it is therefore necessary to modify the grat-
ing modulator to remove or reduce its polarization sensitivity.

4.1 Introduction

Integrated variable optical attenuators (VOAs) have been widely used for ac-
tively controlling the optical power level in wavelength-division multiplexing
(WDM) networks [1]. The widespread deployment of WDM networks demands
VOAs with compact, robust designs with low power consumption and low wave-
length dependent loss (WDL) [2]. Moreover, these VOAs should be able to dy-
namically regulate the WDM channel power irrespective of the incident light
polarization. Additionally, in dense wavelength division multiplexing (DWDM)
systems [3], it has become common to control the output of Distributed Feed-
back Laser Diodes (DFB-LD) with a VOA instead of the input current. Hence,
with increasing number of wavelengths multiplexed in these networks, large ar-
rays of VOAs preferably integrated on a single silicon chip will be needed for
future DWDM applications. In addition, although the VOAs are now mostly
used in telecommunication applications, there are other fields where VOAs are
extremely useful. E.g. the membranes used in the absorbance based optodes
which are susceptible to degradation due to excessive optical power can be pro-
tected using a VOA structure [4]. Also, with increasing popularity of Visible Light
communications (VLC), use of VOAs in the visible wavelength is becoming more
and more popular [5].

Basically two different families of VOAs have been presented so far, namely
those based on micro-optoelectromechanical systems (MOEMS) and those
based on photonic lightwave circuits (PLC). Typically, MOEMS based VOAs
offer physical features such as tunability, scalability, low electrical power con-
sumption and small form factor [6]. Additionally, as the MEMS technologies use
a semiconductor-like lithographic batch fabrication process, the micro-opto-
mechanical components can be monolithically integrated (if the technologies
used are thermally and material-wise compatible) with the control electron-
ics on the same chip [7]. This not only improves the performance, yield and
reliability but also lowers the manufacturing, packaging and instrumentation
costs [8].
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Out of the several different MOEMS based VOA designs proposed over the
years, interference type VOAs are one of the most primitive but also most popu-
lar ones. The interference type VOA uses multi-beam interference to adjust the
attenuation level. The first such design was the MARS modulator [9], in which a
SiN membrane of λ/4 optical thickness was suspended over a silicon substrate
with a fixed 3λ/4 spacing between the membrane and the substrate. When re-
flections from the top surfaces of the membrane and substrate are in phase, the
incident light is totally reflected. But when the membrane is electrostatically
lowered to an airgap of λ/2, it becomes an antireflection coating with strongly
reduced reflectivity. Though the achieved attenuation level was 31 dB with < 3
µs of response time, the reported insertion loss was ∼ 3 dB and the device had a
relatively high actuation voltage of 35.2 V.

Figure 4.1: Schematic of the incidence of a polarized light on a 1D grating

structure.

Alternatively, GLV devices have also been used as the heart of many use-
ful products for optical communications, such as variable optical attenuators,
channel power equalization devices, and arrays of 1xN switches. But, as dis-
cussed earlier, since these gratings are actually a 1D array of very closely spaced
suspended microbeams with subwavelength airgap and metallic coating, the
specular reflection is a strong function of the state of polarization of the inci-
dent light [10]. The cause of polarization sensitivity in these one dimensional
gratings is their rectilinear geometry. The microbeams of the GLV interact dif-
ferently with light depending on whether the incident electric field is parallel or
perpendicular to the length of the microbeams (Fig. 4.1). This points the way to
the solution of the polarization dependency problem. It is caused by geometry
and hence the geometry has to be changed to make the gratings insensitive to
the incident polarization.

In this chapter we report an alternative design which can be used effectively
in solving the polarization dependence of the grating based VOAs. Our device
consists of a poly-SiGe based 2D MEMS grating built from an anchored mem-
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brane with symmetrically distributed square shaped perforations which are
filled with fixed islands. Because of the planar symmetry of the design (Fig.4.2),
any preferential reflectivity of the different polarization states is effectively elim-
inated. Also, because of the relatively large dimension of these membranes, the
actuation voltage is sufficiently low, leading to minimal power consumption.
The design was altered in such a manner that the moving membrane exhibits
the optimal damping condition leading to a minimal switching time. Further-
more, poly-SiGe being the structural material, it enables the possibility of large
arrays of VOAs to be individually connected to the interfacing circuits.

Figure 4.2: Schematic of the incidence of a polarized light on a 2D grating

structure.

4.2 Device concept

The proposed structure is presented in Fig. 4.3(a). It consists of a suspended
(anchored on four different sides) square shaped membrane which is perfo-
rated symmetrically in both in-plane orthogonal directions. Within these perfo-
rations, fixed blocks are created (Fig. 4.3(b)) which are supported by anchors of
the same height as those supporting the membrane as shown in the cross sec-
tional view in Fig. 4.4. The design was made in such a manner that the area of
the movable part and fixed parts are nearly the same. The membrane is held in
tension so that it remains flat and forms a reflective surface in the non-actuated
state (OFF state) giving specular reflection in the 0th order. When actuated, the
membrane is deflected vertically resulting into an entirely reconfigurable 2D
diffractive element (ON state) producing increased diffraction in the higher or-
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(a)

(b)

Figure 4.3: (a)SEM pictures of the top view of the full device with the attaching

supports, (b) zoomed-in view of the perforated membrane filled with

the fixed islands
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Figure 4.4: Cross-sectional view and working principle of the device.

ders (Fig. 4.4). At a deflection of λ/4, the light reflected from the membrane
and the top of the islands are exactly opposite in phase which results in total
annihilation of the 0th order intensity.

Though we used devices of different dimensions, here we discuss the best
results as obtained with a perforated membrane with a total dimension of 75
µm x 75 µm, forming a grating with period of 7.0 µm with a fill factor of 0.88.
The membrane was perforated with 5.2 µm x 5.2 µm holes within which fixed
blocks of 4.6 µm x 4.6 µm were created. A fixed gap of 400 nm was maintained
between the membrane and the substrate. The device was suspended on its four
sides by supports of 18 µm x 15 µm each, which are then attached to anchors at
the outer parts (Fig. 4.3(a)).

4.3 Static characterization

4.3.1 Setup for optical characterization

The optical characterization of the proposed design was carried out using a lin-
early polarized laser with 400 nm wavelength. This wavelength was selected in
accordance to the airgap (400 nm) between the substrate and the membrane
in the designed device. Fig. 4.5 shows the experimental set-up used to charac-
terize the VOA. The setup has nearly the same optical configuration as we used
to characterize the GLVs except the lens in front of the grating is a convex one
which focuses the light as a circular spot (∼ 40 µm diameter) with uniform in-
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Figure 4.5: Schematic of the optical set-up used to characterize the attenua-

tion of the device.

Figure 4.6: (a) Reflecting state of the grating in the non-actuated state, (b)

Diffracting state of the 2D grating once actuated showing the fading of

the 0th order intensity and increase of intenisty in the higher orders.

tensity on the center of the VOA membrane. The two convex lenses in the front
act as a collimator. The beamsplitter helps in separating the incoming and out-
going light. A photodiode in series with a filtering slit was used to measure the
intensity of the 0th diffracted order as a function of amplitude of the applied
actuation voltage. Additionally, we used a quarter wave plate in front of the
beamsplitter to generate the circularly or elliptically polarized light which was
used in determining the polarization dependence of the VOA performance.

The device under investigation was mounted on a XYZ stage and was moni-
tored with a microscope which helped us in finding the optimum position (cen-
ter of the membrane) of the focused spot on the membrane giving rise to the
maximum achievable attenuation. As we work with the 0th diffraction order,
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(a)

(b)

Figure 4.7: (a) Comparison of the experimental and theoretical attenuation of

the proposed device, (b) COMSOL modeling of the electrostatic dis-

placement of the membrane.
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a small change in the incidence angle does not significantly influence the effi-
ciency and the attenuation of the gratings under investigation.

4.3.2 Optical characterizations

The insertion loss of the devices was found to be ∼ 1.1 dB which is mostly asso-
ciated with the fill-factor of the grating and the reflectivity of the top layer. We
believe that, with finer lithographic precision, the fill factor can be increased
further. Moreover, due to the higher reflectivity of Al in the NIR regime, the in-
sertion loss will be even lower in that part of the spectrum. Also, Fig. 4.6a shows
some diffracted light in the higher orders in the non-actuated state which is also
a contributing factor to the obtained insertion loss. It implies an initial height
difference between the posts and the membrane which could be either due to a
fabrication error or due to the bending of the membrane. Fig. 4.6b shows an in-
termediate actuated state of the device where further distribution of light from
the 0th order to the higher orders can be observed. The attenuation as function
of the applied voltage is shown in Fig. 4.7(a). A clear decrease in the 0th order
intensity (increasing attenuation) can be observed with increasing external DC
bias. We could obtain a maximum attenuation level of∼ 20 dB with an operating
voltage of 1.6 V. The experimental result was also compared to a theoretical cal-
culation carried out using Rigorous Coupled Wave Analysis (RCWA) [11]. While
the qualitative behavior matches well, the maximum attenuation level differs
by approximately 10 dB between the experimental results and the RCWA based
simulations.

To understand this discrepancy, we also performed a COMSOL Multiphysics
based simulation studying the deflection of the membrane when applying a
voltage. Fig. 4.7(b) shows that the deflection is not uniform as assumed in the
RCWA simulations, but that there is a maximum deflection right at the center
of the membrane. Hence, light reflected from the off-center parts is less atten-
uated as compared to that reflected from the center of the membrane. More
importantly, due to working with the 0th order mode, the removal of stray light
is more challenging in the experimental set-up and hence we experience a de-
creased contrast.

The PDL was measured at different attenuation levels for four different po-
larization states of P, S, 45◦ (w.r.t. the P or S) and elliptical. The attenuation
with applied voltage was measured for all the four different polarizations and
the maximum deviation was observed between the 45◦ and the elliptical states.
As shown in Fig. 4.8, a maximum loss of 0.11 dB at the highest attenuation of
20 dB was obtained which supports our claim that this device operates as a po-
larization independent VOA. We think, the increasing PDL with attenuation is
because of the deviation of the symmetric shape of the grating due to increased
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Figure 4.8: Change in PDL with attenuation of the device..

deformation at higher voltage.

4.4 Dynamic characterization

One of the substantial advantages of MEMS based VOAs compared to bulk
mechanical systems is their high response speed enabling faster data transfer.
Hence, it was important to study the device dynamics of these MEMS grat-
ings. Due to the small underlying airgap and fast operating speed, squeeze film
damping becomes the dominant damping mechanism affecting the dynamic
response of the device. So, we used Laser Doppler Vibrometry (LDV) to char-
acterize the mechanical behavior of the suspended membrane. A resonance
frequency of 320 kHz was obtained for the device as shown in Fig. 4.9. We
also studied the damping nature of the device through applying a square wave
pulse train with 20 µs period. As evident from Fig. 4.10(a), a critically damped
response was obtained for the device with a settling time ∼ 3.3 µs (equilibrium
± 2%). To cross-check the experimental result, the mechanical behavior of the
membrane was studied further using COMSOL. These simulations match our
experimental results well with a calculated resonance frequency of 343 kHz and
a near critical damped response as shown in Fig. 4.10(b). The close match
between the experimental and simulated results shows that by properly opti-
mizing the design parameters, a fast settling time can be achieved even when
the desired usable range is extended to the NIR regime.
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Figure 4.9: Small signal frequency response of the 2D grating showing a reso-

nance peak at 320 kHz.

4.5 Wavelength dependent loss

We also calculated the expected wavelength dependent loss (WDL) for our de-
vices in the C-band used for fiber based telecommunication using RCWA simu-
lations. Fig. 4.11 shows the attenuation as function of the displacement of the
membrane for different wavelength of the incident light. Over a 40 nm band-
width and for an attenuation level of 15 dB there is a maximal variation of 0.9
dB.

4.6 Conclusion

Summarizing the chapter we showed the operation of a grating modulator
which is geared towards polarization independent operation. We showed the
necessary changes to be made in the device design to form a 2D symmetric
grating structure which is insensitive to the direction of the polarization of the
incident light. We obtained a maximum attenuation of 20 dB for the devices
with a polarization dependent loss of 0.11 dB and a settling time of ∼ 3.3 µs.
We also showed a very close overlap between the experimental and theoreti-
cal results regarding the mechanical behavior of the membrane indicating the
possibility of optimizing the settling time in case of an altered design geared
towards the NIR regime. Overall, these results prove the usefulness of the poly-
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(a)

(b)

Figure 4.10: (a) Step-response to a square wave pulse train showing a critical

damped nature of the device, (b) Simulated step response of the de-

vice showing a near critical damped behavior.
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Figure 4.11: Wavelength dependent attenuation characteristics of the device

as simulated using RCWA.

SiGe technology in fabricating high quality VOAs. Given the compatibility of
this SiGe platform with post-CMOS processing, this can be a step forward in
efficiently integrating large arrays of VOAs on a single silicon chip.
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5
Integrated optic

microelectromechanical structures

5.1 Introduction

In the last 30 years, optical fiber networks have been progressively deployed,
in long haul (>10 km) telecommunications links first, down to enterprise LAN,
metropolitan, and access networks. Nowadays, because of the intrinsic limi-
tation of copper links in high-data rate servers, Internet switches, and super-
computers, optical links are spreading also rapidly in very short reach (VSR)
systems [1]. In these systems, copper cables are typically replaced by active op-
tical cables (AOC) using fibers, allowing a concatenated data rate of 100 Gb/s
to be reached over tens of meters of multimode fiber ribbons. Compared with
electrical interconnect solutions, optical links exhibit several advantages, such
as lower signal attenuation, lower dispersion and lower crosstalk leading to su-
perior bandwidth by distance products. However, optical links remain more
expensive than electrical links. Hence, to be successful, the next generation of
optical components needs to have a lower cost and has to be compatible with
high-volume manufacturing.

An obvious way to achieve this requirement is to increase the degree of in-
tegration of optical devices. Silicon photonics, using highly confined optical
modes in silicon waveguides, offers unique opportunities to cope with this in-
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tegration challenge. In addition, it opens the door to simultaneous manufac-
turing of electronic and optical functions on the same chip using CMOS fabri-
cation lines [2–4] and standard well-mastered microelectronics fabrication pro-
cesses. The ultimate goal is to monolithically integrate optical transceivers or
similar circuits into silicon IC chips. Recent developments have already shown
the integration of several elementary optical functions into nanophotonic sili-
con circuits [4] such as laser emission, detection, modulation, multiplexing, and
demultiplexing [5].

Silicon nanophotonic circuits can exhibit a very high level of functional in-
tegration due to the very small cross section of the silicon waveguides having a
less than 0.5 µm mode-field diameter (MFD). However, to be implemented in
data optical transmission networks, such circuits still must be interfaced with
optical fibers having much larger dimensions with about 10 µm MFD. Due to
this mismatch in size, a coupling structure is required in order to minimize the
coupling loss that is obtained. This coupling structure must adapt the wide fiber
mode with a narrow silicon wire mode and reduce the insertion loss as much as
possible.

5.2 Actively alignable grating coupler

Figure 5.1: Illustration of the Focused Grating Coupler (FGC) showing the

grating grooves and the adiabatic tapering leading to a single mode

waveguide. The picture shows coupling of light from a single mode

fiber or a VCSEL to the FGC.

Due to their compact size and planar structure, surface grating couplers are
popular for vertical or quasi-vertical optical coupling between a fiber or a VC-
SEL and a nanophotonic circuit [6, 7]. They can be located anywhere over the
chip and not only at the edge. Therefore, compared to edge-coupling structures
[8, 9], such surface couplers allow light coupling without the need for dicing and
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polishing the chip edge, which also makes wafer-scale testing of nanophotonic
circuits possible. This is the reason why grating couplers are widely used in sili-
con photonics devices today.

Standard grating couplers in a 220nm silicon-on-insulator (SOI) layer ex-
hibit a coupling efficiency to a single-mode fiber of around 33% as demonstra-
ted by [7]. At the same time, as shown by Taillaert et al [10], a 10◦ angle of the op-
tical fiber w.r.t. the grating normal has to be maintained to reduce the second-
order reflection at the waveguide grating interface and to maximize the cou-
pling efficiency. But, given the typical placement accuracy of ∼ ±2 µm between
an SMF and FGC using passive approaches, it already leads to an additional
insertion loss of 0.75 dB at 1.55 µm wavelength. Alternatively, with the use of
passive approaches, there lies also the possibility of angular misalignment be-
tween the SMF and the FGC which also deteriorates the coupling efficiency. It
is shown that the central wavelength of maximum coupling shifts by 9 nm for
each degree of change from the optimized angle of 10◦.

The insertion loss between the light source (through an optical fiber or from
a VCSEL) and a nanophotonic circuit is definitively a big issue as it directly de-
termines the link performance parameters such as the link reach, the signaling
rate, the receiver sensitivity, etc. The selection of the coupling structure also
has a big influence on the final cost of the device, when taking into account the
wafer-level testing capabilities and the packaging requirements, which need in-
tegration with fiber assemblies. Hence, considering the extreme sensitivity of
the coupling efficiency to a slight misalignment between a single mode fiber
and a grating coupler, new solutions are required to reduce packaging costs.
Two options can be considered:

1. One option is to use passive alignment approaches like pick-and-place as-
sembly equipment components or using mechanical fixtures for passive
core alignment or gluing the fibers directly on top of the desired location
of the photonic circuit. Hence, given the tight tolerance on the accuracy of
alignment of the fiber position and angle w.r.t. the grating, it is extremely
difficult to obtain and maintain the optimum alignment condition.

2. Another option is to use an active alignment procedure where either the
light source (Fiber/ VCSEL) or the coupling structure can be actively con-
trolled with sub µm precision using MEMS platforms. Several solutions
for in-package fiber alignment can be found in literature [11, 12]. Re-
cently, V-beam actuator based microsystems were reported which have
the capability to perform 2-D fiber alignment to a laser diode with a pre-
cision of ± 0.1 µm. Another robust technique reported recently, uses a
MEMS XY scanner mounted with a micro-lens to actively perform optical
alignment of fiber optic modules by steering a beam [13, 14].
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Hence, in this work, we looked forward to an alternative solution where a
surface coupling structure has the capability to move in-plane or rotate out-of-
plane. Given the alignment tolerances stated before, we looked into two differ-
ent options:

• Possibility of moving the surface coupling structure in-plane which can
mitigate a misalignment of ∼ ±2 µm between an SMF and FGC with an
accuracy of ∼100 nm, or

• Possibility of tilting the surface coupling structure out-of-plane which can
steer the light ∼ 4-5◦ with an accuracy of 0.1◦.

Figure 5.2: Conceptual illustration of the motivation behind the integrated

optic microelectromechanical structures showing the possibility of

moving the FGC in the orthogonal planar direction to minimize

the misalignment between the FGC and the SMF at the in-coupling

side(a), and tilting the FGC at the out-coupling side generating the

possibility of beam steering with the purpose of directing the signal

in the desired direction (b).

Looking at the alignment tolerances and accuracies, a MEMS based system
is undoubtedly a very promising option to achieve sub-micron displacement or
sub-degree tilt of the coupling structure. In this chapter, we propose a novel idea
in which the grating coupler can be moved in plane with the help of comb-drive
actuators in all possible directions and therefore can be accurately positioned
with sub-micron precision (5.2a). Alternatively the grating coupler can be tilted
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in the out-of-plane direction using capacitive MEMS structures [15] and hence
the out-coupled light can be steered two-dimensionally (5.2b). This structure
e.g. has the potential to simplify the alignment for free space interconnects be-
tween different silicon photonics chips.

5.3 Device layout

Figure 5.3: General schematic of segmentation of the functional devices into

passive and active regions.

The general layout of the devices we designed (Fig. 5.3) can be split in two
different sections: (i) passive region, (ii) active region.

(i) The passive region consists of a shallowly etched FGC (70 nm etch) which
is tapered to a ∼3 mm long shallow etched rib waveguide (70nm etch depth and
0.9 µm width). At the end of the shallow waveguide, there is another tapered
transition, from the shallow rib waveguide to a spring shaped deeply etched
waveguide.

(ii) The active region starts from the spring shaped freely hanging single
mode waveguide (0.45 µm width). Each turn of the spring shaped waveguide
was of 10 µm bend radius which is further connected to a deeply etched FGC
(220 nm etch boundary). This FGC is further connected with other MEMS struc-
tures which enable it either to move in plane or rotate out-of-plane.

5.4 Basic components

A brief description of the basic components that were used to form the devices
are described below:
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Figure 5.4: Schematic of a comb-drive actuator showing the oppositely acting

electrical and mechanical forces within the system.

5.4.1 Comb-drive actuators

Comb drives are often used in devices with structures held by mechanical
springs. They can be used either for in-plane rotational or lateral actuation or
for out-of-plane motion.

Figure 5.4 shows a schematic view of a comb-drive actuator. If h is the height
of the device, NF is the number of fingers and g is the gap between the combs,
the resulting force for an applied voltage U can be approximated as follows [16,
17]:

FE ≈−εoεr
hNF

g
U 2 (5.1)

The elastic restoring force of a beam is given by eq. 5.2 where E is the Young’s
modulus, L is the length of the spring and t is its width:

FM = Eht 3

L3 x (5.2)

where, x is the displacement of the comb fingers due to the electrical force.

The sum of the forces in the situation of Fig. 5.4 gives the following displace-
ment versus the voltage [18]:
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x = 1

2

εoεr NF L3

g Et 3 U 2 (5.3)

In this case, the displacement depends on the square of the voltage.

Eq. 5.1 is valid only if the movable fingers are perfectly centered between
the fixed ones. If this is not the case, the lateral forces create an instability in
the system. Comb-drive actuation can be described as an instable equilibrium.
To avoid any lateral motion of the movable part of the actuator, the mechanical
springs have to be correctly designed and optimized.

5.4.2 Compliant S beams

Figure 5.5: Bending of a flexible ’S’ beam when force is applied on one end of

it in the x-direction while the other end is fixed.

In the laterally moving structures we used ’S’ shaped flexible beams [14],
which are designed to convert two unidirectional (X) actuations into two di-
mensional (XY) displacements and to amplify the movement of an attached
proof mass in the direction orthogonal to the moving direction of the actua-
tors by a factor of two. The curvature of the S-beams is given by the following
formula [14]:

y (x) =
p

2

4
x −

p
2L

8π
si n

(
2π

L
x

)
(5.4)

where, L is the length of the beam in the x-direction. The bending charac-
teristic of the S-beam is illustrated in Fig. 5.5. If one end of the S-beam is fixed
and a unidirectional force in the x direction is applied to the beam from its other
end, the tip of the beam moves in both x and y directions.
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Figure 5.6: Use of serpentine beams for out-of-plane movement of attached

mass.

5.4.3 Serpentine beams

The serpentine beams we designed for holding the out-of-plane rotating grat-
ing couplers are composed of two short beam segments folded around in the
shape of a ’S’ and connected to the sides of a mass. The serpentine beams or
meander type beams are designed to achieve a lower spring constant for out-of-
plane motion of MEMS switches to achieve a low actuation voltage [19]. Adding
more meanders can significantly lower the spring constant without excessively
increasing the required space as miniaturization is necessary for a device to be
embedded in applications. As shown in Fig. 5.6, when properly designed, it also
helps in keeping the shape of the attached mass intact during the out-of-plane
deformation.

5.4.4 Integrated waveguides

Figure 5.7: SEM cross section of an integrated strip waveguide on SOI.

The key functionality of a photonic waveguide is its ability to guide light. Op-
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tical fibers for example are a well-established propagation medium due to their
low propagation losses of 0.2 dB/km [20]. On an integrated platform, losses are
typically higher. The propagation losses for a 450 nm wide, 220 nm high strip
waveguide on SOI (Fig. 5.7), is between 2-3 dB/cm with bend losses of less than
0.01 dB/90◦ bend for a 5 µm radius [21]. The main loss factor is scattering at the
edges of the strip waveguide. By using rib waveguides, the loss can be reduced
by an order of magnitude to less then 0.3 dB/cm. When using these waveguides
in our devices, we used a short taper (10-15 µm) to make the transition from a
0.9 µm wide rib waveguide to a 0.45 µm wide strip waveguide or vice versa.

5.4.5 Focusing grating coupler (FGC)

Figure 5.8: SEM top view (tilt = 60◦) of a shallow etched focusing grating cou-

pler on SOI.

When using a straight 1-D grating, the light from the fiber is first diffracted
into a 10-12 µm wide, multimode waveguide, which is then adiabatically ta-
pered down to the photonic wire (450 nm wide). As a result, we have a very
compact grating in combination with a relatively long taper (typically ∼150 µm
long). However, by curving the grating lines, the light can be focused onto the
single-mode wire waveguide, and the taper can be omitted [22], as shown in Fig.
5.8. In our FGCs, the elliptical grating grooves are 70 nm deep with a period of
630 nm. As described earlier, we have used two different FGCs in our devices;
in the passive region, the FGCs are shallowly etched (70 nm etch) at the sides
whereas in the active region, the FGCs are deeply etched (220 nm etch).
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5.5 Creating structures

The photonic components used in this work were fabricated in IMEC using the
standard passives process, using the ePIXfab multi-project foundry service. The
formation of the metal pads and the following release of the microstructures
was done by myself, in the UGent cleanroom.

5.5.1 Standard passives process of IMEC

Figure 5.9: The different photonic components fabricated in IMEC on the SOI

wafer. The 220nm deep etch is used in fabricating the strip wave-

guides whereas the shallow etch of 70 nm is used in making the rib

waveguides and the gratings [23].

The photonic components in the standard passives run are processed on a
200 mm SOI wafer from SOITEC [24] with a 2 µm buried oxide layer and a 220
nm top Si layer. Two etch steps are used in the standard passives process using
deep-UV 193 nm lithography. The fabrication details can be found in [21]. There
is one full etch of 220 nm that allows fabricating strip waveguides and another
etch of 70 nm to fabricate rib waveguides, taper sections and gratings as can be
seen schematically in Fig. 5.9.

5.5.2 Surface micromachining

As described before, surface micromachining is a fabrication method that uses
thin film deposition, patterning via photolithography and chemical etching to
build mechanical structures on top of a substrate, typically a silicon wafer. It is a
layered fabrication process in which some layers form structural elements and
others are etched away. The layers are referred to as the structural layers and
the sacrificial layers respectively, and form the building blocks of the process.
These set of steps can be repeated several times in order to create complicated
structures, often with moving parts. The key steps that were used to form our
devices are described below:
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5.5.2.1 Lift-off

Figure 5.10: Steps in a lift-off process: (a) deposition and patterning of the

photoresist on a substrate; (b) deposition of the desired material via

a line-of sight method; (c) stripping of the photoresist and lifting-off

the unwanted material.

Lift-off is a surface micromachining technique in which a material is se-
lectively deposited on a wafer by making use of a temporary layer which is
ultimately removed. First photoresist is spun on a wafer and using lithogra-
phy, it is selectively exposed, creating the desired pattern (Fig. 5.10a). Care
is taken to ensure that the resist has either straight side walls or more desir-
ably, a reentrant shape. Next a material is deposited through the photoresist
mask via a line-of-sight method, such as evaporation (Fig. 5.10b). Since a line-
of-sight method is used, some shadowing takes place, leaving at least part of
the photoresist sidewalls without any deposited material on them. When the
photoresist is stripped, it therefore leaves behind only the material deposited
through the opening, lifting off the material on top of it (Fig. 5.10c). Naturally
the thickness of the deposited material needs to be thinner compared to the
resist thickness for the techn ique to work. Lift-off is most often used to deposit
metals, especially those that are hard to etch using plasmas.

Formation of metal pads: For our devices we used the technique of image
reversal using the AZ 5214 photoresist [25]. Standard contact mask lithography
was used to selectively open the resist layer where the metal connection needed
to be formed. It was followed by a metal deposition process consisting of 200
nm evaporated Au layer on top of a 15 nm thick sputter deposited Ti which was
used to enhance the adhesion. Later the metal deposited samples along with
the photoresist was cleaned thoroughly in acetone to finish the final step of the
lift-off to form the metal connection on top of the SOI samples.
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5.5.2.2 Release of the microstructures

Figure 5.11: Schematic illustration of: (a) the formation of a liquid meniscus

during the the sacrifical etch, and (b) sticking of the released parts

due to surface tension at the final phase of evaporation.

The final step in the process of fabricating surface micromachined MEMS
is a wet chemical etch, which removes the silicon dioxide matrix that encap-
sulates the movable mechanical structures. Removal of the water from the liq-
uid etchant results in a meniscus (liquid-air interface) that often pulls movable
structures into contact via capillary forces. Once in contact, even after drying,
the surfaces often remain in contact due to various types of adhesion forces
(e.g. capillary, van Der Waals, electrostatic due to trapped charge) resulting in a
stuck, or stiction-like failure as shown in Fig. 5.11.

As an object’s size decreases, its volume decreases by a power of three - and
so does inertia. Because surface tension decreases in direct proportion to the
object’s length, any reduction in surface tension is relatively small. So as size
goes down, surface tension decreases only by a power of one, while inertia drops
by a power of three. In the subminiature world of MEMS, objects are a million
times smaller than the ones we are used to in daily life. So the differences are
sufficiently skewed to make intuitive thinking on this scale extremely difficult.

There are several solutions that have been used by researchers and MEMS
manufacturers to reduce the chances for stiction. One approach calls for coat-
ing the substrate surface with a thin hydrophobic layer [26], thereby repelling
liquid from the surface. Another popular technique is to dry surfaces using
super-critical CO2 [27]. This removes fluid without surface tension coming into
play. Still other techniques utilize "stand-off bumps" on the underside of mov-
ing parts [28, 29]. These bumps act as pillars, propping up movable parts wher-
ever surface tension may form. However, the most effective method for avoiding
stiction is simply to use dry or quasi-dry etching techniques for release wherever
possible.

A possible approach is to use a hydro-fluoric acid (HF) vapor phase etching
(VPE) system [30]. This enables the removal of silicon dioxide in a vaporous
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environment rather than in an aqueous solution [31]. The silicon oxide is etched
in a quasi-dry method and is never in contact with a liquid. No cleaning or
rinsing of the chips is needed.

To describe the process, Offenberg et al. [32] proposed a two step reaction
where first the oxide surface is opened by formation of silanol groups by ad-
sorbed water. Subsequently the silanol groups are attacked by the HF:

SiO2 +2H2O−> Si (OH)4 (5.5)

Si (OH)4 +4HF−> Si F4 +4H2O (5.6)

The above formula shows that water acts as initiator of the etching process
as well as reactant. This fact suggests that the etching process can be tempera-
ture controlled to maintain the amount of water needed to initiate the process
and the amount of reactant water in equilibrium.

Figure 5.12: SEM pictures of the successful release of 220 nm thick and 2 µm

wide Si cantilevers on top of 2 µm thick SiO2 without sticking; where

the length of the cantilevers varies from 50 µm to 200 µm.

We used the HF VPE apparatus from IDONUS to release all our MEMS de-
vices. A detailed description of the working principle of the apparatus and its
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mechanical realisation can be found in [33]. In this system, the HF evaporates at
room temperature and the etching process starts spontaneously. The etch rate
is controlled by the wafer temperature that can be adjusted from 35◦C to 60◦C.
The water film on the wafer is evaporated at moderate temperatures. We exper-
imentally found that the etch rate decreases with increasing temperature and
stops completely at temperatures above 52◦C when using 50% concentrated HF.

Process optimization: Starting with a clean and dry surface of the samples
was the most important pre-condition to obtain a uniform etching rate for
successful release of the structural layers. Hence, the separate dies were first
cleaned with acetone, IPA and de-ionized water and later dried with N2. Next,
the samples were thoroughly dried at an elevated temperature of 150 ◦C for 15
minutes to ensure that no moisture is left on the samples before they were put
inside the VPE. Particularly, the metal deposited samples suffered from frequent
stictions even after thorough cleaning and drying of the samples before starting
the etching process. The situation worsened with any residual resist left on the
samples after the lift-off. Additionally, after a long etching time (∼ 2-2.5 hrs), we
observed peeling of the metal layers deposited on top of the Si structure. Hence,
we had to add an intermediate step of rapid thermal annealing of the metal de-
posited samples at 430◦C to enhance t he adhesion of the Au films deposited
on Si. Even after taking all the precautions, we observed non uniform etching
and sticking of the released samples when etched at temperatures lower than
40 ◦C. However, we could achieve a stiction free release of our devices when
the buried oxide was etched at a temperature of (≥)42◦C which resulted in an
etch rate of ∼ 5-6 µm/ hr. In this way, we could obtain a reproducible etching
process though a few inconsistencies remained.

Fig. 5.12 shows an example where 220 nm thick and 2µm wide Si cantilevers
with length upto 200 µm are released successfully without stiction after remov-
ing the 2 µm thick SiO2 layer. For these devices, we had to go to higher temper-
ature of 43.5◦C to release the longer cantilevers, which gave us an etching rate
of ∼1 µm/ hr.

5.6 In plane moving devices

SEM pictures of the in plane moving device are given in Fig. 5.13(a). The actua-
tor consists of 3 major elements (5.13(b)):

1. The first is the focusing grating coupler (FGC) which is the principal
micro-optical component of the device and the central component of the
active region. To decrease the weight of the proof mass (here the FGC)
attached to the comb drives, the FGC is cut down from the sides and the
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(a)

(b)

Figure 5.13: (a) SEM picture of the top view of the planar moving devices

showing the two actuators on both the sides of the FGC (a), and

close-up view of the specific actuators and the different components

of it (b).
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top, making it smaller and lighter (Fig. 5.13b).

2. The second is a system of curved compliant suspension beams. The
curved ’S’ shape [14] is designed to convert a unidirectional actuation
into a bidirectional displacement (see section 5.4.2).

3. The third element comprises of comb-drive actuators where the moving
fingers are attached to a rigid frame which is further attached to the fixed
parts of the chip by ’V’ shaped springs [18].

Figure 5.14: COMSOL Multiphysics simulation of the functioning of the pla-

nar device when both the actuators are moving in the same direction

(a), and opposite direction (b).

The active FGC along with the movable comb fingers (region A) are always
kept at ground potential whereas the two separate fixed comb structures (region
B and C) are always maintained either at ground or higher potential respectively
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depending on the direction of the desired movement. The boundaries between
these three regions A, B and C are etched completely through the silicon, allow-
ing for separate electrical actuation.

In our design (Fig. 5.13b), each of the combdrive actuators consists of 28
pairs of fingers of 300 nm width, 2 µm length and 300 nm gap between each
pair. The rigid support is 1.5 µm wide and 56 µm long. The ’V’ shaped springs
are 120 nm wide and 18 µm long and are connected by another 0.75 µm wide
rigid structure. The ’S’ shaped connectors are 29 µm long and 0.75 µm wide.

COMSOL modeling: The principle of operation of a slightly simplified version
of our MOEMS structure is shown in Fig. 5.14. When the two actuators (L and R
in Fig. 5.13a) are moving in the same direction and by the same amount (5.14a),
the platform translates in the same orientation and by the same distance (dis-
placement in X direction). On the contrary, when the two actuators are moving
in the opposite directions by the same amount (5.14b), the platform translates
in the orthogonal direction (displacement in Y) by either compressing or ex-
tending the compliant ’S’ beams. By combining these basic displacements and
applying different signal amplitudes to the comb drive actuators, any off-axis
points of the reachable area (∼ ± 1.3 µm in both orthogonal directions) can be
addressed.

5.7 Out-of-plane moving devices

Figure 5.15: SEM pictures of the top-view of: (a) the basic SOI structure with

the grating coupler and the MEMS platform, (b) released device after

Au deposition on the serpentine beams and the rectangular blocks

for electrical actuation.
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(a)

(b)

(c)

Figure 5.16: (a) COMSOL Multiphysics simulation of tilting of the out-of-

plane moving devices showing the effect of actuation (Fig. 5.15) of:

the back pad 1 (a) and the side pads 2 (b) and 3 (c). During actuation

of the individual pads, the other two pads were always kept at ground

potential along with the substrate.
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SEM pictures of the out-of-plane moving device are given in Fig. 5.15. The
actuator consists of three major elements:

1. The first is the deeply etched focused grating coupler (FGC) which is also
the principal micro-optical component of the device and the central com-
ponent of the active region. The FGC is held in a ’U’ shaped silicon plat-
form.

2. The whole silicon platform is held up by three identical serpentine struc-
tures as shown in Fig. 5.15a. Three rectangular metal pads were formed
on the outside of the U-shaped silicon slab, as shown in Fig. 5.15b. These
actuator pads are connected to the probe pads through metal lines run-
ning over the serpentine structures. The three regions (numbered 1, 2
and 3) where the serpentine beams are attached, are individually isolated
by etching completely through the silicon, allowing for separate electrical
actuation.

3. The third crucial part of the structure is the substrate. To achieve out-of-
plane rotation, a voltage is applied between 1/2/3 w.r.t. the substrate. The
fabricated device is glued to a copper plate using conductive glue to form
the ground connection of the substrate.

The ultimate goal of the proposed structure is to steer the light coupling
out from the active grating coupler independently in two orthogonal directions
through actuating the three separate metal pads on the three different sides of
the rectangular blocks. When a single side is actuated, (keeping the remaining
two pads grounded with respect to the substrate), a large force acts on it, tilting
the device vertically downward along that side resulting in steering of the out-
coming light.

COMSOL modeling: Fig. 5.16 shows the COMSOL Multiphysics simulation
of the deformation of a similar working device where the force is applied on the
three different pads of the MEMS structures. As shown earlier, the advantage
of using the serpentine structure [15] compared to a straight connection is that
it decreases the stiffness of the vertical motion and at the same time it should
help to keep the shape of the rectangular intact during the deformation. Given
the pull-in constrained maximum displacement of ∼0.65 µm at the individual
sides of the 50 µm wide platform, the maximum angle by which the outcoming
light from the FGC can be tilted is ∼0.8◦. Reducing the platform size should
allow larger angles in future devices.
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Figure 5.17: Schematic of the experimental set-up that was used to measure

the integrated optic MEMS devices, where the full experimental set-

up is shown in (a), the electric probes are shown in (b), the fiber hold-

ing blocks and the fixed wafer are shown in (c), whereas (d) shows the

positioned electric needles on top of the different pads of the planar

moving device.

5.8 Experimental Set-up and Calibration

We used a pair of single mode fibers (SMF) to measure the transmission spectra
through the devices. One fiber was used to couple light at the passive region,
in the fixed grating coupler, while the other fiber is used to sense the motion
of the movable grating coupler at the active region. The fibers are tilted 10 de-
grees with respect to the normal ( Fig. 5.17c) of the FGC to avoid unwanted back
reflection from the grating. A detailed description of the optical set-up can be
found elsewhere [10].

A grounded steel block with vacuum holes was used to fix the devices which
helped in keeping the substrate always at ground potential. Electrical probes
were used to actuate the separate pads of the MEMS structures as shown in Fig.
(5.17b and 5.17d). For the in plane moving devices, the released structures were
always kept at ground potential ensuring that these parts never experience any
vertical force due to a potential difference with the substrate.
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Figure 5.18: Measured (black) and simulated (grey) fiber to waveguide inser-

tion loss (in dB) tolerance through a grating coupler as reported in

[7].

For the planar MEMS devices, we used the concept described by Taillaert
et al in [7]. As shown in Fig. 5.18, as the SMF or the FGC is displaced from its
optimum position, the coupling efficiency goes down and for ∼1.4µm displace-
ment of the fiber, an additional loss of 0.5 dB is measured. Hence, we calibrated
our planar MEMS structures based on Fig. 5.18 to understand the displacement
of the FGC due to the actuation of the comb drives.

For the out-of-plane moving device, we used the grating coupler equation
as the basic guideline to follow the tilt of the FGC w.r.t. the fiber. For the grating
couplers, the central wavelength of the trasmission spectra is determined by the
following equation:

λ0 =Λ(ne f f − si nθ) (5.7)

whereΛ is the period of the grooves, θ is the angle made by the fiber w.r.t the
normal of the FGC and ne f f is the effective refractive index of the guiding layer
in the grating.

It shows that when the grating coupler is titled in the backward direction
(Fig. 5.2), the fiber to FGC angle θ decreases and as a result the central wave-
length gets red shifted. Whereas, if the grating coupler is tilted sidewise (left or
right), then the angle θ remains intact but the optimum position between the
FGC and the fiber is changed which results in extra coupling loss at a constant
central wavelength.
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Figure 5.19: A calibration measurement showing the change in transmission

spectra with change in angle of the fiber to the grating coupler.

Hence, we first characterized the effect of tilting the fiber while keeping the
devices stationary and unactuated. Fig. 5.19 shows how the transmission spec-
tra changes when decreasing the angle (θ) of the fiber w.r.t. the normal of the
active grating coupler. As can be observed, the maximum intensity reduces and
there is a red-shift of the wavelength for maximum transmission, as can be ex-
pected from eq. 5.7.

5.9 Experimental results

5.9.1 In-plane moving devices

As mentioned above, we based our characterization of the in-plane moving
gratings on the changes of the coupling efficiency (and hence the transmission
through the device) when actuating the comb drives. First, in the non-actuated
condition of the device, the fiber is aligned such that the transmission between
the FGC and the fiber is maximized. Then, the two different actuators ’R’ and
’L’ were actuated together or separately to achieve displacement of the FGC in
the desired direction.

Fig. 5.20 shows one such example where the FGC is actuated in the -ve x
direction. For this, when the pads ’A’ and ’B’ (Fig. 5.14b) were kept at the ground
potential, pad ’C’ was at a higher potential for actuator L which actuates the
connected comb drives. Similarly, for the actuator R, the disconnected combs
were actuated which helps together with actuator L in pushing the FGC towards
the -ve X direction. The transmission spectra are shown in Fig. 5.20a for the
different positions of the FGC and the SMF. For clarity, we perfomed a 3rd order
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Figure 5.20: Change in transmission spectra of the grating coupler (a) when

the FGC is displaced along the -ve x-direction due to actuation of the

comb drives, (b) 3rd order polynomial fit of the transmission spectra

clearly indicating the change in intensity level with the displacement

of the FGC (The big circle represented the SMF whereas the smaller

crossed circle represents the FGC).

polynomial fit of each spectrum as shown in Fig. 5.20b. As can be observed,
at an applied voltage of ∼ 22 V, an additional loss of 0.4 dB was measured. To
confirm the direction of movement of the FGC, we then shifted the fiber in the
-ve X direction and we could successfully reach back to the initial intensity at
the same central wavelength of the FGC. Further, as we again went back to the
non-actuated state as before keeping the SMF position fixed, the intensity again
drops down because of the mismatch between the SMF and the FGC. Once, we
move the SMF in the opposite direction from the previous one, the optimum



108 CHAPTER 5

Figure 5.21: Change in transmission spectra of the grating coupler when the

FGC is displaced along the +ve x-direction with the fiber displaced in

the same direction (a) and in the opposite direction (b) (The big circle

represented the SMF whereas the smaller crossed circle represents

the FGC).

alignment is achieved again.

Fig. 5.21 shows another approach to prove the movement of the FGC, in this
case in the +ve X direction. Here, we first moved the SMF in the +ve X direction
to intentionally introduce an alignment loss of 0.3 dB. Thereafter, the actuators
R and L are moved together to push the FGC to the right and as can be observed,
we could again reach the same intensity distribution as in the non-actuated
condition (Fig. 5.21a). Later, we moved the SMF in the -ve X direction from
the optimum alignment condition and as we further push the FGC rightwards,
due to an increased misalignment, the intensity at the central wavelength drops
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down further as can be observed from Fig. 5.21b.

Hence, Figs. 5.20 and 5.21 together shows the successful implementation of
the lateral movement of the FGC through the synchronized movement of the
actuator ’L’ and ’R’ in the same direction.

Unlike the previous cases, Fig. 5.22 shows the case when the actuators R and
L are moved in the opposite direction. As mentioned earlier, when the two actu-
ators move in the opposite directions, the ’S’ shaped flexures either get stretched
or compressed hopefully making the FGC to move in the +ve or -ve Y direction
respectively. Figs. 5.22a and 5.22b show the corresponding experimental results
when the two actuators are moving towards each other and away from each
other respectively.

Fig. 5.22a shows the two cases when the SMF is moved towards and opposite
to the direction of the expected movement of the FGC (+ve Y direction). As can
be observed, when the SMF is moved in the -ve Y direction and then the combs
are actuated, the intensity drops further which is in accordance to our expec-
tation. In the next figure, we show the case when the fiber is initially moved in
the +ve Y direction and then the combs are actuated. In this case we cannot get
back the same intensity level as we started with the optimum alignment con-
dition. This result contradicts the expected movement of the FGC for the case
when the actuators are moving towards each other. Similar experimental results
can be observed (Fig. 5.22b) when the two actuators are moving away from each
other which was supposed to push the FGC in the -ve Y direction. Next to that, a
lot of devices were destroyed due to stiction of the comb fingers during stretch-
ing or compressing of the ’S’ shaped flexures as shown in Fig. 5.23.

Though we are not fully sure of what could be the exact reason behind the
non-performance of the stretching and compressing of the ’S’ beams in the de-
sired manner, one reason could be the deeply etched single mode waveguide
which connects the FGC and the passive region. We designed the spring shape
of the waveguide so that it gets compressed and extended following the move-
ment of the FGC in the ± Y direction. But, unlike deforming a long spring side-
wise, more force is needed to shorten or elongate them. Hence, it might be that
the force imposed on the waveguide by the FGC is not large enough to deform
it along its length.

Another possible reason of the failure of the mechanism could be the width
of the designed ’S’ beams which we kept to be 0.75 µm. With larger width,
stretching or compressing the ’S’ beams becomes more and more difficult
which in-turn deteriorates the whole mechanism. Hence, to our understand-
ing, though the lateral displacement (X direction) of the FGC works perfectly,
these two reasons individually or together might have influenced the non-
performance of the mechanism in the transversal (Y) direction.
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(a)

(b)

Figure 5.22: Change in transmission spectra of the grating coupler when the

FGC is actuated along the +ve y-direction (a) and -ve y-direction (b)

with the fiber displaced in the opposite direction direction (i) and in

the same direction (ii) respectively.
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Figure 5.23: Sticking of the comb fingers during movement of the actuators L

and R in the opposite direction.

5.9.2 Out-of-plane moving devices

As mentioned earlier, for the out-of-plane moving devices, we based our mea-
surements on the changing angle between the SMF and the FGC which leads to
a deviation from the optimum alignment condition. So, first we aligned the two
fibers for maximum transmission and then the MEMS structure was actuated to
measure the change in intensity caused by tilting of the grating coupler.

Fig. 5.24(a), shows the change in intensity when pad 1 ( i.e. the back pad in
Fig. 5.15b) is actuated. Similar results are obtained as when tilting the fiber as
shown in Fig. 5.19 (note we are now working in the opposite reference frame). A
clear decrease in transmitted intensity is observed with increasing the voltage.
At the same time, a distinct red-shift in the transmission spectra for the actuated
grating coupler can be found. This indicates that the grating is tilted downwards
in the direction of pad 1 which decreases the angle θ between the fiber and the
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(a)

(b)

(c)

Figure 5.24: Variation in fiber-to-fiber measured transmission spectra from

the grating coupler due to the actuation of the pad no. 1 (a), 2 (b)

and 3 (c) (Fig. 5.15), when the other two pads are grounded. The

three experimental results shown here, simultaneously correspond

to the three COMSOL simulated results shown in Fig. 5.16
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grating coupler. When compared to the calibration measurement, the tilt angle
is found to be around 0.55◦.

Fig. 5.24(c) and 5.24(b) shows the effect of actuation of the side pads (2 and
3 in Fig. 5.15). A similar phenomenon of decreasing intensity with increasing
voltage is observed, but unlike the previous measurement, a 0.4 nm of blue-
shift is observed here. At first sight, this seems to be due to the reduced stiffness
of the structure at the front side (connecting the waveguide to the passive sec-
tion) which also tilts slightly during the deformation of the serpentine beams
connected to pads 2 or 3. This can be observed from the simulations in Figs.
5.16(b) and 5.16(c). It results in a minor increase of the angle of the fiber with
respect to the grating and hence the wavelength of maximum transmission gets
blue-shifted.

Unlike the particularly good device for which we described the above men-
tioned results, for several of our other devices we observed a current flow be-
tween the pads held at different potentials. Since our silicon waveguide struc-
ture is lightly p-doped, when two different pads on the same silicon structure
are set at two different potentials, after a certain voltage difference a current flow
starts between the two pads and hence there is a potential distribution through-
out the silicon platform. This withheld us from performing further measure-
ments by increasing the voltage above ∼ 9-10V at any of the pads with respect
to the other ones.

Figure 5.25: Grating coupler efficiency variation as function of the underlying

airgap thickness.

At the same time, if we observe Figs. 5.16(c) and 5.16(b) closely then it can
be seen that during tilting of the FGC in the sidewise direction, its height with
respect to the substrate also decreases significantly. Hence, we also simulated
the change in efficiency of the grating coupler with the change in its height from
the substrate as shown in Fig. 5.25. As can be observed from the figure, when
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the height decreases from 2.0 µm onwards, the efficiency of the grating cou-
pler decreases steeply. So, it is evident that the decrease in height also alters
the transmitted intensity from the FGC. Hence, the change of intensity that we
observed from the experimental results can be a contribution from two inter-
locked factors of mismatch between the SMF and the FGC due to the MEMS
actuation and also the change in FGC height from the underlying substrate due
to lowering of the whole silicon platform when ac tuated. This makes it to be
more complicated for us to understand the exact reason of change in intensity
during the actuation of the FGC.

Figure 5.26: LDV measurement on the out-of-plane moving devices showing

the results when the bakcpad (1) (a) and when the sidepad (2) (b) are

actuated independently. In both the cases, a vertical displacement of

the FGC is observed.

To better understand the operation of our device, we performed LDV (see
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section 2.7.2) measurements on the vertical moving devices. Fig. 5.26a shows
the case when the back pad, i.e. pad no. 3 was actuated. Surprisingly, instead
of tilting in the backwards direction towards pad 3, we found that the device is
tilted in the forward direction towards the connected waveguide. This is in di-
rect contradiction to the obtained result from the transmission measurement
because if the tilt is in the other direction then the angle to the fiber increases.
With increase in angle θ (Eq. 5.7), the central wavelength λ0 gets blue shifted
whereas from the obtained optical measurements we saw it to be exactly op-
posite. Similarly, from Fig. 5.26b we again see that the FGC tilts in the forward
direction when the sidepad (leftpad) of the device was actuated. Possibly, this is
because of the current flow that we observed before during performing the op-
tical measurements. Compared to the sides of the silicon platform supported
by the serpentine structures, the tip of the grating coupler is instead supported
by a long narrow waveguide. Hence, the stiffness against any vertical force on
the silicon platform is minimum at the tip of the FGC. As a result, when the FGC
structure is at a high potential compared to the grounded substrate, the whole
FGC part goes downwards like a cantilever due to the vertical force acting on it.

To verify this, we again simulated the potential distribution over the whole
silicon block using COMSOL Multiphysics (Fig. 5.27), considering the SOI struc-
ture to have 8 Ω cm resistivity and the metal pads to be in direct contact to the
silicon platform. However, this simulation did not show any substantial voltage
over the FGC structure, even when the pad opposite to the FGC was increased
in potential up to 18V (sidepads were grounded). The current flow between the
different pads observed by us during the optical measurements, occurred al-
ready at a much lower applied voltage of ∼ 9-10 V for a device with the same
dimensions as the simulated one. Overall, we got contradictory results from the
optical and dynamic measurements of the LDV.

A possible solution to the problem of the current running through the sili-
con platform is to deposit the metal pads on top of an insulating material which
avoids direct contact between the metal and the silicon platform. In that case
there would not be any current flow between pads which are kept at a different
potential. But the prerequisite is that the insulating material should be suffi-
ciently resistant to vapor HF so that the deposited metal pads are never in conc-
tact to the SOI structure. Though in literature, evaporated Al2O3 was mentioned
to be resistant to vapor HF ( [34]), in our lab we found it to be severely affected
by the presence of vapor HF which creates big bubbles and penetrates through
the Al2O3 films easily. Hence, this idea could not be tested any further.
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Figure 5.27: COMSOL Multiphysics simulation of the potential distribution

over the rectangular block and the FGC when the backpad (pad no. 3

in Fig. 5.15) is actuated w.r.t. the two other side pads.

5.10 Conclusion

In this chapter, we introduced two novel approaches geared towards solving
alignment problems in optical interconnects by combining silicon photonics
and MEMS structures. We used the focusing grating coupler as the principal
optical component which either helps in coupling incoming light to the pho-
tonic circuit (directly from an optical fiber or from integrated light sources like
VCSELs or laser diodes) or out-coupling the processed signal to a desired loca-
tion.

Using COMSOL Multiphysics, we showed the possibility to move the FGC
in both orthogonal in-plane directions by using nanoscale comb-drives. Exper-
imentally, we successfully proved the mechanism of synchronized movement
of the FGC along the direction of movement of the two comb-drive actuators.
The orthogonal (perpendicular to the direction of displacement of the combs)
movement of the FGC is yet to be confirmed and more work is required to rein-
vestigate the mechanism by altering the dimensions of the actuator compo-
nents and the spring shape of the freely hanging SMF.

We also showed COMSOL Multiphysics based FEM simulations for the ser-
pentine structure based out-of-plane moving FGCs. We showed how the sepa-
rate actuation of the three metallic pads on the silicon platform influence the
tilting of the FGC in three independent directions. We believe, this operation
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could not be experimentally demonstrated yet due to shortening of the metal
pads through the lightly p-doped Si structure. Hence, we propose to add an in-
sulating layer between the metallic pad and the SOI structure to prevent a short
circuit between the individual pads. Additionally, we also believe that the deter-
mination of the tilt angle by measuring the change in coupling efficiency and
shift of the central wavelength of the grating coupler spectrum is not the best
approach. The change in coupling efficiency can be caused either because of
the misalignment due to tilting of the FGC or because of the decrease in height
from the substrate. These two reasons are difficult to be de-coupled using a fiber
to FGC transmission measurement. Hence, a beam steering set-up with camera
is needed to trace the steered beam movement to fully understand the effective-
ness of the mechanism stated in the chapter. At the same time, to achieve ∼ 4-5◦

steering of the light, the FGC holding structure has to be rotated further without
suffering from any pull-in and hence the box layer thickness has to be increased
to 5 µm or more.
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6
Conclusions and outlook

6.1 Conclusions

The work presented in this thesis primarily focused on different kind of opti-
cal MEMS devices targeting various applications such as modern day display
technology and optical communication systems. A significant part of the work
in this thesis was directed towards the investigation of the CMOS compatible
poly-SiGe technology in fabricating high quality optical MEMS devices. The val-
idation was intended through the successful fabrication and subsequent perfor-
mance evaluation of long and thin fixed-fixed microbeams and large perforated
membranes using the poly-SiGe technology.

All of the previous work performed on GLV devices used silicon nitride as a
structural layer with large tensile stress which resulted in high resonance fre-
quency (∼10 MHz) and consequently high switching speed. Instead, all our
investigated poly-SiGe devices were accompanied with relatively lower reso-
nance frequencies (∼1 MHz) resulting in a challenge to obtain a fast switching
rate. Hence, in our work, a significant effort was spent on optimization of the
squeezed film damping which helped us in minimizing the settling time of the
devices. We showed how dimensional changes influence the dynamic behavior
of the microbeams and how a critical damped response can be obtained result-
ing in a fast switching rate (∼2 µs) for the fabricated GLV devices. The changes
in length and shape of the microbeams is clearly reflected also in the optical
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characterization of the GLVs where we saw an increased contrast (>1500:1) with
longer microbeams and flexure shape. Lastly, we showed how we used the dif-
ferent thicknesses of the bottom electrode to our advantage in making a pull-in
protection scheme which saved the devices from accidental deterioration.

Later, we went one step further in extending the poly-SiGe technology
in making a novel 2D MEMS grating based VOA. Instead of using short mi-
crobeams, we used a large (75 µm x 75 µm) perforated and suspended mem-
brane. The perforations were filled with fixed islands forming the 2D grating
shape once the membrane is deformed due to applied electrical actuation. This
was also a test for the poly-SiGe technology to verify the stability of the large
suspended membrane and to make sure that it does not buckle downwards. A
minimal polarization dependent loss of 0.11 dB was obtained for the investi-
gated VOA at a maximum attenuation of 20 dB. We were also able to obtain a
critical damped response for the VOA with a settling time of ∼ 3.3 µs. It showed
that by proper design of the membrane dimensions and the underlying airgap,
the damping within the device can be optimized to maximize the switching
speed.

Hence, the high contrast (or attenuation) and fast switching speed of the
fabricated devices at relatively low actuation voltages prove the excellent char-
acteristics of the poly-SiGe technology in forming large array of high quality
MOEMS which can be monolithically integrated directly on top of CMOS.

On the other hand, the last part of the work was directed towards solving
alignment problems in silicon photonic devices using MEMS technologies built
in SOI. We used the focusing grating coupler (FGC) as the principal micro-optic
component to couple light in/ out from a single mode fiber (SMF). We intro-
duced the novel idea of moving the FGC in the two orthogonal in-plane di-
rections with the help of comb-drive actuators to solve any misalignment be-
tween the SMF and the FGC. While the displacement (∼ 1 µm) of the FGC along
the direction of movement of the comb-drives could be unambiguously proven
through optical measurements, the orthogonal displacement was not achieved
with full effect. Additionally, we also introduced the novel idea of beam steer-
ing with the help of capacitive MEMS action by tilting the FGC to redirect the
out-coupled light in the desired direction.

6.2 Outlook

Though the obtained specs for the poly-SiGe diffractive MEMS gratings that
were shown in this work is definitely significant, a lot can still be done to im-
prove the performance of the devices.

An obvious improvement is to tailor the fabrication process to incorporate
higher tensile stress within the microbeams. It will help in achieving better dy-
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namic behavior (higher resonance frequency and even shorter settling time) of
the devices with longer microbeams. At the same time the longer microbeams
will also help in achieving higher contrast due to flatter deflection at the cen-
ter. Within the GEMINI project we have seen that with higher tensile stress the
anchors were not able to hold the structural layer which resulted in deteriora-
tion of the devices. Hence, an improvement of this adhesion is needed from the
point of view of inclusion of the larger tensile stress.

Also, the fabricated VOAs can be altered e.g. through using circular shaped
islands distributed in a symmetric 2D array which will help in making the de-
vices even more polarization insensitive. Also, new ideas are required to make
the devices more wavelength insensitive to reduce the wavelength dependent
loss.

On the contrary, the silicon photonic MEMS devices need a lot of improve-
ments from the perspective of design and measurements. The ’S’ beams con-
necting the FGC with the comb-drives should be thinned down to the mini-
mum possible width (allowed within the design rules) to facilitate the move-
ment of the FGC in the orthogonal direction to the comb-drive displacement.
Obviously, with thinning down of the width of the ’S’ beams, the stability of the
freely-hanging FGC after the HF release etch also needs to be cross-checked.
Related to the out-of-plane beam-steering device, a thorough process improve-
ment is required to separate the SOI structure from the deposited metal elec-
trodes by using an insulating layer. At the same time, we need to make sure
that the insulating layer remains unaffected from the vapor HF process. It will
help in stopping the short circuit between the actuation electrodes through the
lightly doped silicon structural layer. Also, instead of using the fiber based read-
out mechanism, a camera set-up must be used to image the displacement of the
steered beam in real time.

Overall, using the poly-SiGe MEMS devices we could already show high
quality results. Hence, in near future, the poly-SiGe technology investigated in
imec, is definitely poised to attract the attention of the industry which needs
high quality MEMS devices fabricated in large arrays.

On the other hand, though silicon photonics have already attracted a great
deal of scientific attention, combination of these devices with MEMS will bring
more scientific wonders which are poised to solve several other challenges
within the field of MOEMS.
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