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RESUME

Au cours de la derniére décennie, le développement du contrdle d'attitude de petits satellites a
évolué vers une stabilisation complete a trois axes et un controle précis alors que leur application
augmente dans les télécommunications et les missions de connaissance de I'espace. Pour les
systémes spatiaux, les principaux facteurs sont la puissance, la masse et la fiabilité dans
I'environnement spatial. Ceci est associé a une nécessité croissante de systemes de navigation
inertielle compacts et de faible puissance. Les systemes de navigation actuels d'engins spatiaux
consistent en différents capteurs et processeurs qui ne sont pas optimisés pour fonctionner
ensemble. Cela est colteux et peut exiger une réduction considérable de la masse et des
ressources en puissance disponibles sur un petit engin spatial. Par conséquent, les composants

doivent étre optimisés par rapport a leur taille, design et procedé de fabrication.

L'objectif de cette thése est de concevoir, simuler, fabriquer et caractériser des accéléerométres et
des capteurs de vitesse de rotation (gyroscopes) planaires miniatures a haute sensibilité et faible
colt a base de microsystemes électromécaniques (MEMS) a bande interdite photonique (PBG)
sur un substrat silicium-sur-isolant (SOI) afin d'intégrer un réseau a deux axes de ces capteurs sur
une méme plate-forme SOI. L'utilisation de dispositifs optiques a guide d’ondes intégrés avec des
MEMS sur SOI pour les systéemes de capteurs multicanaux/multifonctions permet I'utilisation de
capteurs multiples pour étendre la gamme de mesure et la précision. Cela fournit une redondance
essentielle qui rend possible une fiabilité a long terme dans I'environnement spatial, réduisant
ainsi la possibilité de défaillance du systéme. Un navigateur sur puce représente également la
capacité a accommoder divers capteurs d'attitude et inertiels sur la méme puce afin d'éliminer le
besoin de nombreux capteurs séparés. Le produit final présente une réduction de plusieurs ordres
de grandeur de la masse et de la taille du systtme. En outre, la redondance améliore la

performance nette et la précision des systemes de mesure de navigation.

Deux classes d'accélérometres/gyroscopes optiques sont examinées dans cette these pour
application dans la navigation de petits satellites, I'une fondée sur un filtre accordable Fabry-
Perot (FP), ou le capteur est actionné par l'accélération appliquée fournissant un décalage de la
longueur d'onde d'opération qui varie linéairement avec l'accélération appliquée, et l'autre fondée
sur un atténuateur optique variable (VOA), ou le capteur est actionné par l'accélération appliquée

fournissant pour les petits déplacements un changement linéaire de l'intensité relative du signal
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avec l'accélération appliquée. Dans le cas de capteurs a base de FP, la microcavité FP se compose
de deux réflecteurs de Bragg distribués (DBR) dont un miroir DBR est attaché a la masse
sismique du systtme. A la suite d'une accélération/rotation, le déplacement relatif du miroir
mobile par rapport au miroir fixe change la longueur de la cavité et modifie la résonance FP.
Dans le cas de capteurs a base de VOA, un proceédé de modulation d'obturation est utilisé pour
moduler l'intensité de la lumiere couplée & un guide d'onde multimode en silicium. Un miroir
DBR qui est attaché a la masse sismique du systeme du capteur est positionné dans I'espace entre
deux guides d'onde multimodes d'entrée et de sortie. Le déplacement du miroir de Bragg en
présence d'accélération/rotation module l'intensité du signal optique transmis entre les guides
d'onde d'entrée et de sortie. La sensibilité du capteur est inversément proportionnelle a la largeur
des guides d'onde a la jonction du VOA et est inversément proportionnelle a la fréquence de

résonance du systeme.

La principale différence entre les capteurs a base de FP et de VOA présentés ici est que le filtre
FP permet une détection optique tres sensible du déplacement a une échelle nanométrique, mais
nécessite des sources et détecteurs optiques plus complexes, alors que les capteurs a base de
VOA n'exigent pas des sources a haute qualité spectrale et la détection est beaucoup plus simple
étant donné que l'intensité de la lumiere est mesurée a la sortie plutdt que la longueur d'onde.
Cependant, pour obtenir un capteur de haute sensibilité, des déplacements au niveau du

micrometre sont nécessaires.

Pour les gyroscopes, le capteur utilise un oscillateur a peigne électrostatique de type MEMS pour
faire osciller la masse sismique du MEMS le long de I'axe des x a des fréquences de I'ordre de
500 a 1000 Hz. Une rotation appliquée dans I'axe des z provoque le déplacement linéaire de la
masse sismique et I'actionneur de détection du VOA / miroir FP mobile, le long de I'axe des y
perpendiculaire, proportionnel a la vitesse de rotation. Ce déplacement est modulé
alternativement par les oscillations selon l'axe des x, modulant I'actionneur du VOA /
I'espacement FP et le signal optique / la longueur d'onde transmise résultante. L'oscillateur
électrostatique du MEMS necessite environ 100V en courant alternatif pour exciter les
oscillations, tel que validé expérimentalement. Cela déplace la masse sismique périodiquement de
I'ordre de +/- 3 um. Ce déplacement n'est pas suffisant pour fournir une modulation élevée du
signal optique transmis dans le cas ou un VOA est utilise. Un mécanisme de micro-levier

conforme est donc appliqué pour amplifier le déplacement du dispositif de détection a VOA.
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Dans le cas du capteur a base de FP, une structure conforme n'est pas nécessaire étant donné que
méme un déplacement de I'ordre du nanomeétre peut déplacer de maniere significative le pic de
transmission du FP. En raison de la conception symétrique de tous les capteurs inertiels présentes

ici, ils ont le potentiel d'étre concus comme des capteurs a deux axes.

Des tranches de SOI de différentes épaisseurs sont utilisées en fonction de la performance requise
du dispositif et des besoins d'optimisation des procédés. Les étapes de fabrication (procédés de
photolithographie et de gravure ionique réactive profonde [DRIE]) ont di étre optimisées a
chaque fois que I'épaisseur de SOI a été changée. Pour les tranches de SOI plus épaisses, des
résines plus épaisses sont nécessaires comme masque pour le procédé DRIE. L'utilisation de
résines épaisses rend la fabrication plus difficile car elle limite la résolution de la
photolithographie. Pour chaque épaisseur, les tranchées gravées ont di étre contrblées par rapport
a deux phénomenes bien connus dans le procédé DRIE, a savoir le "scalloping"” et le "notching™.
En particulier, il est trés important de minimiser le scalloping sur les parois de silicium, car il
génere des pertes optiques par diffusion pour les guides d'onde. Au début de ce travail, du SOI de
30 um d'épaisseur a été utilisé pour fabriquer les dispositifs. La méthode de couplage bout a bout
a été utilisée pour coupler la lumiére des fibres optiques aux guides d'onde canaux en silicium.
Etant donné que la sensibilité et la résolution du capteur sont proportionnelles a la masse
sismique du systéeme, le fait d'utiliser des plaquettes de SOI plus épaisses augmente la masse
sismique du capteur pouvant étre atteinte, améliorant par conséquent la performance des capteurs.
Cela permet également d'intégrer des fibres optiques a la puce et en plus de minimiser les
problémes de désalignement et les instabilités de signal. En outre, cela réduit la sensibilité
interaxiale du capteur (en raison d'une raideur interaxiale plus grande). Par conséquent, dans la
2°™ phase du projet, du SOI d'épaisseur 47 pm a été choisi pour intégrer passivement des fibres
optiques de 80 um a la puce en utilisant des fentes en U. La masse sismique pouvant étre atteinte
a été étendue par Il'ajout de la masse de la plaquette de Si sous-jacente a la masse sismique du
capteur sur la couche du dispositif. Cette approche (que nous appelons “Vertically Extended
Mass” (VEM)) peut fournir la plus forte sensibilité d'accélération possible jusqu'a moins de
10 pug. Comme il n'y a pas de substrat sous-jacent, I'approche VEM assure également la plus
basse friction possible. Toutefois, la fabrication nécessite deux étapes distinctes de DRIE, et le

rendement de fabrication qui en résulte est faible, ce qui nécessite une optimisation additionnelle
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de procédé. Pour finir, des tranches de SOI de 75 um d'épaisseur ont été utilisées pour permettre
I'interfacage des guides d'onde en silicium avec les fibres optiques télécom standards de 125 pum.

Contrairement au cas du SOI de 47 pum, pour les cas de SOI de 30 um et 75 um, tous les
composants du capteur ont été fabriqués en une seule étape de DRIE. Dans le cas du SOI de
47 um, une plaquette de double SOI a été également utilisée pour guider la lumiére uniquement a
I'intérieur de la couche supérieure du dispositif, ce qui permet d'avoir des guides d'onde plus
minces et ainsi de diminuer la perte optique par diffusion provenant de la rugosité des parois
latérales générée pendant le procédé DRIE. Egalement, avec cette configuration, le phénoméne
de notching des guides d'onde est évité. Deux types de guides d'onde, a savoir des guides d'onde
"rib" et "strip" (canal), sont utilisés pour guider la lumiere des fibres optiques au capteur, et vice
versa. Pour créer un guide d'onde rib, une autre étape de fabrication est nécessaire sur le dessus
du dispositif. Cela nécessite une bonne couverture de résine sur la région de topographie. A cette
fin, une nouvelle méthode appelée tension de surface dynamique (DST) a été utilisée dans ce
projet.

Des essais mécaniques ont été effectués aprés chaque libération de dispositif et avant la
caractérisation optique en utilisant un montage a sonde afin de s'assurer que le dispositif est

complétement libéré.

Les réponses statiques des accélérométres ont été mesurées en I’exposant a la gravité.
L'accélérometre a base de FP fabriqué sur du SOI de 30 um a démontré une sensibilité de
2,5 nm/g et une résolution de 4 mg. La performance du capteur a été améliorée en abaissant la
fréquence propre du capteur (en utilisant une plus grande masse sismique et des ressorts plus
souples), conduisant a une sensibilité de 90 nm/g et 111 pug de résolution pour le capteur. La
réponse du capteur est linéaire et sa performance a le potentiel d'atteindre la résolution du pg.
L'accélérometre VEM a base de VOA fabriqué sur du double SOI de 47 pum a démontré avoir une
sensibilité de 1.5+0.3 dB/g et une réponse linéaire sur 0,7 g d'accélération appliquée. La
sensibilité a éte ameliorée par un facteur de 2.5+0.3 en réduisant autant la fréquence de resonance
que les largeurs des guides d'onde a la jonction du VOA lorsqu’une tranche de SOI de 75 um

d’épaisseur était utilisée comme substrat.



ABSTRACT

Over the last decade, the development of small satellites attitude control has moved towards full
three axis stabilization and precise control as their application increases in telecom and space
knowledge missions. For space-based systems, the major drivers are power, mass and reliability
in the space environment. This is associated with an increasing necessity for compact, low-power
inertial navigation systems. Current spacecraft navigation systems consist of various sensors and
processors that are not optimized to operate together. This is costly and can require a
considerable reduction of the mass and power resources available on a small spacecraft.
Therefore the components need to be optimized relative to their size, design, and fabrication

process.

The objective of this thesis is to design, simulate, fabricate and characterize high sensitive low
cost in-plane photonic-band-gap (PBG)-micro electromechanical systems (MEMS)-based
miniature accelerometers and rotational rate sensors (gyroscopes) on a silicon-on-insulator (SOI)
substrate in order to enable the integration of an array of two-axis of these sensors on a single
SOl platform. Use of guided-wave optical devices integrated with MEMS on SOl for
multichannel/multifunction sensor systems allows the use of multiple sensors to extend the
measurement range and accuracy. This provides essential redundancy which makes long-term
reliability in the space environment possible therefore reducing the possibility of system failure.
The navigator microchip also represents the ability of accommodating diverse attitude and
inertial sensors on the same microchip to eliminate the need of many separate sensors. The end
product exhibits orders of magnitude reduction in system mass and size. Furthermore,

redundancy improves the net performance and precision of the navigation measurement systems.

Two classes of optical accelerometers/gyroscopes are considered in this thesis for application in
smallsats navigation, one based on tunable Fabry-Perot (FP) filter, where the sensor is actuated
by the applied acceleration providing a shift in the operating wavelength that varies linearly with
the applied acceleration and the other one based on variable optical attenuator (VOA), where the
sensor is actuated by the applied acceleration providing a linear change for small displacements
around the waveguide propagation axis in the relative signal intensity with the applied
acceleration. In the case of FP-based sensors, the FP microcavity consists of two distributed

Bragg reflectors (DBR) in which one DBR mirror is attached to the proof mass of the system. As



a consequence of acceleration/rotation, the relative displacement of the movable mirror with
respect to the fixed mirror changes the cavity length and modifies the FP resonance. In the case
of VOA-based sensors, a shutter modulation method is used to modulate the coupled light
intensity to a multimode strip silicon waveguide. A DBR mirror that is attached to the system
proof mass of the sensor is positioned in the gap between two input and output multimode
waveguides. The displacement of the Bragg mirror in the presence of acceleration/rotation
modulates the intensity of the transmitted optical signal between the input and the output strip
waveguides. The sensor sensitivity is inversely proportional to both waveguides widths at the

VOA junction and system resonant frequency.

The main differences between FP-based and VOA-based sensors presented here is that the FP
filter enables a highly sensitive optical detection of displacement at a nanometer scale but
requires more complex optical sources and detectors, whereas VOA-based sensors do not require
high spectral quality sources and the detection is much simpler since the intensity of light is
measured at the output instead of the wavelength. However to obtain a high sensitive sensor,

displacements at the level of micrometer are required.

For gyroscopes, the sensor uses a MEMS electrostatic comb-drive with interdigital fingers to
oscillate the MEMS proof mass along the x-axis at rates of about 500 to 1000 Hz. An applied
rotation in the z-axis causes the proof mass and the VOA sensing actuator/FP movable mirror to
be linearly displaced along the perpendicular y-axis, proportional to the rotation rate. This
displacement is ac modulated by the x-axis oscillations, modulating the VOA actuator/FP gap
and the resultant transmitted optical signal/wavelength. The MEMS electrostatic oscillator
requires about 100 V ac to deflect the proof mass periodically by about +/- 3 microns, as
validated experimentally. This displacement is not enough to provide high modulation on the
transmitted optical signal in the case where VOA is used. Therefore a compliant microleverage
mechanism is introduced to amplify the displacement of the VOA sensing device. A two stage
micro-lever mechanism is proposed, providing 7 x displacement amplification. In the instance of
the FP-based sensor, a compliant structure is not required since even nano-displacement can

significantly shift the transmission peak of the FP.

Due to the symmetrical design of all inertial sensors presented here, they have the potential to be

designed as two-axis sensors.
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SOI wafers with different thicknesses are used depending on required device performance and
process optimization needs. The fabrication steps (photolithography and deep reactive ion etching
(DRIE) processes) had to be optimized every time the SOI thickness was changed. For thicker
SOI wafers, thicker resists are required as a mask for the DRIE process. Using thick resists make
the fabrication more challenging since it limits the photolithography resolution. For each
thickness the etched trenches had to be checked for two well-known phenomena in DRIE process
namely, scalloping and notching. In particular, it is very important to minimize the scalloping on
the silicon walls since they generate scattering optical losses for the waveguides. At the
beginning of this work 30 um thick SOI wafer was used to fabricate the devices. Butt coupling
method was used to couple light from optical fibers to the silicon strip waveguides. Since the
sensor sensitivity and resolution are both proportional to the system proof mass, using thicker
SOl wafers increases the attainable sensor proof mass, consequently improving the sensors
performance. This also allows integrating optical fibers to the chip and moreover minimizing the
misalignment issues and signal instabilities. Moreover, it reduces the cross-axis sensitivity of the
sensor (due to the greater cross-axis stiffness). Therefore in the 2nd phase of the project 47 um
thick SOI wafer was chosen to passively integrate 80 um optical fibers to the chip using U-
grooves. The attainable proof mass was extended further vertically by adding the mass of the
underlying Si wafer to the sensor proof mass on the device layer. This method is named as
“Vertically Extended Mass” (VEM) approach. This approach can provide the highest achievable
acceleration sensitivity to below 10 pg. As there is no underlying substrate, the VEM approach
also provides the lowest achievable stiction. However, the fabrication requires two separate DRIE
steps and the resulting fabrication yield is low, requiring additional process optimization. Finally
75 um thick SOI wafers were used to enable interfacing the silicon waveguides to the standard

125 um telecom optical fibers.

Unlike the case of 47 pum SOI, for the cases of 30 um and 75 um SOI, all sensor components
were fabricated in one single DRIE step. In the case of 47 um SOI, a double SOI wafer was also
used to guide light only inside the top device layer providing thinner waveguides and therefore
lowering scattering optical loss from the side-walls roughness generated during DRIE process.
Also with this configuration the notching phenomenon at the bottom of the waveguides is
avoided. Two types of waveguides, namely rib and strip waveguides are used to guide the light

from optical fibers to the sensor and vice versa. To create a rib waveguide another fabrication
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step is required on top of the device. This requires good resist coverage on the topography region.
For that purpose a new method called dynamic surface tension (DST) was developed in this
project. Mechanical testing was performed after each device releasing and prior to optical

characterization by using a probe station setup to ensure that the device is completely released.

The static responses of the accelerometers were measured by exposing them to gravity. The FP-
based accelerometer fabricated on 30 um SOI wafer demonstrated 2.5 nm/g sensitivity and 4mg
resolution. The sensor performance was improved by lowering the sensor natural frequency
(using bigger proof mass and softer springs) leading to 90 nm/g sensitivity and 111ug resolution
for the sensor. The sensor response is linear and its performance has the potential to reach pg
resolution. The VEM VOA-based accelerometer fabricated on 47 um double SOI demonstrated
1.5+0.3 dB/g sensitivity and a linear response over 0.7 g applied acceleration. The sensitivity was
improved by a factor of 2.5+£0.3 by reducing both, the resonance frequency and the width of the

waveguides at the VOA junction where 75 um single SOI wafer was used as the substrate.
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SUMMARY

Although optical inertial sensors with high performance have been previously reported, none of
them is integrated with optical waveguides for in-plane detection purposes. In this work, fully
integrated high performance optical MEMS inertial sensors are presented for the first time. All
the optical and MEMS components have been integrated on a single silicon-on-insulator (SOI)
chip. In-plane optical accelerometers and gyroscopes with two different working principal were
successfully fabricated on SOI wafers with different device layer thicknesses. Optical
accelerometers were also successfully characterized. These inertial sensors have been designed
for micro-satellites navigation purposes where a high performance, compact and low power
microchip is required. The most important characteristic of these sensors aside being integrated is
their immunity to electromagnetic interferences, making them suitable for space applications.
Two different designs with different working principle integrated with optical waveguides are
presented. First one is a micro electromechanical systems Fabry-Perot (MEMS FP) based sensor.
It is actuated by an applied acceleration to provide a shift in the FP resonance wavelength. Device
shows a linear response over its free spectral range with demonstrated 90 nm/g sensitivity and
111ug resolution at 450 Hz. Device has the potential to reach pg resolution if larger mass and
softer spring is used. The second one is a MEMS variable optical attenuator (VOA)-based sensor.
A Bragg mirror that is attached to the sensor proof mass is positioned in the middle of the gap of
two optical waveguides: input and output waveguides. When the device is actuated by the
applied acceleration, the intensity of the transmitted light from the input waveguide to the output
waveguide is modulated by the displacement of the Bragg mirror. Sensor shows a linear response
over 0.6 g applied acceleration and 3.4+0.4 dB/g sensitivity. Its performance can be improved by
reducing the width of the waveguides at the VOA junction and/or using larger mass and softer
springs. The gyroscopes mechanical response was also tested using an integrated MEMS
electrostatic comb-drive with interdigital fingers. Device was actuated at 10 Hz frequency for an
applied voltage of 100 V leading to 3 pum in-plane displacement. Integration of an array of two-
axis of accelerometers and gyroscopes on a single SOI substrate using optical waveguides is
possible in future, representing a light, multifunction, low power, high performance, low cost,

robust and reliable microchip navigator.
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CHAPTER 1 INTRODUCTION

Microphotonics is a new technology using miniaturized photonic elements with wafer-level
integrated systems which sense, emit, and transmit light and other forms of energy with photon as
quantum unit. Microphotonics technology is comprised of a variety of new devices, materials,
processes, namely Photonic Integrated Circuits (PICs), Micro Opto Electromechanical Systems
(MOEMS), Photonic-Band-Gap structures (PBGs), smart materials, and quantum photonic

system.

Microphotonic integrated circuits (micro-PICs) are the integration of two or more photonic
devices on a single substrate alike microelectronic chips. Nevertheless, instead of guiding
electricity, a micro-PIC transmits light beams. The main difficulty that microphotonics should
solve is system integration. Integrating different optical components on a unique substrate, will
contribute in reducing the amount of external fiber optic interconnections, consequently
decreasing the overall system mass and size, and contributing the optimization of the system
reliability as well as its cost efficiency. Many fields use microphotonics technology for their
operations, namely: space, medicine, telecommunications, security and military. The application
of microphotonics technology in space has to recognize the specific needs of the space industry,
the space operational field as well as the technical feasibility. Based on the systems needs for
space, the components need to be optimized relative to their size, design, and fabrication process.
Over the last decade, the development of small satellites attitude control has moved towards full
three axis stabilization and precise control as their application increases in telecom and space
knowledge missions. This results in an increasing need for compact, low-power inertial
navigation systems. An inertial navigation system (INS) is a combination of motion sensors
(accelerometers) and rotation sensors (gyroscopes). The navigation is accomplished by
integrating the output of the sensors to continuously calculate the position, orientation, and
velocity (direction and speed of movement) of the satellite. Accelerometers measure linear
acceleration with respect to an inertial frame and gyroscopes (angular rate sensors) measure
angular rotation rates with respect to an inertial space. Essentially, an INS contains three
accelerometer and three gyroscopes as an arbitrary motion in space requires six degree of
freedom. Satellite navigation system can take advantage of implementing micro-PIC and micro-
electro-mechanical systems (MEMS) technologies. The integration of PBGs with MEMS
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(PBG/MEMS) and guided-wave optics on a single platform present new feasibilities for
miniature space systems that have a significant effect on system performance, size, weight, data
integrity, power consumption and lowering the cost of space-based systems [1]. Table 1-1

summarizes the requirements of accelerometers being used in the current microsats based on their

missions.

Table 1-1: Requirements of accelerometers that are used in current microsats

Parameter Requirement Mission/ Sensor Requirement
Microsat.
- +/-300 m over Nadir Earth
< +/-0.
Position Accuracy 45 min. Observation /- 0.010 mg
Measurement time
per orbit
Cross-axis sensitivity 1% is current performance
for best MEMS
capacitance sensors
Typical acceleration 100 mg full scale
levels for satellite in 11050 mg should cover most
orbit in-orbit acceleration
(except the launching)
Launch vibration <11 grms Proba 2 About 20 g peak
levels typically
Frequency range of 1-10Hz for 10 Hz sensor
operation navigation control of measurement rate
typical spacecraft
Operating -40°C to +60 °C Proba-2 -40°C to +60 °C
temperatures

There are mainly two technologies being considered as platforms, namely Silicon-On-Insulator
(SOI) and Indium-Gallium-Arsenide-Phosphide (InGaAsP). The principal differences between
the two platforms are higher costs and less experimented fabrication technologies for the 111-V
compound semiconductors. Currently, the SOI platform is widely being used because of its
compatibility with high-speed CMOS integrated electronics making the fabrication process
easier. Also the size of the integrated optical structures is smaller due to the high index contrast
between silicon and air. Consequently, in most cases, the SOI would constitute the preferred

choice of substrate for integrating the microphotonics technologies for diverse space applications.



Accelerometers have many applications depending on their resolution, range, and bandwidth. The
earliest large scale application is in automotive industry, where they are used in the air bag
system. In micro scale, they have much broader applications such as in: consumer products such
as camcorders to stabilize the image, three-dimensional mousses, laptop and tablet computers,
mobile phones and remote controllers, games, toys, etc; biomedicine such as activity monitoring;
industry such as robotics, vibration monitoring in machines, and shock monitoring for goods
transportation; geology such as scientific research of earthquakes; military such as accurate
guidance in missiles and other ordnance, aircrafts; space such as inertial navigation applications.
In the latter case, very high resolution in the order of micro-gravity is required. This type of
accelerometers manufacturing is very challenging due to their high required performance. They
are also used in geophysical and oil-field applications. Today maybe the largest market for the
motion sensors application is in smart phones such as i-phones (allowing the device to know
when it is tilted on its side) and location based services (GPSs). Indeed, accelerometers in recent
years have become the world’s hottest electronic products making them the top selling MEMS
devices. Especially when they are combined with short range radio sniffers like Wifi, they

provide a marvelous navigation for the users.

There are four main kinds of accelerometers, piezoresistive accelerometers, piezoelectric
accelerometers, capacitive accelerometers, and optical accelerometers. In a piezoresistive
accelerometer, piezoresistors are placed on suspension beams. As the support frame moves due to
the external acceleration, the suspension beams bend resulting in a change of the resistivity of
their embedded piezoresistors. In a piezoelectric accelerometer, when a piezoelectric material is
stressed, an electrical charge signal is generated as a function of acceleration. On the other hand,
in capacitive accelerometers, capacitance between the sensor proof mass and a fixed conductive
electrode changes as a function of acceleration. Capacitive accelerometers provide several
benefits compared to piezoelectric/piezoresistive accelerometers namely, high sensitivity, good
noise performance, and low temperature sensitivity [2]. The method of acceleration detection in
capacitive and piezoelectric/ piezoresistive accelerometers is based on electrical detection and
therefore they are not immune to electromagnetic interferences (EMI). Unlike them, optical
accelerometers are based on optical detection hence they are immune to EMI. These types of

accelerometers will be addressed in the next section (1.1).



MEMS capacitance accelerometers are currently used in the navigation systems of spacecraft.
Figure 1-1 shows two types of MEMS capacitance accelerometers; Analog Devices MEMS
capacitance accelerometer and coplanar MEMS capacitance accelerometer. Analog Devices
MEMS sensors are based on surface micromachining techniques and therefore offer the
opportunity to integrate the sensor and interface circuitry on a single chip. In these devices, the
deflection of the structure due to an input acceleration is measured using a differential capacitor.
For example ADXL210A (Figure 1-1 (a)) is a polysilicon surface-micromachined dual-axis
accelerometer built on top of a silicon wafer. Since surface micromachined accelerometers have
small proof mass they suffer from high mechanical noise (mechanical noise is inversely
proportional to proof mass) and low resolution. Coplanar MEMS capacitance accelerometer is a
z-axis accelerometer (Figure 1-1 (b)) consisting of an underlying fixed electrode and a suspended

electrode that can tilt in response to the applied acceleration.

Zhang et al. [3] have developed a single-chip CMOS-MEMS capacitance accelerometer with
microgravity sensitivity. The sensor is fabricated on a SOl wafer and integrated with CMOS
interface circuit. In order to get a high sensitivity the handle layer of the wafer is used to build the
proof mass while the springs are defined on the device layer ( Figure 1-2). Sensor has the ability

to measure accelerations in pg range.
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Figure 1-1: (@) Analog devices MEMS capacitance dual-axis accelerometer ADXL210A, (b)
Coplanar MEMS capacitance accelerometer, Silicon Design SD2012-10 [2].
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Figure 1-2: Single-chip CMOS-MEMS capacitance accelerometer with microgravity sensitivity:

(a) schematic illustration of the sensing element, (b) SEM view of the fabricated device [3].

Regarding the gyroscopes, there are essentially three types of gyroscopes that are extensively
employed today for inertial navigation and rotation rate sensing. The selection of the type of
gyroscope for any particular application depends on the performance and cost requirements and
also the fabrication complexity. Firstly, there are capacitive MEMS gyroscopes which are light,
easy to fabricate and have a relatively high performance however they are not immune to EMI
and usually sensitive to the mechanical vibration and acceleration. MEMS silicon-gyroscopes
have no exact life-limiting features due to their low power consumption, resulting in a long life of
more than 15 years for space applications [5]. Figure 1-3 (a) shows a principal operation of a
gyro MEMS-based. A suspended mass is excited in one dimension (x in this figure) and the out-
of-plane (z direction) vibration is induced by the rotation due to the Coriolis force leading to the
capacitance change between the suspended mass and the substrate. The amount of this
capacitance change is then electrically sensed and converted to a rotation rate. Device can also be
driven into vibration in both the x and y-directions, and the angular rate is measured by detecting
the phase variation in the lateral vibration signal [6]. Figure 1-3 (b) shows a gyroscope developed

by H. Yang based on this concept.
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Figure 1-3: (a) Working principal of a MEMS-based gyroscope, (b) Schematic view of the
gyroscope reported by H. Yang [6].

Secondly and thirdly, ring laser gyroscope (RLG) and fiber optical gyroscope (FOG) whose
working function are based on the Sagnac effect. The Sagnac effect states that, when two beams
of light propagate in the opposite directions along a common path in a rotating frame of
reference, these beams experience a phase difference which is proportional to the rotational rate.
RLG and FOG gyroscopes provide very high dynamic range and sensitivity. They are also
accurate, robust, and immune to mechanical vibrations but they are very difficult to manufacture
and expensive. In addition, RLGs are heavy and not appropriate for smallsats applications. A

RLG weigh typically is 20 pounds.

Among all, optical accelerometers and gyroscopes offer advantages in comparison to electrical-

detection -based sensors because of their:

* Immunity to electromagnetic interference (EMI)

* Insensitivity to charging that can occur in the space environment

» Simple MEMS micromechanical structures

* High dynamic signal measurement range

* Resistance to aggressive environments

* Electrical and fire safety

» Small, lightweight sensing elements allowing arrays of sensors on an SOI microchip

These characteristics make them a good candidate to be used for the space navigation system.



1.1 History (State-of the-art)

To our knowledge, the first optical accelerometer using optical fiber and micromachined
structures was reported in 1984 [8], [9]. Subsequently, a large range of fiber optic and
waveguide-based micromachined accelerometers were reported. Most of them are based on
Variable Optical Attenuator (VOA) [10], [11], [12], [13], [14], interferometric [15], optical
diffraction detection [16], [17], [18] , Anti Resonant Reflecting Optical Waveguides (ARROW)
[19], [20] or wavelength dependent [26], [27], [28], [37] methods. Although some of them are
very sensitive [14], [16], [17], [37], none of them is designed simultaneously for in-plane
detection and compactness, consequently they cannot be integrated with other optical functions.
Some of the most recent optical-MEMS-based optical accelerometers will be discussed briefly
here. Fiber Bragg grating (FBG) acceleration sensors have also been reported by several groups
[40], [41], [42]. Although in some cases FBG can reach a relatively high sensitivity (77 pm/g)
[40], the optical fibers need manual positioning and cannot be integrated with other optical

structures on a planar chip.

Figure 1-4 shows an optical accelerometer based on Anti Resonant Reflecting Optical
Waveguides (ARROW) developed by J. A. Plaza, et al.[20]. A waveguide, which is the sensing
part of the device, is attached to the seismic mass of the accelerometer and is aligned with two
other waveguides on the silicon frames. When there is an offset of the mass due to the
acceleration, the transmitted light intensity at the output is modulated, and an intensity loss is
generated, which is used to measure the acceleration. The device sensitivity is different for
different directions (2.3 dB/g for negative and 1.7 dB/g for positive acceleration). The

acceleration resolution is not reported. This device is designed for out-of-plane detection.
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v

Figure 1-4: ARROW-based optical accelerometer operational principle [20].



Figure 1-5 shows another approach presented by A. Perez and A. M. Shkel [37]. This device is
based on Fabry-Perot (FP) interferometer and consists of two deep reactive ion etched silicon
substrates that are assembled to create a FP optical cavity. These two silicon substrates act as the
FP mirrors and are coated with quarter wavelength multilayer reflector of silicon dioxide,

amorphous silicon and silicon nitride to increase the mirror reflectivity.
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Figure 1-5: FP-based optical accelerometer working principle reported by [37].

One of the mirrors is composed of proof mass and flexure beams created by deep reactive ion
etching (DRIE). The device has high sensitivity and resolution (1V/g and 30 pg respectively) but
it is bulky (as it is composed of two different silicon wafer bonded by spacers), not integrated on

a single chip, and has been designed for out-of-plane vibration detection purposes.

In 1998, a fiber optic based accelerometer (Figure 1-6) using a FP as the sensing element was
presented by Schropfer [26].
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Figure 1-6: Schematic of the FP-based optical accelerometer presented by Schropfer et al. [26].



A broadband light transmitted through a fiber hits the accelerometer proof mass. The air gap
between the accelerometer proof mass and the fiber facet provides a low finesse FP cavity. The
deflection of the proof mass relative to the fixed fiber in the presence of an inertial load causes a
shift in the transmitted wavelength of the FP interferometer. Device has a low sensitivity due to
the low reflectivity of the FP mirrors (fiber facet and seismic mass vertical wall). Sensor

resolution is 1 mg for a measurement range of +10g.

J. John et al. [21] have used a similar structure for the inertial navigation system application in
spacecrafts; except that two fibers are employed instead of one at both sides of the seismic mass,
providing a differential detection measurement. The seismic mass is a silicon cantilever formed
by bulk micromachining technique suspended by four beams (Figure 1-7). Since a differential
measurement is used, the signal level is doubled in this configuration. The reported sensitivity is

in the mili-g order with a dynamic range of £12 g.
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Figure 1-7 : Schematic of the FP-based optical accelerometer presented by J. John et al. [21].

Another optical method to measure the acceleration is based on the measurement of an optical
modulation caused by proof mass called variable optical attenuator (VOA). Optical
accelerometers based on intensity modulation were proposed [10], [11], [12]. Some of them are
unable to detect the acceleration direction [10], [11] or need to be bonded to the traditional
fabricated structures [12]. VOAs have been broadly used in dense wavelength division
multiplexing (DWDM) systems [43]. MEMS-VOAs are also widely used due to the advantage of
their small size and low cost. They are classified into two categories: reflection based and shutter
based. In the reflection based, the attenuation consequences from the interferometric
superposition of the reflected light beams [22], [23] while in shutter type the signal attenuation is
made by blocking a part of light using a shutter [24], [25]. Shutter type VOAs have been
developed more extensively since they offer small insertion loss, large attenuation range, and

small polarization dependence.



10

SOI- MEMS VOA-based optical accelerometer with shutter-based modulation was reported by
B. Guldimann et al. [14]. Figure 1-8 (a) and (b) show the working principle and scanning electron
micrograph (SEM) of the fabricated device respectively. The optical source used is a light-
emitting diode (LED). Light from an input fiber is split by a VV-shaped gold coated silicon mirror
that is attached to the accelerometer proof mass and is coupled simultaneously into the two
multimode output fibers. Guided light is then collected by two photodiodes. As the proof mass
moves due to the acceleration, more or less light is coupled to the photodiodes. The output
signals are then subtracted from the detectors to achieve a differential measurement. This device
has a high displacement resolution, however in order to get a linear response, only very small
displacements around the zero position (0.8 pum) are permitted. In addition, their device has a

small dynamic range because of its mechanical limitations [43].

Differential
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Figure 1-8: a) Schematic of the working principle of the silicon MEMS-based optical

accelerometer, and b) SEM image of the fabricated device reported by B. Guldimann [43].

Different types of MEMS-gyros have been reported. Surface micromachined angular rate sensors
with different configurations were presented. In most of them, the drive direction is in-plane and
the sensing part is designed for the out-of-plane detection purposes. Figure 1-9 shows a
capacitive MEMS rate sensor published by K. Tanaka et al. Their device is fabricated using
silicon surface micromachining. It is driven laterally by electrostatic force and the capacitance

difference between the resonator and its substrate defines the applied angular rate.
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Figure 1-9 : Out-of-plane rotational rate sensor based on capacitance measurement between the

movable mass and the substrate [29].

One of the major drawbacks of out-of-plane detection is the big squeeze-film damping which
causes a reduction in the sensitivity of the device [30]. As the damping in in-plane movement is
caused by slide-film motion which is two-three orders of magnitude smaller than the squeeze-
film damping that occurs in out-of-plane movement [30],[31], this particular drawback can be
corrected to a large extent by designing the sensor such that the sensing direction could take place
in-plane. Also, in-plane design is less sensitive to the residual stresses. M. Lutz et al. used a
combination of surface and bulk micromachining to fabricate a yaw rate sensor [32]. A schematic
of proposed device is shown in Figure 1-10. The sensor is composed of two identical coupled
oscillating masses made by polysilicon surface micromachined suspended on a silicon substrate.
An angular rotation around the orthogonal axis (yaw) induces a coriolis force on the oscillating
masses. The coriolis force is then detected by the measurement of the difference between the two
oscillator’s acceleration. The reported sensitivity for the device is 18 mV/s for a range of £100 /s
over 40° to +85°C. The sensor represents a good performance however releasing the device layer

Yaw rate Spri
Oscillating mass (5 2 prie

Direction of oscillation

Figure 1-10 : Yaw rate sensor reported by M. Lutz et al. [32].
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is difficult due to the mixing of the two surface and bulk micromaching techniques.

MEMS gyros with electrical detection are one of the most important types of silicon-based
sensors due to their low-cost fabrication [33], [36]. Although they are relatively inexpensive and
easy to fabricate, some have relatively low sensitivity and accuracy and they exhibit some
sensitivity to vibration and shock. Integrated CMOS-MEMS capacitive gyroscopes with high
resolution and low noise have already been suggested for the space navigation application [33],
[35].

STMicroelectronics has recently developed a 3X CMOS-MEMS capacitance gyroscope called
“The Beating Heart”. It is a dual core with very small size (according to them currently the world
smallest gyro) and low power consumption (10-15 mW). With the dual core type, the three
angular rates (Yaw, Pitch, and Roll) can be read at the same time. Device combines a triple
tuning-fork structure with a single vibrating mass. The structure cyclically expands and contracts
at a frequency of 20 kHz like a beating heart. The device has high thermal stability, low cross-
axis sensitivity, and immunity to acoustic noises. Figure 1-11 shows the 3X gyroscope along with

3X accelerometer fabricated on the same silicon die.
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Figure 1-11: 3-axis gyroscope (Beating Heart) and 3-axis accelerometer fabricated on the same

silicon die [4].
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They have also developed an Inertial Six Degree-Of-Freedom Combos (16XDOF); an integration
of tri-axis accelerometers and tri-axis gyroscopes in 3x5.5x1 mm?® package [4]. They are
currently working on a platform called INEMO™ comprising ten analog building blocks for the

future application in smart devices.

The INEMO™ or 10XDOF is a Ten Degree-Of-Freedom Combos platform realized by
integrating tri-axis accelerometers, tri-axis gyroscopes, tri-axis magneto-resistive solid state
compass and a pressure sensor. Figure 1-12 shows the 16 XDOF sensor implemented on two

different silicon dice assembled with the companion CMQOS chip.

Figure 1-12: 6-axis inertial motion sensor in 3x5.5x1 mm?® package fabricated on two different

silicon dice and assembled with the companion CMQOS chip [4].

Using optical interferometry along with Sagnac effect, rotational rate sensors with no moving
parts were presented [38]. Fiber optic gyroscopes (FOGs) are promising candidates for the next
generation of gyros. FOGs with integrated optic circuits (IOCs) are predicted to be the next-
generation gyros for various aerospace applications because of their high dynamic range and
sensitivity. FOG-10Cs are fabricated in LINbO3. The disadvantage of the LiNbO3;-FOG devices
is their low optical confinement in the Ti-diffuse waveguides resulting in large waveguide

bending radius on LiNbO3 and corresponding high insertion losses.

1.2 Objective of the thesis

A basic spacecraft consists of a bus structure and one or more payloads attached to the bus. The

bus structure carries out the basic functions and housekeeping, while the payloads perform
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specialized tasks for particular scientific purposes. Since the early 90’s, a dramatic change in
methodology has occurred inside agencies such as NASA regarding changing from solely
performance to performance per unit cost. This paradigm shift, combined with the reduction of
budget of different space agencies has put an emphasis on the use of small satellites to
accomplish missions at significantly reduced costs.

Over the last decade, as smallsats and microsats application towards full Earth observation,
telecom and space science missions increases, their attitude control requirements have evolved
towards full three axis stabilization and accurate pointing knowledge and control. This is
associated with an increasing requirement for compact, low-power Sun sensors, Earth sensors,
gyroscopes and accelerometers. With future planned space missions, the requirements for

miniature, low-power attitude sensing for satellite formation flying will further accelerate.

The objective of this thesis is to design, simulate, fabricate and characterize novel highly
sensitive low cost in-plane PBG/MEMS-based miniature accelerometers and rotational rate
sensors (gyroscopes) on SOI substrate in order to integrate an array of two-axis of them on a
single SOI platform in the future providing a microchip for spacecraft navigation purposes. The
use of guided-wave optical devices integrated with MEMS on SOl for
multichannel/multifunction sensor systems allows the use of multiple sensors to extend the
measurement range and accuracy. In the case of electrostatic inertial sensors waveguides are not
required to integrate multiple inertial sensor on one chip but in the case of optical inertial sensors
light needs to be guided to the sensor or be distributed among other sensors through optical
waveguide channels, therefore optical waveguides are required in order to integrate multiple
inertial sensors on one single chip if an in-plane detection is intended. However if the detection is
intended to be out-of-plane, no optical waveguide is required for integration and light can be

coupled out-of-plane to the sensor using optical fibers.

Integration also provides essential redundancy (duplication of functions blocks or devices for
increasing the reliability of the system, usually in the case of a backup or device failure) to make
long-term reliability in the space environment possible. When MEMS technology is used on
silicon, the microfabricated devices are very reliable and robust compared to those fabricated
using thin film layers (CMOQS). In terms of size, there is no limit that determines the reliability. In
our case, as the micro navigator chip is going to be used for microsatellite, smaller the chip is (in

terms of size and weight) the better is of course without any compromising on the performance.


http://en.wikipedia.org/wiki/System
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The navigator microchip also represents the ability of accommodating diverse attitude and

inertial sensors on the same microchip to eliminate the need of many separate sensors. This is a

remarkable advantage for small satellites with their limited mass, volume and power resources.

Figure 1-13 shows a potential future spacecraft navigation optical MEMS micro-PIC using

several basic components or functional blocks that are connected by SOI strip waveguides on a

single SOI chip.
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Figure 1-13 : Conceptual design of two-axis spacecraft navigation micro-PIC system.

The basic components consist of:

= Input Fiber/Waveguide Coupler

SOI Strip Waveguide

= T-bar Splitter

= PBG/MEMS Optical Accelerometer

= PBG/MEMS Optical Rate Sensor

=  Waveguide Output Coupling or Hybrid Integration with InGaAs Detectors

Other optical functional blocks such as temperature sensors, radiation sensors, earth and sun

sensors could also be integrated on the same chip.
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The end product exhibits orders of magnitude reduction in system mass and size. Furthermore,

redundancy improves the net performance and precision of the navigation measurement systems.

Since the output is directly coupled to photodetectors, fiber/waveguide output, coupling is not an
issue and the signal throughput as well as the Signal-to- Noise Ratio (SNR) can be very high.
Two classes of optical accelerometers/gyroscopes are considered as the potentially applicable
sensors in the spacecraft navigation system, one based on FP filter and the other based on VOA
approach. The FP filter enables a highly sensitive optical detection of displacement at a
nanometer scale. MEMS tunable silicon FP filters with DBR mirrors were recently demonstrated
[44], [45], [47]. These tunable filters are used for several applications such as optical filtering in
telecommunication, microphones, pressure sensors, etc. The main difference between FP-based
and VOA-based accelerometers presented here is that the VOA-based sensors do not require high
spectral quality sources and the detection is much simpler since the intensity of light is measured

at the output instead of wavelength.

1.3 The situation at the beginning of this work

The state-of-the-art of the optical accelerometers and gyroscopes based on optical fiber/MEMS
was discussed above. Silicon MEMS-based optical accelerometers provide higher sensitivity and
better reliability compared to those based on piezoelectric effect or electrical detection when they
are exposed to electromagnetic interferences [20], [43]. Although some attempts were made but
none of the reported optical accelerometers offers a simultaneously reliable, high sensitive, in-
plane, simple fabrication, low cross-sensitive and compact device. An optical microchip for
microsatellite navigation application is still in demand. The following compares our devices with
those that could be potentially considered appropriate for the satellite navigation systems. Table
1-2 compares our proposed optical accelerometers with some recent developed capacitance
MEMS accelerometers and optical MEMS accelerometers. The main advantage of our proposed
optical accelerometers to the conventional ones is that our accelerometers are fully integrated

using silicon waveguides without any compromise on the device performance.

pg-resolution optical accelerometers based on FP have been fabricated, but some are out-of-
plane, big and expensive to fabricate [37], and some are not integrated and therefore unstable and
also not sensitive enough [21], [26], making them inappropriate for microsatellites mission

accomplishments. The FP-based optical accelerometer presented here uses DBR mirror along
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with silicon strip waveguides integrated with MEMS on a single SOI wafer representing a
compact and reliable sensor.

Table 1-2: Comparison between our proposed fully integrated optical MEMS accelerometers with

some recent developed capacitance MEMS accelerometers and optical MEMS accelerometers.

Analog MEMS CMOS- Fiber Optic Optical
MEMS | Capac. MEMS MEMS M%xfi:;no our Fully
Capac. 7290A Capac. (Guldiman) based Integrated
ADXL210A (Y. Zhang) (Krishna) Optical-MEMS
2003 2003 2012 2002 2008 Devices
[2] [2] 3] [43] [16]
Detection In Plane Out of In Plane In Plane Out of Plane In Plane
Direction Plane
Fabrication Poly Si Bulk SOI Bulk SOI Bulk Poly Si SOI Bulk
Surface Surface
Resolution 1.29 mg 420pg | 1.2 pgHz"? 670 pg 17 ngHz 0.1 pgHz ™2
(100 Hz) (100Hz) (186 Hz) (65 Hz) (1 Hz) (210 Hz)
111 pg for FP-
Based (450 Hz)
Potential of <10 pg
Immunity No No No Yes Yes Yes
to EMI

The FP filter enables a highly sensitive optical detection of at a nanometer scale. Since it is in-

plane, it allows the integration of all components (DBR mirrors, optical waveguides, proof

masses and suspension beams) on a single substrate, making it compact and reliable.

Among all reported VOA-based optical accelerometers, only Guldimann’s device [14] satisfies

the main criteria’s (immunity to EMI, in-plane, high sensitivity and resolution, simple

fabrication, low power consumption) to be used in satellite navigation. The reported device is
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very sensitive but it is not fully integrated and therefore has limited reliability because of its
alignment sensitivity to vibrations/shocks. Also only very small displacements (£0.8 um) are
allowed in order to obtain a linear response resulting in a small dynamic range for the device
[43]. A deposited gold layer is also required for the mirror in order to obtain high reflectivity. In
our VOA-based optical accelerometer presented here, the MEMS part of the sensor is integrated
with the silicon strip waveguides and the VOA sensing part, making the device more stable,
robust and reliable. Compared to Guldimann’s device, our device is fully integrated and therefore
not sensitive to vibrations/shocks. Also no gold coating is required for the mirror since a DBR

mirror is used as the shutter.

Regarding the rate sensor, to the best of our knowledge as of today no integrated optical rate
sensor has been reported. Although FOGs represent high sensitivity, they cannot be integrated on
the same chip with other inertial sensors. In this work two types of in-plane rotational rate

sensors are introduced, one based on FP resonator and one based on VOA.
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CHAPTER 2 THEORY

This chapter will discuss the physics of a FP filter with Bragg layers and the optical model of a
VOA. Theories of FP-based and VOA-based optical accelerometers/gyroscopes are addressed.
Furthermore, the propagation behavior of light inside SOI optical waveguides, coupling losses
between optical fibers and silicon waveguides, and the number of optical modes inside SOI

waveguides are theoretically studied.

2.1 Fabry-Pérot interferometer with Bragg mirrors

A FP optical filter or etalon consists of two parallel highly reflective mirrors. These mirrors can
be made of alternating layers of two different materials with different refractive indexes (Bragg
mirrors). When light penetrates from a medium into another medium with a different refractive
index, it experiences a phase shift. This phase shift depends on the wavelength of the light and
thickness of layers. Therefore the optical filter interferometer can be designed such that light for a

specific wavelength could interfere constructively and for the other wavelengths destructively.

2.1.1 Finding the reflection and transmission using transfer matrix method

We are looking for the transmittance and reflection spectrum of the light for a FP interferometer
as a function of wavelength. For this, we first find the reflection and transmission coefficient for
a single dielectric layer. Considering a dielectric layer with refractive index n; and thickness |
surrounded by two incident and transmission infinite mediums with refractive indexes n; and n;
respectively (Figure 2-1). Plane wave approximation is used and normal incident light is
assumed. We also assume that all mediums are homogenous i.e. the refractive indexes are
constant in each medium. Considering the light as an electromagnetic wave, when a plane wave
(Ei) propagating in medium i encounters the interface of the incident and dielectric mediums, a
portion of the wave (E;") is reflected from the interface while the rest is transmitted (E;). The
transmitted light then encounters the interface of the dielectric and transmission medium and
again portion of the wave is reflected (E;") and the rest are transmitted (E;). Using Maxwell
equations and the continuity of the electric fields and magnetic fields at the interfaces (boundary

conditions):


http://en.wikipedia.org/wiki/Optical_spectrum
http://en.wikipedia.org/wiki/Wavelength
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Figure 2-1: Wave vectors and their associated electric fields for the normal incidence case on a
single dielectric layer

Eliminating the amplitude E; and E;’, the fraction of incident beam that is reflected from the first
interface (reflection coefficient) as a function of the fraction of incident beam that is transmitted

(transmission coefficient) can be presented with the following matrix equation

E, -

[1]+[ 1 ]_l= cos kl smkl [ ] 2.1)

n; —n; Ei , .

—in, sinkl coskl
or
[1]+[1]r=M[1]t 2.2)
j —n; ng

Where r =% is the reflection coefficient and t —% is the transmission coefficient and M

represent a 2x2 matrix known as transfer matrix of the film
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M = cos kl Tl—1 sin kl 2.3)

—iny sinkl  coskl

For N layers Eq.(2.2) becomes

[«,}l] + [_1ni] r=MM;M;.... My [lelt] t=M [it] t (2.4)

where M is the overall transfer matrix and is the product of the individual transfer matrices, that

is

A B

M,MyM; ..My = M = [c ’ (2.5)
Solving Eq. (2.4) for r and t in terms of A, B, C, D resulting in
An; + Bnin; — C — Dn;
r= i t'hi { (2.6)
An; + Bnyn; + C + Dn;
Zni
t 2.7

- An; + Bnn; + C + Dn;

The reflectance R and the transmittance T are given by R = |r|? and T = |t|?, respectively.

According to the energy conversation law R+T=1 if the absorption is neglected.

2.1.2 High reflectance films- concept of Distributed Bragg reflectors (DBRs)

A stack of alternate layers of high index, ny, and low index, n., material with the thickness of 1/4
is used to generate high reflectance films called Distributed Bragg Reflectors (DBRS). In this
case, the wavelength which is four times the optical path (optical thickness of the layers), is
reflected constructively and the layers act as a high reflector. Thus the relation between the

wavelength and the thickness of each layer is



22

L =— 2.8
ym (2.8)
for the first order. However the odd coefficients are allowed for higher orders. Therefore in order

to obtain a high-quality reflector, the thickness of each layer has to satisfy the following equation

_ha

- (2.9)

L

where h is an odd integer number. The range of wavelengths that are reflected (forbidden to
propagate in the structure) is called the photonic band gap. In this case the transfer matrices of all

layers have the same form, and the product of two adjacent ones is

0 ! 0 t n 0
ny nyl| = L —n, (2.10)
—iTlL O _inH 0 0 n
H

and for the stack of 2N layers

G e ]
— | ™
M = [ Y (2.11)
o G ]
Ny
The reflectance of the multilayer stack according to Eg. (2.6) would be given by
_ nng —nmni" (2.12)

— nn?Y +nndy
where n; and n; are the refractive indices of the originating medium and terminating medium
respectively.

This equation demonstrates that, increasing the number of layers and the refractive index contrast

between them in a DBR increases the reflectivity of the multi-stack layer.

The mirror bandwidth (range of wavelengths where the reflectance is maximum) is given by [45]
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4 ny —ng
— sa—1
Mgy = — sin (TlH n TlL) (2.13)

This equation shows that the bandwidth not only increases with increasing refractive index
contrast but is also inversely proportional to the order of Bragg mirror, the lower the order of the
Bragg mirror, the larger the bandwidth. Although the 1% order provides the largest bandwidth for
the mirror, fabricating such a narrow wall of silicon (/1/4n = 112 nm) is impossible with standard
microfabrication technology. The combination of silicon and air layers provides high reflectivity
for a Bragg mirror because of their high refractive index contrast (ns=3.45, ny=1). Due to this
fact even a six-layer stack (N=3) of silicon and air is enough to provide a very high reflectance
(R=0.9988 according to Eq. (2.12)). Figure 2-2 shows the relationship between the silicon layers
order and the reflection peak bandwidth of one Bragg reflector consisting of three silicon layers

and three air layers. As the order of the walls is increased, the reflection peak gets narrower.
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Figure 2-2: Normalized reflectance versus wavelength for a three layer grating with three

different orders. The air order was kept constant (=7).
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2.1.3 Fabry-Perot Interferometer (FPI) filter

A FP interferometer filter or a FP etalon consists of two partial reflectors (mirrors) separated by

an air gap with thickness of an integer multiple of half of the resonance wavelength (Figure 2-3):
X =— (2.14)

where X is the gap between the mirrors and m is the order of FP. The result is a filter that allows
only wavelengths that match the optical resonant condition to escape and traverse the device
(Figure 2-4). The spectral width of the transmission band depends on the reflection bandwidths of
the mirrors. The wider bandwidth the mirrors are, the wider the transmission band is for the FP
filter and therefore the wider tuning range is provided for the cavity. A key attribute of the optical
characteristics and efficiency of a Fabry-Perot interferometer (FPI) is the finesse. The finesse is
defined by the separation of the contiguous fringes (Free Spectral Range or FSR) divided by the
fringe width (Full Width of the fringe at Half its Maximum or FWHM). The finesse for a FPI
without optical absorption is identified as the reflectance finesse (Fgr), which is directly related to

the mirror’s reflectivity R, as represented in [49]:

nvVR
Fr = (2.15)
1—R
1Transmittance of a silicon Fabry-Perot filter
(]
iy =
Broadband Filtered £
&
Input Output g
=05
©
e
=
£
S
z
¢ 1545 1550 1555
Wavelength (nm)
(@) (b)

Figure 2-3: (a) Schematic of a FPI with Bragg mirrors, (b) Transmittance of a FP1 filter versus

wavelength.
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Figure 2-4: The full characteristic transmittance pattern of a FPI.

In order to obtain a high finesse device, both high reflectivity and fine control over Bragg mirror
defects and parallelism during the fabrication must be reached. The frequency FSR of the FP
filter is the frequency spacing between two resonance frequencies. Considering two adjacent
resonant modes m and m+1 from Eq. (2.14) and subtracting them,

c
AfFSR = E (2-16)

where X is the gap between the mirrors and c is the speed of light. The free spectral range in Eq.

(2.16) is related to the wavelength free spectral range by

A A
frsr _ DArpsg 2.17)
fo Ao

where A, is the central wavelength at the spectral region of interest. The wavelength free spectral

range can then be written as
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A5 A
Mpcp = — = — 2.18
FSR 2y m ( )
According to Eq.(2.18), in order to get a large FSR (and therefore tunning range), smaller FP
gaps are required. Using (2.18) and (2.15) and the fact that finesse is the division of FSR and

FWHM, the narrowness of the fringe is calculated as follows:

Ao(1—=R)
mavR

According to Eq. (2.19), resonance modes with higher orders have narrower resonances. This can

Sp = (2.19)

be easily seen in Figure 2-4.

Using higher silicon or air order for Bragg mirrors improves the finesse of the filter [47],
however decreases the stopband (Figure 2-2). Therefore there is a trade-off between stopband and
finesse in terms of silicon/air walls thickness. Furthermore, the higher number of walls for the
Bragg mirrors, the higher reflectivity for the mirrors and therefore the better finesse for the FP
cavity (Eq. (2.15)). However due to the fabrication imperfection (section 2.5.1); this will generate
more optical losses for the cavity as light experience multiple reflections on each layer of the
Bragg mirror. Accordingly, there is a trade-off also between the number of walls and the optical

loss generated in the cavity.

2.2 Accelerometers

As shown in Figure 2-5, an accelerometer with a proof mass, M, and spring constant, k, can be

modeled as a second order mass-spring-damper system. The force in this system is given by
F = MX+ cx + kx (2.20)

where x is the relative displacement with respect to the base, and c is the damping coefficient. For

a given force this linear differential equation can be solved to determine the system response.
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Figure 2-5: Accelerometer modeled as a mass-spring-damper system.

From Newton's 2nd Law, the relationship equation between the measured force and applied
acceleration is described as F = Ma. Assuming that the accelerometer proof mass is driven by a
force F, in the static condition, and absence of damping, by combining Newton's 2nd Law and

Hook’s Law the relation between acceleration, a, and displacement Ax, is given by:

a=——Ax = —wilx (2.21)

where @y is the angular natural frequency of the system in the sensing direction. This assumption
is valid as long as resonant frequency is much larger than the frequency of the measured

acceleration.

2.3 Damping
Considering F = F, cos wt in Eq. (2.20) as the forced vibration function for the viscous-damped,
spring-mass system where F, is the amplitude of forced vibration; the general solution of Eq.
(2.20) is:

x(t) = e7"(C, cos pt + C, cos pt) (2.22)
where y= j ,p = w2 —y?and C; and C, are constants and they are determined from the initial
conditions of the system. A particular solution of Eq. (2.20) is represented by:

x = Ael(@t+®) (2.23)

where A is the amplitude response of the system and ¢ the phase angle and are given by:
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A= %H(a)) (2.24)

and

[ %6
1= ()

in which H(w) is the magnification factor or the normalized frequency response of the system

@ = —tan (2.25)

and is given by:

1
|H(w)| =
w \21° W \2 (2.26)
@7 2
where § is the damping ratio
§ =c/2Mw,) = c/2VMk (2.27)

In which c is the squeeze-film damping between the sensor’s proof mass cross section and fixed
reference frame (surrounding silicon structure) and for translational squeeze-film damping is
given by [48], [111] :

2

c= 0.42*%3 (2.28)
where A is the cross section area of the proof mass, [ is the viscosity of the surrounding medium,
and d is the distance between the sensor’s proof mass cross section and fixed reference frame.
The normalized frequency response of the system is plotted in Figure 2-6 for undamped ({=0),
critically damped ({=0.707), and over-damped systems ({>1). Note should be taken that in this
analyze, the driving force is assumed to be applied to the proof mass not to the base. So the
accelerometer/ gyro is not excited by the base. In the case of base vibration, the response will be
different. In our case, for the accelerometer testing, only the static response of the device is

measured by applying gravitational force to the mass. Therefore no harmonic excitation is
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applied (neither to the proof mass nor to the base). However for the case of gyroscope, the proof
mass is driven by a sinusoidal force (again the force is applied to the proof mass not to the base).

w
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4 ' / 5% deviation is considered
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Figure 2-6: Normalized frequency response of a second order system for different damping ratio.

In the case of the undamped system, which is the case for most of micromachined

accelerometers, the response is simplified as:

|H(w)| = (2.29)

1
2

For the case of under damped systems (0 < & < 1), the operational frequency bandwidth

increases as the damping increases. The maximum normalized frequency for under damped

systems with weak damping can be approximated as, |H(w = wy,)| = |H(w)|max = 2—15 . To get

an idea of the operational frequency bandwidth of a system, assume that a 5% deviation is

considered. For instance, for a system having (=0.15, |H(®)|max = 2_16 = 3.33, therefore for 5%

deviation |H(®)| = |H(®)|max — 0.05 |H(w)|max = 3.16, substituting into (2.26), the
operational frequencies of the system (accelerometer) for 5% deviation frequency are calculated
as «; = 1.03w, and &, = 0.92w, (as they are shown in Figure 2-6), providing Aw=0.11w,,

frequency bandwidth. For the case of critical damping(¢ = 0.7), the estimation we made earlier
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for maximum normalized frequency is not valid anymore as the damping is not weak; instead the
maximum normalized frequency occurs at very low frequency (as seen in Figure 2-6) and can be
estimated as |H(w)|max = 1. For 5% deviation, |H(®d)| = |H(@)|max — 0.05 |H(®)|max =
0.95, substituting into (2.26), the maximum operational frequency of the system for 5% deviation
frequency is @ = 0.6w,,, or Aw=0.6w,, frequency bandwidth. The mechanical damping for an

accelerometer is typically adjusted to prevent oscillations of the mass in a change of acceleration
(ringing).

Basically there are three types of damping: squeezed-film translational damping, slide-film
damping and squeezed-film rotational damping. If the proof mass moves perpendicularly to its
surface, the gas in the gap between the proof mass and the reference frame will exert a force on
the plate leading to a squeezed-film translational damping for the sensor. If the proof mass moves
parallel to the squeeze film, the sensor experiences a damping called slide-film damping and in
the case where the proof mass rotates around an axis perpendicular to the squeezing direction, the
damping is called squeezed-film rotational damping. These three types of damping are illustrated

in Figure 2-7 and they will be discussed more in the next chapter.

moticn motion direction
direction
h:.# gap g |
(@) (b)

__________________________________________________ @

Figure 2-7: Three types of damping: (a) squeezed-film translational damping, (b) slide-film
damping, and (c) squeezed-film rotational damping.

2.4 FPI as an acceleration sensor

The resonant condition of an FPI changes as a result of displacing one mirror of FPI relative to
the other one (changing the gap between the mirrors) as shown in Figure 2-8(a). This can be

adapted to an acceleration sensor by suspending one mirror (which in this case acts as a proof
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mass) relative to the other (Figure 2-8(b)). The proof mass displaces in response to an applied
acceleration, resulting in a shift of central wavelength of the FPI (Figure 2-8(c)). The static

response of such a suspended mass as discussed above is given by Eq. (2.21).

The relationship between the FPI acceleration sensor output and its experienced acceleration is

then given by combining equations (2.14) and (2.21):

2
mw;AAl
a=— n (2.30)
2
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Figure 2-8: (a) FPI with different gap between reflective Bragg grating mirrors, (b) Mechanical

block mass-spring-damper model of a FPI-based sensors, and (c) Transmission curve shift of a
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FPI due to changes in gap between two mirrors. Two FPI orders are considered (with m=1 and
m=2).

2.5 FP-based accelerometer sensor performance

2.5.1 Effective finesse and imperfections

By considering FWHM (513) as rough resolution of the FPI sensor and combining Egs. (2.15),

(2.19), and (2.30), the upper limit of the acceleration resolution da is obtained as follows:

wTZLAO
2Fg

da = (2.31)
This equation demonstrate that the resolution (and sensitivity) of a FP-based acceleration sensor
in mechanical domain depends on the natural frequency of the suspended mirror, and in optical

domain depends on the FP finesse.

The reflectance finesse (Fg), for any actual system due to the fabrication imperfection is not
measurable. In fact what is measured in practice is the total effective finesse (Fer) which is the
total effective finesse of the system by accounting all the defects generated during the fabrication
[50] and is defined as [51]:

1 1 1
FZ, Fi F

where Fpis the effective defect finesse and is defined as

= (2.33)

where Fs , Ferus, and Fp are the surface roughness, deviation from parallelism, and spherical

bowing defect finesse respectively (Figure 2-9 (c)) and can be computed as [51]:



A A A

Fg=—— Ferms = —— Fp =
5726t GRMS ™ 478t crus P 176t

(2.34)

where 6tg, Storus, and 6tp are spherical bowing defects, surface roughness, and deviation from

parallelism respectively.

From Eq. (2.32), the Fet reduces with increasing mirrors surface roughness, mirrors walls

spherical bowing, and deviation from parallelism between the two mirrors.

Figure 2-9 shows the decrease in finesse experienced by an FPI with high reflectivity mirrors in

the presence of mechanical errors.

Finesse degradation versus errors
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Figure 2-9: (a) Transmission versus wavelength of a resonance with mechanical defects of the
mirrors (parallelism, roughness, spherical bowing), (b) List of values for each defect type and

finesse. PS: as finesse value increases, the fringe becomes narrower, (c) Schematic of different

types of mechanical defects [50].
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In the specific case of Figure 2-9 (b), the finesse decreases by three orders of magnitude. It
should be mentioned that in this example, values are based on two silicon wafers forming a FP

mirrors.

In the case of high reflectance systems (Fr>Fp), from Eq. (2.32), the effective finesse is

Fers = Fp, meaning that the system is influenced strongly by mechanical errors.

2.5.2 Sensor Dynamic Range

In FP-based sensors the range of the device is limited to half of free spectral range (FSR),

therefore from Eq. (2.30), the maximum dynamic range is calculated as:

mw?2 FSR

o= (2.35)

Adyax =
It should be mentioned that the displacement of the movable mirror is so small (nm scale) that
using one FSR can cover all the required tuning range. Also as discussed earlier, the tuning range
not only increases by using smaller gap (Eq. (2.18)) but also increases with the spectral width of
the mirrors. On the other hand, as discussed in section 2.1.2 the spectral width of the Bragg
mirrors depends on the order of the Bragg mirrors (Eq. (2.13)). The lower the order of the Bragg
mirror (thinner silicon/air layer) is, the larger the bandwidth is. In summary, the dynamic range of

the sensor increases by decreasing the FP gap and the Bragg mirror walls width.

2.5.3 Sensor Sensitivity

According to Eg. (2.30), the sensitivity of the sensor depends on two factors: the mechanical part
(wn) and the optical part (AL). In other words, the sensor requires low resonant frequencies (larger
mass and softer springs) and high optical quality (high finesse) in order to attain high sensitivity.
Sensor sensitivity also depends on the system architecture and signal detection techniques.
Sensors with low resonant frequencies exhibit better sensitivities, however as discussed in section

2.3 this will reduce the frequency bandwidth of the sensor.

2.5.4 Sensor Resolution

Device has been designed such that the FP has x=30 um gap (to enable its future interrogation

using a tunable laser with 30 nm dynamic range), providing a resonance order of m=52 for the FP
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microcavity. The designed resonant frequency for the system is 409 Hz. From (2.30) and
considering an optical spectrum analyzer with a wavelength resolution of AA =10 pm and
assuming that we are only limited by the optical spectrum analyzer resolution; the resolution da

of our device is calculated as (Eg. (2.30):

52(27409)2 x 10 pm
a =

A = 175 ug (2.36)

This can be improved 52 times (6a = 3.4 ug) if the FP order m is reduced to 1. This
demonstrates the potential of a FP based optical accelerometer. In other words, the device

resolution can go below 10pug if small gap is used for the FP cavity.

2.6 Variable optical attenuator-based accelerometer

VOA-based optical accelerometer presented here uses the shutter modulation based on
transmission mode to modulate the beam intensity of a multimode strip silicon waveguide. A
DBR mirror is used as a shutter to block the light. The shutter is moved perpendicularly to the
central propagation axis of two multimode strip silicon waveguide separated by a small gap
(Figure 2-10). As the shutter displaces sideways (due to acceleration), less or more light is
coupled from the input to the output waveguide. In order to model the structure we must first
study the propagation and coupling theory of multimode waveguides. Geometrical optics (ray
optics) approximation can be used when the wavelength is much smaller than the feature size.
Since the core diameter of a multimode waveguide (10-20um in our case) is much larger than the
wavelength of light (A=1.55 pm), many characteristics of light propagation in multimode

waveguides including coupling loss can be described by ray optics.

Input (transmitting) waveguide

h |

Output (receiving) waveguide

<«——Bragg Mirror (Shutter)

Mirror displacement
direction

Figure 2-10: Shutter modulation based on transmission mode
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2.6.1 Sources of loss in an optical waveguide

There are two different types of loss that must be distinguished when an optical waveguide is
measured, insertion loss and propagation loss. The propagation loss is the loss related to the
propagation in the waveguide, whereas the insertion loss is the total loss of the waveguide
including both the inherent loss and the coupling losses. The propagation loss in an optical
waveguide originates from three sources, namely, scattering, absorption and radiation. Each of

the contributions of these three sources to loss will be discussed here.

Scattering

There are two types of scattering loss in an optical waveguide: 1-volume scattering originated
from imperfections in the waveguide material, such as crystalline defects, contaminant atoms, or
voids and 2- scattering due to the waveguide sidewall roughness or interface scattering. The

volume scattering has usually less contribution compared to interface scattering [52].
Absorption

Band edge absorption and free carrier absorption are two main sources of absorption loss in
waveguides. When a photon with energy greater than the band gap of the waveguide core (in our
case silicon) travels in the waveguide, it gets absorbed by the band gap and excites the electrons
from the valence band to the conduction band. To avoid that, the energy of the travelling photon
must be lower than the material band gap. Silicon has a band gap of 1.1 ev or band edge
wavelength of 1.1 pm. Above this band edge, silicon can be used as waveguide material, however
below it; silicon can be used as a good absorber. Band edge absorption loss of silicon at
wavelength of A = 1.55 um is below 0.004 dB/cm.

Radiation

Ideally, radiation loss of a straight waveguide should be very small. This type of loss denotes
leakage from the waveguide due to imperfections (such as slight damage on waveguide due to
fabrication mask defects) into the surrounding media or for a rib waveguide, leakage of higher
order modes into the planar adjacent region. The mode scattered from the defect can be coupled
to another mode and get lost if that mode is leaky. Another source of radiation loss can be due to
the leakage of light into the cladding. For example for the case of SOI substrate if the buried

oxide layer is not sufficiently thick enough, the guided mode can penetrate into the oxide layer
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and lose energy by radiating from the oxide layer into the substrate. The minimum required
thickness for the buried oxide layer varies from one mode to another and it also depends on the
size of waveguide. As the thickness of a planar waveguide reduces, less confined is the
fundamental mode and therefore the more the mode tail extends into the cladding. Therefore the
thinner the waveguide is, the thicker cladding is required to prevent the mode of leaking into the
substrate from the cladding.

2.6.2 Modeling of multimode waveguide coupling with shutter modulation

To model the shutter modulation, we must first study the coupling behavior between two
multimode waveguides. This is a common case in telecommunications particularly in fiber optic
connectors or splices. Calculating losses in the output waveguide (receiving waveguide) due to
the large number of modes, diverse loss, and unknown coupling coefficient of each mode in a
multimode waveguide, is tremendously difficult. The refraction profile of the waveguides have
step index profile. The ability of a step index multimode waveguide to accept optical energy or

numerical aperture is given by

NA = sin 8,4, = /ngor —n% =+n? -1 (2.37)

where 6,,,, IS the maximum acceptance angle by the fiber, nc, is the core refractive index of the
waveguide, and n is the refractive index of the waveguide cladding (see Figure 2-11). Eq. (2.37)
gives the maximum acceptance angle with respect to the waveguide axis at which light rays can
propagate and still be guided by total internal reflection. Any light entering that point of the core
at angles greater than 6,,,, will be quickly lost through radiation modes (modes that are lost
locally at the splice) or leaky modes (modes that are lost within a certain travelling distance).
Orange ray in Figure 2-11shows a leaky mode. Assuming two identical aligned waveguides with
no gap, @ is identical for both waveguides end facet and does not change across the interface. For
splices with air gap, the reflection losses at the interface must also be taken into account. Another
important parameter that should be considered for the model is the optical power distribution
over the waveguide core surface. For step index waveguides, each mode exclusively corresponds
to the angle of propagation in the waveguide core. Therefore the angular power distribution at
any point on the core is directly related to the modal power distribution.
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Figure 2-11: Schematic of light propagation in a step index waveguide. 8,,,, 1S the maximum
acceptance angle with respect to the waveguide axis at which light rays can propagate and still be
guided by total internal reflection. Any light entering with angles greater than 6,,,, will be

quickly lost through radiation or leaky modes.

2.6.2.1 Optical power distribution model for multimode silicon waveguide

Since the sidewall roughness are periodic along the waveguide, the scattering loss is affected not
only by the amplitude of the roughness, but also by the distance period of the roughness (mean
distance between the scattering points), called autocorrelation length. The surface roughness is
usually modeled with two autocorrelation functions: exponential and Gaussian. For waveguides
that their sidewalls are defined with photolithography process, the exponential function best
describes their autocorrelation [62]. These two autocorrelation functions are defined as follows
[62]:

u u?
C(u) =a*exp (—L—) , C(w) =3d°exp <_L_2>

c

where C(u) is the autocorrelation function of real roughness function of the sidewalls, & and L,
are standard rms deviation of the roughness and autocorrelation length respectively. According to
Marcuse [53] for a multimode dielectric slab waveguide, the power distribution is uniform over
the slab waveguide core if the waveguide is sufficiently long. The power profile depends on the
correlation length (L. or sometimes is abbreviated as D) of the roughness. If the ratio of
correlation length to the slab half width (d) is large enough (= 35), regardless of initial excided
modes, the power distribution settles down to a steady state distribution. He explains his theory

as follows:

“For very long correlation length each mode carries an equal amount of power regardless of the

shape of the power versus mode distribution at the beginning of the guide. This is due to the fact
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that for long correlation length only the high-order guided modes lose power directly to the
radiation field while the guided modes couple in such a way that only next neighbors exchange
power. For small correlation lengths, as D/d decreases more power is carried by the lower-order
modes. For very small values of D/d (less than unity) essentially all the power is contained in the
lowest order mode. This can be explained as the fact that for very short correlation length all
guided modes couple directly to radiation. Higher order modes lose power by this mechanism at a
higher rate than lower order modes. In addition, each guided mode couples to all the other guided
modes. Since the lowest order mode loses the least power to radiation it is the one that survives

after all the other modes have lost nearly all of their power”.

In reality, waveguides do not have perfectly smooth walls due to the fabrication imperfections
(mask and etching errors) and have roughness on their sidewalls (Figure 2-9 (c)). In our case, the
waveguides have roughness only along z direction generated by the roughness of mask edges and

scalloping during DRIE process (Figure 2-12).

Figure 2-12: Schematic view of our multimode rectangular waveguide. The top and bottom walls

are smooth and only the sidewalls have roughness.

Due to the presence of side wall roughness, as light travels, guided modes exchange power
between each other continuously. This leads to the coupling between guided modes and radiation
modes. As a result they radiates from the waveguide core into the cladding leading to scattering
loss for the waveguide. Especially when the autocorrelation length is close to the operational
wavelength, the sidewalls of waveguide act as a grating and generate higher losses. If the
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autocorrelation length approaches one quarter of the operational wavelength, the scattering losses

can be very large.

Marcuse [53]-[61] stated in his coupling theory and coupled power theory that as modes
propagate in a waveguide with wall roughness they meet to a specific distribution called steady
state distribution where the average power ratio between modes remains constant although the
instantaneous power ratios might fluctuate. The power distribution between the modes depends
on the amplitude of roughness and the autocorrelation length. As modes propagate in the
transition region, their propagation loss and power distributions vary before reaching the steady
state distribution. The required distance to reach the steady state distribution is called equilibrium
length. This is very important as at the steady state, the power distribution is uniform independent

of the initial field that excited the waveguide.

Many people tried to investigate the propagation loss or power distribution in a rectangular cross
section waveguides. Some used 2-D effective refractive index approximation [62], [63] while
others approximated the radiation modes with the free-space cladding modes [64]-[66]. However
both methods were based on approximation and even invalid in some cases. Many other methods
have been used such as volume current method [65]-[70] and ray tracing [71] but they were either

dealing with single mode operation [65]-[70] or only propagation loss [71].

High index contrast waveguides have been studied and precise analysis have been reported [69],
[72]. However the studied waveguide in [72] is single mode and they only focused on the
propagation loss. A three dimensional exhaustive analysis on different types of rectangular
waveguides with any refractive index contrast including silicon rectangular waveguides were
reported in [69], however they only focused on the single mode operation. Papakonstantinou et
al. [73] studied for the first time the radiation and guided modes propagation in a highly
multimode rectangular strip waveguide with sidewall roughness using new method called
Radiation mode Fourier Decomposition Method (RFDM). Using coupled mode theory they
calculated the radiation modes, equilibrium loss, length and more interesting, the power
distribution of a 50umx50um waveguide (supporting 1052 bound modes) as a function of wall
roughness and autocorrelation length. The waveguide core has a refractive index of 1.5249 and
cladding of 1.5560 for the operational wavelength of A=850 nm. They showed that modes with

different symmetry do not interact with each other in the presence of sidewall roughness. As a
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result, two sets of modes propagate independently inside the waveguide and gradually converge
to two uncorrelated distributions at steady state. In their simulation they used a waveguide with 4
pm autocorrelation length (L) and sidewall roughness deviation (&) in the range of 10nm-
100nm. They showed that, as the roughness increases, the steady state loss increases for both
mode symmetries. High sidewall roughness causes guided modes to be coupled more strongly to
the radiation modes, leading to a larger propagation loss at equilibrium. Despite steady state loss,
the equilibrium length decreases as roughness increases. This is due to the guided-to-guided
modal coupling increment adding to existence of guided-to-radiation coupling. More guided
modes are coupled to each other, faster they exchange energy and in shorter length the
equilibrium is reached. Authors cannot yet explain why the steady-state loss for the odd—odd
(electric field with odd-odd mode number), even—odd (electric field with even-odd mode
number), group is higher than that of the even—even (electric field with even-even mode number),
and odd—even group (electric field with odd-even mode number). What is more interesting is that,
only fundamental mode (first even-even mode or 00 mode) out of 537 modes belonging to even—
even/odd—even group modes and the first even-odd mode (01 mode) out of 515 belonging to the
odd—odd/even—odd group modes survive at equilibrium. Equilibrium length for example for a
waveguide with L;=4 um and side wall roughness of 30 nm according to their result is 43.1 m.
Authors [73] showed that this dual-mode operation is expected for all autocorrelation lengths and
roughness deviations. They also examined the effect of the autocorrelation length of the
roughness on the steady state loss for different mode groups for =25 nm. Their result was a
confirmation to what Marcuse [[55], p. 187] predicted: the steady-state loss reaches a maximum
value when the width of the slab (or the radius of the fiber) is 0.3-0.4 times smaller than the

autocorrelation length.

A. D. Donato et al. [74], have also studied the stationary mode distribution and sidewall
roughness effects in multimode polymeric optical waveguides. In their study, they considered a
waveguide with roughness in three dimensions and showed that higher orders of modes are more
affected by roughness. This is a confirmation on Papakonstantinou results. They also showed that
for a waveguide with top and bottom smooth walls (Figure 2-12), the power between the guided
modes are distributed relatively uniform. However lower modes are less affected by the
roughness in propagation direction (z direction).This is valid for our case, as we only have
roughness along the propagation light direction (z) whereas top and bottom surfaces are smooth.
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It has also been shown that in a multimode fiber if all the modes are excited equally, the power
distribution at any point on the core is uniform and the distribution of power exiting the fiber end
has the similar shape as the index profile [77]. Many authors have used uniform power

distribution model to calculate the splice loss [78]-[84].

Some other people used another method called Gaussian power distribution model ([85], [86])
which was able to compute the splice losses in fibers more precisely. This model assumes that the
power distribution within the solid angle defined by the numerical aperture at any point on the
fiber core has a Gaussian form. This model was verified by Metter [86] for different source of
losses such as refractive index mismatch and transversal misalignment (Figure 2-25) between the
transmitter fiber and receiver fiber. The difference between the calculated loss and the measured
loss in the case of refractive index mismatch was less than 0.04 dB and in the case of transversal

misalignment was 0.1 dB.

Lenz et al. [87], studied the modal power loss coefficient of highly overmoded rectangular
dielectric waveguides (30 pmx30 pm), in the presence of sidewalls roughness. They
approximated the radiation modes with free space modes. They validated their method by
comparing their results with a slab waveguide for which its exact loss coefficient and radiation
loss based on free space modes are known (reported by Marcuse [57], and Wang [88]). The
refractive index of the core and cladding are chosen to be 1.01 and 1 respectively in their
simulation for A= 1 um. They used Guassian autocorrelation function in their model with
correlation length of D=0.05d/2=750 nm. They also showed that the mode loss coefficient
increases as the mode number increases, i.e. higher modes experience more loss than lower
modes. As they explain, this is because the difference between the propagation constants of a
higher order mode and a radiation mode is smaller than that of a radiation mode and a lower
order mode. As a result, this matching offers better coupling efficiency to radiation modes for

higher modes.

In conclusion, for a multimode waveguide having side wall roughness at the interface between
core and cladding, as light travels, higher order modes experience more scattering loss with a
higher rate than lower order modes. As a result not only they constantly exchange power to their

next neighbors but also after a certain length (called correlation length) they are coupled to
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radiation modes and get lost. Since the lowest order mode loses the least power to radiation, it is

the one that survives after all the other modes have lost nearly all of their power.

2.6.2.2 Modeling

In the previous section, the power distribution over a multimode waveguide (MMW) was
considered. The stationary power distribution model was studied by many people with different
methods and has given a good agreement with experiments. Light propagation in the existence of
side wall roughness is a complex topic, particularly in multimode waveguides, as energy
continually redistributes itself between the guided modes and radiates from the core of waveguide
into the cladding due to the coupling between guided modes and radiation modes. The correlation
length seems to be a key factor that determines the limit between non-stationary and stationary
modal power distribution inside the waveguide. When a Bragg mirror is introduced in the air gap
between two MMW, more extrinsic loss will be generated for the system. When a Bragg mirror is
placed in the light path between two perfectly aligned MMW, the light beam from the
transmitting MMW (from now on it will be called input waveguide) is partially blocked by the
mirror and is then diffracted to the facet of the receiving MMW (from now on it will be called
output waveguide) and coupled into the output, leading to the modulation of the transmitted
power to the output waveguide. In our case, since both MMW are identical and perfectly aligned
(another advantage compared to Guldimann [14] configuration), most of the transmitted light is
captured by the output waveguide except the part that might be reflected or scattered from the
Bragg mirror and reaches the output waveguide out of its NA. The other way can also occur, i.e.
non-coupled light beams can be coupled into the output waveguide due to scattering or reflection
from the edge of the mirror. However, as the mirror is thin (6-8 um), this scattered light has small
contribution to the overall coupled power and is neglected.

In order to model our sensor, the following assumptions are made for the VOA sensing junction:

» Due to the large NA of the MMWSs compare to the operational wavelength, the ray optics
approach is valid to estimate the transmitted power.

» Light emitting from the input waveguide facet is at its stationary state since the MMW
length (4 mm as can be seen in Figure 4-27) is much greater than the correlation length
(100 nm).
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» At stationary state, the fundamental mode is considered as the only guided mode in the
input and output waveguides (argued below).

» Fundamental mode profile can be approximated with a Gaussian beam [107].

In the case of silicon waveguides fabricated with DRIE, the typical sidewalls roughness and
correlation lengths depend on the process and can vary from 10 nm and 50 nm [62], [69], [89] to
2nm and 50 nm [96]. Our fabricated waveguides have periodic sidewall roughness of 30 nm with
typical correlation length of 100 nm. According to Marcuse, ratio of correlation length to
waveguide half width D/d <1 is sufficiently small whose steady state distribution would only
consist the fundamental mode. This ratio in our case is at the order of 0.017 (D=100 nm, d=6 pm)
which satisfies the Marcuse condition. Contrary to Marcuse, Papakonstantinou predicts dual-
mode operation for D/d less than unity but as it will be discussed in the following; only the

fundamental mode has significant contribution to the signal modulation.

According to Papakonstantinou, the first two modes of the waveguide always survive in the
presence of side wall roughness. Figure 2-13 shows optical simulations demonstrating the
intensity distribution of two first TE modes of a multimode SOI strip waveguide simulated by

FemSIM. The width of the waveguide is 12 um and the height is 30 um.

The size of the intensity profile at the MMW output depends on the cross section size of the
waveguide. The larger the waveguide cross section, the broader the total intensity profile. This is
clear because from ray optics point of view, as the width (or height) of the waveguide increases,
beams travel more parallel, leading to the increment of the total intensity profile size. In our case,
we are more concerned about the width of the waveguide, as power is only modulated in the

lateral direction.

Although the superposition of both modes intensity in the case of dual-mode operation provides
relatively uniform intensity profile along the X direction, it predicts a nearly (approximated)
Gaussian intensity profile in the Y direction (along waveguide width). Since both guided modes
have approximately the same lateral mode size, and also due to the profile of the power
distribution of the second mode (zero power at the center and maximums at the sides), the total
intensity (superposition of both modes intensity) around the center of waveguide offers
approximately the same lateral intensity profile as the fundamental mode. Therefore from now on

we consider the fundamental mode as the only guided mode in our simulations.
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Figure 2-13: Simulated intensity distribution of first two modes of a multimode SOI strip
waveguide with 2d (width) =12 um, 2b (height) = 30 um: (a) Fundamental mode, (b) first even-
odd mode (01 mode).

» Since the Bragg mirror is thin (6-8 um), its width will not be taken into account in the
model. Therefore the scatered or reflected light from the edge of the mirror (and coupled
into the output waveguide) are neglected.

In the simulations, the effect of Bragg mirror on the mode power distribution after the mode is
blocked by the mirror is neglected since the mirror is thin. In other words, since the mirror is thin,
the contribution of scattered or reflected light from its edge is negligible. Note should be taken
that calculating the exact contribution of scattered/reflected light caused by mirror thickness in
the overall output power is very complex as the mirror surface roughness should also be taken

into account.

» The coupling loss due to the existence of the air gap (longitudinal offset) between the two
input and output waveguides (15-25 pum) can be neglected as the generated longitudinal
loss in this case is very small.

To validate this assumption, we will study the coupling loss between two Gaussian beams using
coupling theory. Coupling coefficient n between two Gaussian beams having beam waist radius
of wp and w; or two single mode waveguides caused by longitudinal misalignment z between

them is given by [91]
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where Zg is the Rayleigh range z; = ”ng . Figure 2-14 shows the longitudinal coupling loss

variation as a function of longitudinal distance between two beams for three different beam

radiuses.
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Figure 2-14: Longitudinal coupling loss variation as a function of longitudinal distance between

two Gaussian beam having equal beam radius for three different beam radiuses.
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As seen, the smaller the beam radius is, the higher the longitudinal coupling loss is for a certain
distance. However for small gaps, the generated loss is very small. From Figure 2-14, in our case,
the longitudinal coupling loss for our used gap (15-25 um) is less than 0.75 dB for the guided
mode with beam radiuses greater than 4 pum. The beam radius of the fundamental mode in a
silicon waveguide depends on the waveguide width and can only accurately be determined with
analysis methods. From Figure 2-13 the beam radius of a waveguide having 12 pm widths is

extracted to be 4 um.

It is worth noticing that although increasing the gap between input and output waveguides will
generate more coupling loss, increasing the gap between the input waveguide and Bragg mirror
can increase the usable linear range. The reason for that as can be seen in Figure 2-16 is, as the
mode leaves the input waveguide end facet and starts propagating in the free space, its spot size
(beam diameter) begins to diverge (due to non-existence guiding medium for the mode), leading
to a broader uniform power region available at the Bragg mirror position. The beam divergence
of a Gaussian beam with an initial beam diameter (beam waist) of 2wo is given by [108]:

z
wi=wo (14— (2.41)
R

where w; is the waist size of the beam at position z; and zy is the Rayleigh range. Figure 2-15

shows the evolution of beam radius as it travels in free space.



48

Gaussian beam divergence versus travelling distance for three different initial beam radius (A=1550 nm)
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Figure 2-15: Divergence of a Gaussian beam as it travels for three different value of initial beam
radius (A=1550 nm).

Now let’s study the absolute attenuated output power caused by mirror displacement. A. Q. Liu et
al. [90], have optically modeled a MEMS-VOA with shutter modulation using two single mode
fibers as input and output. Although Liu’s method is accurate, it is very complex. We would like
to estimate our coupled output power with a simple analysis using scalar optical theory without

missing too much information about the output signal.

Figure 2-16 shows the diagram of our optical model similar to Liu’s model. Light beam of
transmitting silicon MMW (input waveguide) is partially blocked by the Bragg mirror and then is
diffracted to the facet of the receiving silicon MMW (output waveguide) and coupled into the

output.
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Figure 2-16: Schematic of the optical model for VOA-based sensors

Note that according to ray optics, the incoming mode can be considered as a superposition of
plane waves propagating in different angles. Since the width of output waveguide is greater than
the spot size of incoming light (fundamental mode of input waveguide), ideally all light power of
the beams propagating within the numerical aperture of the output waveguide can be captured by
the output waveguide.

The coordinates of the input fiber, the plane after the mirror, and the output fiber facet are
represented by (x,y,0), (x,v,,z,), and (x,y, z; + z,) respectively. The electric field profile of
the guided mode at the input waveguide end approximated with a Gaussian beam is given by,

x? + yz)

E(x,y,0) = Eo(x,y) = exp <— 2
0

(2.42)

where wy is the beam waist radius. Electrical amplitude do not contribute to the final result
(transmission loss), therefore it is considered to be unity. The field distribution of the beam right
before the mirror (distance z;) can be represented as a Gaussian beam with new beam waist size

W1
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Xty 2) (2.43)

E(x,y,z) = exp (— 2
1

where w; is defined in (2.41). Therefore, the field distribution right after the mirror can be

expressed as (neglecting the mirror width):

x% + y? .
E(xy,2) ={“P\ 777 ro T (2.44)
0 x < —Xg

where x, is the initial position of the mirror (mirror top edge distance from the waveguides

optical axis). Power distribution right after the mirror is then given by:

M) (2.45)

P(x,y,2z,) = exp <— W2
As mentioned previously, since the width of output waveguide is greater than the spot size of
incoming light (fundamental mode of input waveguide), and since the gap between the mirror and
the output waveguide is small, beams that are propagating within the numerical aperture of the
output waveguide can be captured by the output waveguide. Therefore we can consider the same
power function as (2.61) for the transmitted power to the output waveguide. The transmitted
power P, to the output waveguide when no acceleration is applied (x, = 0) is therefore
represented by,

+00 +00

2(x? + y?
Py = f f exp <— (—Zy)> dxdy.
Wi

—00 0

(00} 2 . . . - - - -
Term f_+oo exp (— ZWLZ) dy will be eliminated at the end as the transmission loss is going to be
1

calculated (ratio of powers). Therefore the lateral transmitted power Py is:
+00

2x?
Pw:f exp | —— | dx.
Wi

0

Knowing that,
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Lateral transmitted power to the output waveguide P, (if the divergence of beam from z, to z,

is small) when mirror is moved to position x, (due to applied acceleration) is:
+00 2x?
Py, = fxo exp (— ?) dx .

Knowing,

+ 00 ) 1
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where E7f(Vax,) is the error function. Therefore,

Pryy = \/7W1 lErf(+00) Erf (—x(,)l le ll —Erf <—x0>] (2.49)

Figure 2-17 shows the normalized transmitted power to the output waveguide as a function of

mirror position x, for three different beam radiuses (at mirror position) of 3 um, 4 um, and 5 pm.

Lines fitted on the curves at x, = 0 are shown with solid lines. Lines with 5% deviation from
fitted lines are also shown (dotted lines), representing the maximum linear range with 5%
uncertainty. As seen in Figure 2-17, curves have maximum slope (maximum sensitivity for the
sensor) at the center. This is the reason why mirror is designed to be positioned at the center of
waveguide when no acceleration is applied. Another reason is that, the sensor has linear response
only around the center of the waveguide (propagation axis) due to its uniform power distribution
around the center. The range of linearity depends on the beam radius and increases as the beam
radius increases. For instance for a structure with input waveguide having w;=3 pum beam radius

at the mirror position, the sensor has a linear response between -1 pum to +1 um (linearity better
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than 0.5%), providing a linear displacement range of £1um. This rage is increased to £1.7 um for

the case of w;=5 um (indicated with vertical dashed line).

The maximum displacement of a moving mass with dimensions of 1000 umx1000 pum (proof
mass displacement for applied acceleration with the magnitude of gravity) depends on the springs
dimensions and varies from 0.16- 2.2 um as represented in Table 3-2. The width of the
waveguide therefore should be chosen based on the proof mass MEMS design such that, the
maximum displacement of the proof mass due to the gravity would fall into the linear range

determined by the waveguide width (or guided beam radius).
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Figure 2-17: Normalized transmitted power as a function of mirror position for three different
beam radiuses seen at the mirror position. Black solid lines are the lines fitted on the curves at the
initial mirror position x, = 0. Dotted lines are the lines fitted on the curves to calculate the linear

range response of device with 5% uncertainty.

The attenuation L, (ratio of the lateral transmitted power to the initial lateral transmitted power in

decibel) is given by,
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P
L, = —10log -2 (2.50)
Py

Substituting (2.47) and (2.49) into (2.65),

P V2
L, = —10log ;‘0 = —10 log [1 — Erf <W—xo>l (2.51)
1

10

Figure 2-18 demonstrates the evolution of output power attenuation caused by mirror movement
as a function of position of the Bragg mirror for three different beam radius values of 3 um, 4
pm, and 5 pum. As seen, the attenuation per mirror displacement or optical sensitivity inversely
increases (as predicted before) with the size of the lateral mode seen by the mirror at the mirror
position. As an example, if the initial beam radius (in the input waveguide) is 3 um and the gap
between the input waveguide and the mirror is 15 um, the new beam radius at the mirror position
from Figure 2-15 will be 4 um. If the mirror displaces 1 um (x,=+1) from its initial position
(x,=0) due to an applied acceleration, from Figure 2-18, AL,=2.1 dB, leading to 2.1 dB/um
optical sensitivity. On the other hand the mirror displacement sensitivity depends on the proof
mass-MEMS architecture design. For example from Table 3-2, for a device having a proof mass
of 1000 umx1000 um fabricated on a SOI wafer with 75 um thickness and spring parameters
listed on the last row of the table, the proof mass displacement sensitivity is 2.2 um/g leading to

total 4.6 dB/g sensitivity for the device.
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Figure 2-18: Attenuation in power output versus mirror position for VOA- based sensor devices

for three different beam radiuses seen at the mirror position.

2.6.3 Sensor Dynamic Range

The tuning range of VOA-based devices is determined by the lateral guided mode size at the
mirror location which is directly related to the waveguide width at the VOA junction. On the
other hand, the linear response range is determined by the regions where the power of the guided
mode is uniform. These are the regions nearby the optical axis of the waveguide. For instance, for
a beam having a beam radius of 3 um, a linear range from +1 pm to -1um with 5% uncertainty is
extracted from Figure 2-17, providing a total linear dynamic range of 2 um. This range is
increased to 3.4 pum when the beam radius is increased to 5 pm. Although increasing the
waveguide width at the VOA junction enlarges the mode size and as a result, provides a larger
tuning range for the device, it reduces at the same time the sensitivity of the device (Figure 2-18);
unless the proof mass displacement is increased accordingly by lowering the resonance
frequency. Therefore there is a trade-off between the sensor linear dynamic range and the device

optical sensitivity.
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2.6.4 Sensor Sensitivity

The total sensitivity of a VOA-based device is the result of multiplication of both device
mechanical sensitivity or proof mass displacement sensitivity and device optical sensitivity and
is: 1- inversely proportional to the system resonant frequency and, 2- inversely proportional to
the lateral guided mode size in the waveguides (which is related to the waveguides width) at the

VOA junction (more intensity modulation for unit displacement).

2.7 SOl waveguides

A SOI waveguide is a waveguide that is created with a silicon layer atop of the oxide layer
(device layer) on a SOI substrate (Figure 2-19). In this case, the core of the waveguide is the
silicon layer that is surrounded by air on top and the oxide layer underneath called buried oxide
(BOX). Air and the BOX layer both have lower refractive index compared to silicon, acting as
the waveguide cladding. There are mainly two types of SOl waveguides that are commonly used
in microphotonics integrated circuits, namely rib waveguides and strip waveguides. Figure 2-19

shows the schematic of a SOI rib and a strip waveguide.

Si device layer

~a SiO,

SiO, H

Si substrate Si substrate

(@) (b)
Figure 2-19: Various types of SOI waveguides: (a) rib waveguide; (b) strip waveguide

Since the required dimensions for being SM for a SOI strip waveguide is small (order of sub-
micrometer) compare to that of fiber, the coupling efficiency is very low for fiber—waveguide

coupling in this case [97].

Silicon rib waveguides are often used as SM optical waveguides in microphotonics integrated
circuits. These kinds of waveguides are large (compared to SM strip waveguides) and do not

create high confinement like strip waveguides. Their advantage is their large size which eases
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coupling (to the optical fibers), reduces scattering losses and increases fabrication tolerances. SOI
rib waveguides with large cross sections (several micrometers) have been developed [92], [93].
Unlike strip waveguides, rib waveguides can be SM even at dimensions over 10um. For rib
waveguides, the higher order modes escape into the surrounding slab regions (i.e., Region Il in
Figure 2-20(a)) during the propagation and consequently equivalent SM propagation in the rib
region is realized. SM condition for SOI waveguides was studied in 1991 by Soref et al. in [95]

and is given by

r>05 @) (2.52)
r
t<==+03 (b)

where r and t are called normalized rib height and normalized rib width, respectively and are
given by r =h/H, and t=W/H (Figure 2-20 (a)). Due to the Soref’s width limitation (Eq. (2.52)-b),
all higher order horizontal modes acquire higher effective index than the fundamental mode,
hence leaking into the one dimensional slab waveguide that surrounds the rib. On the other hand
Eq. (2.52)-a guarantees that all higher order vertical modes will leak into the slab and become

radiative.

Optical simulations were carried out to map the modal power distribution in the waveguide. A
mode solver that uses finite element method (FemSIM) is used to find the power distribution and
the number of guided modes in the waveguide. Results agree with the Soref’s theory showing
that the fundamental TE mode is the only guided mode in the waveguide. Figure 2-20 (b) shows
the intensity distribution of the guided mode in the SM SOI rib waveguide. Losses in SM strip
waveguides typically range from 0.2 to 5 dB/cm [96]. On the contrary, rib waveguides, due to

their larger dimensions, typically have lower losses (< 0.1 dB/cm [92]).

SOI waveguides have been previously integrated with other micro optical components for
different applications [98]-[105]. Single mode SOI strip waveguides have been integrated with
micro-ring cavities for bio sensing purposes [98], [99]. Rib waveguide have also been integrated
with Bragg reflectors to form Gires—Tournois interferometers [100] or tunable in-plane FP
cavities [101]-[105].These tunable in-plane FP cavities have been used for thermo-optic tuning

[104] and refractive index measurement [105].
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Figure 2-20: a) Cross section of rib waveguide, b) Simulated intensity distribution of the
fundamental TE mode of a single mode SOI rib waveguide with W=10 pm, H= 15 pm, and h=12

um.

2.7.1 Scattering loss estimation in a strip multimode SOI waveguide

Let’s now evaluate the interface scattering loss for our multimode strip SOI waveguides. We can
only consider the vertical side walls of the waveguide as the main sources of interface scattering
loss since the upper and lower waveguide interfaces have smooth surfaces. As a result, we can

approximate it with a planar waveguide constituting sidewalls as it is shown in Figure 2-21.

W <,

Figure 2-21: In a silicon strip waveguide fabricated on SOI substrate, upper and lower interfaces
of waveguide have smooth surfaces compared to sidewalls. As a result to estimate the scattering
loss, the waveguide can be approximated with a planar waveguide constituting of sidewalls.
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The loss coefficient of a mode propagating in a planar waveguide due to interface scattering
studied by Tien [93] is approximated with [52], [93]:

cos3 0 (4mn.. (02 + g2)1/2\*
_ ( cor( u l ) > (253)

% = Zsing Ao

where & is the propagation angle of the mode (Figure 2-22), ncr is the refractive index of core, o,
and o, are the variance of the upper and lower surface roughness (or r.m.s roughness)
respectively, A, is wavelength where the loss is going to be measured for, W is the planar

waveguide width, and k,, and k,; are the decay constants perpendicular to the waveguide
surface (ky = Ngorkoy = Neorko cos 8 Where kg, = 27T//lo) in the upper and lower surfaces

respectively.

n Air

Air
nclad

Figure 2-22: Propagation of mode in a planar waveguide.

The propagation angle ¢ of a TE mode m of a symmetrical planar waveguide (our waveguide in
the lateral dimension is surrounded by air n¢ag =1, therefore it is a symmetrical planar waveguide)
can be calculated from the following equation [52]:

2

) \/Sinz 0 — (ndad/ncor)

cos O

koneoyW cos @ — mm = 2tan™ (2.54)

In our case W=12 pm.
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For comparison, if only fundamental mode TE, (m=0), first TE mode TE, (m=2) and fifth TE
mode TEjo (m=10) are considered, for 1,=1.55 pm and n.,,.=3.5, and if both right and left hand
side of equation (2.54) are plotted versus cos 0, the intersection of them will determine the value
of 6 for the corresponding mode. The values extracted from the curve are 89°, 86.9 °, and 78.5 °
for TEq, TE,, and TEjo respectively. The fundamental mode has therefore higher propagation
angle than the first TE mode, resulting in less divergence for the fundamental mode as it
propagates along the waveguide compared to the first TE mode. More interesting, if W=1um,
from (2.54) the propagation angle for the fundamental mode will be 79 ©, i.e., the narrower the

waveguide, the less confined the mode will be.
Decay constants in the waveguide cladding are given by:
ki = B? — kin?

where = Ko neor Sinf. Since waveguide is symmetric, decay constants of upper and lower
surfaces are equal k,,, = k), = k. Decay constants are calculated as 13.59 um™*, 13.57 um™",
and 13.3 um~for TEy, TE,, and TEj, respectively. Typical roughness of waveguides sidewalls
after DRIE is 30 nm. Substituting corresponding values in (2.53), loss coefficients of 0.3 cm™,
9.26 cm™, and 472.7 cm™ are calculated for TEo, TE,, and TEy, respectively. Expressed in

decibels, these are equivalent to losses of 1.3 dB/cm, 40.2 dB/cm, and 2053 dB/cm. The term

cos3 6
2sin@

order modes suffer more loss due to the scattering generated by the side wall roughness than the

plays a very crucial role in Eq. (2.53) even for slight changes in propagation angle. Higher

fundamental mode. This is due to two reasons: first, the fundamental mode is more optically
confined than higher order modes, and second, since it has the largest propagation angle, it
experiences less reflection per unit length as it propagates. This is also a confirmation on what
was discussed in section 2.6.2.1 regarding modal power distribution in a multimode waveguide
(higher order modes experience more scattering loss with a higher rate than lower order modes
therefore the lowest order mode loses the least power to radiation and as a result it is the one that

survives after all the other modes have lost nearly all of their power).

2.7.2 Optical coupling to silicon waveguides

There are four main sources for coupling loss between a SM fiber and a Si waveguide, namely

scattering, reflection, modal mismatch and misalignments (longitudinal, transversal, and tilt).
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Figure 2-25 shows a schematic of coupling loss sources between a SM fiber and a Si waveguide.
Surface roughness in the junction, for both optical fiber and Si waveguide especially at the end
facet of the Si waveguide, generate scattering losses. Thus, the waveguide facets must be well
polished, cleaved or etched. Reflections appear at all dielectric interfaces, and are significant
especially at the Si waveguide’s end facet due to the high refractive index contrast between fiber
and silicon. Reflections from the waveguide end face and the fiber facet for one light round trip
(during the light coupling from fiber to waveguide) is determined by the refractive indices of the
media engaged in coupling from one medium to another, and is described by the Fresnel
equations [108]. For a light ray propagating in a medium i with refractive index n; and reflecting
from a medium t with refractive index n; for the case of normal incidence (Figure 2-23), the

reflectance is given by [108]:

R = ("t _ "i)z (2.55)

Figure 2-23: Reflection and transmission for the normal incidence case at the interface of
mediums i and t. Wave vectors and their associated electric fields are shown.

The reflection loss caused by the reflection of light at the interface of mediums i and t is given by

P, Ep\’
Reflection loss = 10lo (—) = 10lo (—) = 10log,,T
f d10 P, d10 E; Jd10 (2.56)
= 10log,0(1 — R)
where P; and P; are the transmitted and incident powers, and E; and E; are the transmitted and

incident electric fields respectively. T and R are the transmittance and reflectance and are defined
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in section 2.1.1. Therefore for one round trip of light, traveling from fiber to waveguide (air-
silicon and air-fiber) the total reflection loss is

2
1— (nfiber - nair)
nfiber + Ngir

Considering nfiper=1.5 and ng=3.5, this leads to 1.8 dB reflection loss for one time reflection

+ logqo [1 — (M)Zl} (2.57)

Ng; + Ngir

Lref =—-10 {loglo

between fiber and silicon, however due to the air gap between the waveguide and the fiber,
multiple reflections occur.

Coupling coefficient between two Gaussian beams or an incident Gaussian beam and a SM
waveguide in the case of longitudinal, transversal, and angular misalignments is given by [91]:

2pn2

_ ﬁ 1 1 n?6% 2y X002z
K(Z( w2+ Yiz) + 5 W@ + w) o (2.58)

n = Kexp

As shown in Figure 2-24, wy, is the beam waist of the incident beam, w; is the beam waist of the
SM waveguide, z is the longitudinal distance between the incident beam waist and the SM
waveguide end, and x,, 8 are the lateral and angular misalignments of the fiber axis relative to

the waveguide beam axis respectively. The coefficient k is given by

Awiw}

k= 2
| +wdyz + (/)|

(2.59)

-- Waveguide

Figure 2-24: Coupling between two Gaussian beams. In this case, the incident beam is the output
beam of a SM fiber coupled to the mode of a SM waveguide.

In the case of having multimode waveguide as recipient, the modal power of the incident beam is
coupled to different modes of the waveguide with different coupling efficiencies. This case will
be studied in next section.

In the beginning of this work, single mode silicon rib waveguides were used to guide the light

from the single mode fiber to the sensor, but because of the fabrication complexity this was
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avoided and multimode strip waveguides were employed instead. The reason why fabrication of
rib waveguides is complex is because two step lithography and etching are required to create rib
waveguides, requiring photolithography and etching on a surface with pre-existing high
topography (surfaces with high topography are usually called for surfaces having deep trenches,
for instance trenches etched in silicon with 10 um, 20 pm or 100 um height). Therefore in the
following section, only the coupling between a SM fiber and multimode strip waveguides is
studied.

(a) [ > siwaveguide (d) 4I=
Reflections Longitudinal offset
y
(b) @ () 5
Mode mismatch Transversal offset
(c) Si Waveguide ® %T{ ===
Optical fiber
Surface roughness Tilt

Figure 2-25: Different sources of optical coupling loss from an optical fiber to a Si waveguide:
(a) reflection loss caused by reflections between fiber and waveguide facets, (b) mode mismatch
between coupled modes, (c) silicon waveguide facet roughness causing scattering loss, (d) loss
due to longitudinal offset between fiber and waveguide, (e) loss generated by transversal offset
between fiber and waveguide, and (f) loss generated by angular misalignment between fiber and

waveguide.

2.7.3 Coupling efficiency between a SMF and a multimode waveguide
(MMW)

In order to estimate the optical coupling efficiency between a SMF and a MMW, the electric field

function inside a MMW has to be determined. As the BOX layer is partially etched away after



63

releasing the sensor structure (Figure 4-13) and the refractive index of silicon dioxide is close to
air, the refractive index of remaining BOX layer is approximated to have the same refractive
index as air and therefore the surrounded medium of the waveguide or cladding is considered to
be air. After using Maxwell equations and applying boundary conditions for a rectangular
dielectric waveguide with cross dimension of 2a by 2b and waveguide refractive index of n; that
is surrounded by a medium (air) with refractive index of n, (Figure 2-26), the electric field can be
calculated as [112],

M N

E(X,y,Z)ZZZququ(X, y)exp(_ijqZ) (260)
p=1 g=1

where Ayq is constant, Pyq iS the propagation constant of the mode pq in the z direction, uyy(X,y) is

the transverse electrical field distribution, and M and N are the total number of modes in x and y

directions. Transversal electrical field distributions for different regions are specified as

following:

T
N 2 psdidadisi]
S

5 1]3
1)) nq 1))

< v=-b
L y
L
%ﬁt‘i

Ny d
Y
X X=-a X=a

Figure 2-26: Geometry of the rectangular dielectric waveguide

<
N

((Ajcos(k,x + ay) cos(kyy +ay) region 1

A,cos(kyx + a) exp (—yy(y - b)) region 2
Upq(x,y) =1 Ascos(—y(x — a)) cos(kyy +ay) region 3 (2.61)
Aycos(k,ex + aq) exp (yy (y + b)) region 4

\Azexp(y,(x + a)) cos(kyy +ay) region 5

where a; and a, are constant and
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ki + k2 + B? = kin?
ki —vy +B*=kins (2.62)
k6 —vE + = ki

n? - Dr
k.a = tan_1< ;Yx> + (-1 p=12,. (2.63)
nsk, 2

1 (Vy (q—Dm
_ 1 vt =
kyb = tan (ky> + > q=172,..

v = k3(ni —n2) — k2 =kmi-nd ki = —(kE+KE) — Kin}

For a rectangular waveguide with a large number of modes, the number of modes in each

dimension is proportional to (%) NA [93], where d the length of waveguide in that dimension

and NA is is the numerical aperture defined by (2.37). The total number of modes including both

TE and TM polarization is given by [93]

2
M~ g(?) N4? (2.64)

For instance for a rectangular multimode silicon strip waveguide with 12 um width a wavelength
of A=1.55 um, NA=3.3, hence the number of modes are 2050. Figure 2-13 shows the optical
simulation demonstrating the intensity distribution of the two first TE modes of a multimode SOI

strip waveguide simulated by FemSIM.

At z=0 (where the optical fiber is coupled to the waveguide), the electric field of MMW has to
match the field of SMF.

The transverse field distribution of a the fundamental mode of a fiber LPy; can be approximated
by a Gaussian profile as [107], [55]

E(r,z)= exp(-r’/wo?)exp(-ifz), at z=0 E(r)= exp(-r’/wg°).

where wy is the spot size of the Gaussian beam.
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The electric field in the cladding can be ignored since all the optical field of MMW is confined in
the center of waveguide due to the high index contrast between silicon and air. From (2.60) and
(2.61),

M N .
E(xy,2)= D> > A cos(k,x+a)cos(k,y +a,)e (2.65)

p=L g=1
Applying the matching condition

Evmw (%, Y, 2 z=0 = Epiver(1,2)|__

2,2

M N Xty
E(x,y,0)=>> A cos(k x+a)cos(k,y +a,)=e *
p=l g=1
Assuming a;;=a,,=0
+00 _)72 +o0 _)72
Wo W
Ay = j e cosk xdx I e cosk, ydy
Knowing that
+00 ) _ﬁ
Ie_ax cos bxdx = \/ze 4a
a
—00
W 2
2 2 2
= A, = W, exp(—T"(kp +Kky)) (2.66)

Only symmetrical modes in the MMW are excited due to the boundary condition (the input field
(mode of the optical fiber) is a symmetric wave).
Coupling efficiency to pg th mode of MMW is then represented by:

2

‘ f:E(r) U (%, y)dxdy

77pq +00 ) o )
j E(r)| rer'_m U (%, Y)| dxdy
0
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2
x2+y?

4o 2
j e WO cos(kpx)cos(kqy)dxdy

o0

Tpa = T
2r2 to o 5 2
J- exp| ——— rer‘ cos“(kpx)cos®(kqy )dxdy
Wo =0
0
The nominator was calculated in above (Ayg). Also knowing

' 2r2 w2
exp| —=—— [rdr = 20—
2 4
Wo

0

sin2k;a
2K;

X sin2ax
f—

2 a2
I cos“(ax)dx ==+ J‘ cos“(kjx)dx =a+
2 4a —a

2
2.2 Wo 2 2
Arwhcexpl ——(kpc +k
7T Wo p{ 5 (kp q )J

Tpa = ( sin2kpaJ{ sin2kqa]
a+r— " Jlay— -
2, 2Kq

(2.67)

where k, and kq can be determined from (2.62) and (2.63),

2 2, 2 2 22
] i 1) (ko (n,"—n, )_kp )V
kpa—tan F K +%(p_1)7[

2 p

1
kqa =tan

(ko (nl _Ez )_kq )yz +%(q—1)7r

q

Finally zeros of the derivative of the coupling coefficient with respect to the mode number will
determine the peak of the coupling efficiency associated with that specific mode number where
the mode has the highest coupling efficiency.
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Coupling efficiency between SMF and MMF has been studied by W. S. Mohammed et al. [109].
Figure 2-27 shows the coupling efficiency curve between a SMF and two different MMF with

core radii of 52.5 um and 92.5 um as a function of mode number.

— a =525 um
—&- a=925 um (4

FaVat. WataV Vot Vabararal

g_[\
25 30 35 40

Figure 2-27: Coupling efficiency between a SMF and two different MMF with core radii of 52.5
pm and 92.5 pm as a function of mode number [109].

The radial mode number that has the highest coupling efficiency is different from one fiber to
another depending on the fiber core radius. For the MMF with 52.5 pm core radius, 5" mode has
the highest coupling efficiency and for the MMF with 92.5 um, the highest coupling efficiency
takes place for mode number 7. In conclusion only few numbers of modes with low orders will
get excited in a MMW when it is excited with a SMF. However as described in section 2.6.2.1,
this modal power distribution does not remain constant as modes exchange their power with
higher order modes due to scattering generated by fabrication imperfections such as side wall
roughness. Therefore the number of excited modes in a MMW when light is coupled from a fiber

to the waveguide is not constant and changes after light travels in the waveguide.

2.8 Gyroscopes

The working principle of a vibrating gyroscope is based on the Coriolis effect. When a structure
moves in a rotating reference frame, it experiences a force, called Coriolis force. This Coriolis

force is given by:

F,=—2m0 x ¥
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where m is the mass of the structure, v is the velocity of the moving structure, and Q is the
rotation rate of the rotating reference frame. A vibrating gyroscope consists of a mass suspended
by four springs along two perpendicular directions as shown in Figure 2-28.

Anchor

1 1
293 2"
1 1
k

2 | coigmi 7 kx
e|iIsmic
Anchor \/\/\/\/\ /\/\N\’ Anchor
—{— Mass —

N =

Z 1
2 Cx l 5 Cx
1 ky, 2
2% Y (sensing direction)

Anchor

X (driving direction)

Figure 2-28: Working principle of a MEMS gyroscope

The system is a two dimensional vibration system with two vibration modes, w, and w,. When
the suspended mass m is excited by an electrostatic force (F,) caused by a comb drive in the x-
direction, in the presence of an angular rotation (Q2) in z direction, the mass experiences the

Coriolis force in the y-direction:
|Fe| = 2mQ x x (2.68)

where x is the velocity of the mass along the driving direction. The electrostatic force is in a

sinusoidal format:
FD = FOD CoS (L)Dt (269)

where F,p, is a constant driving force and wj, is the driving frequency. Considering the system as
a damped system, the governing differential equations of the system are:
mi + ¢, x + k,x = Fp @)
" : (2.70)
my + ¢,y + ky,y = F¢ (b)

The steady-state solution of the first differential equation as discussed in section 2.3 is,
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x = Ael(@pt+@x) (2.71)
where
Fop
A= Fex
W22 N2 (2.72)
_%p Yp
( gx) * (fo (‘)Ox)
and
w
/fow_D
¢y = —tan™! | o (2.73)
1_ 95
0)2
0x

In which &, is the damping ratio and were previously defined (Eq.(2.27)) and w, = \/% .

Eq. (2.71) is the drive mode time-domain response of the system. Figure 2-29 shows the variation

in the phase angle ¢, with the frequency ratio =2 simulated for several levels of damping. When

Wox

damping is present, there is a continual change in ¢, as the ratio —2 increases. Also, regardless

Wox

of the amount of damping, ¢, =™/, is found at resonance. F;—D in Eq. (2.72) is the system

response (deflection) to a constant DC force of F;p, i.e. the system in AC mode is amplified with

the factor of,
1

\/<1 B ;))_2[2)>2 N (fo :))_(ic)z (2.74)

|H(wp)| =

0x
In fact |H(wp)|max represents the quality factor of the resonator which is a very important
parameter for the characterization of the system. The resonance frequency of the system occurs

at,

wr = wox(1— zgxz)l/2 (2.75)

providing the following quality factor for the resonator in the x-direction,
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_1/
1-¢ 2 2
Qx = IH((‘)D)lmax = % (2'76)
$x
with the phase,
2 1/2
1-2
@o = —tan™? fx (2.77)
$x
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Figure 2-29: Phase angle plotted against the frequency ratio for various levels of damping

According to Eq. (2.75), increasing damping decreases the resonance frequency and therefore the
maximum response of the resonator (Figure 2-6) and also the phase difference (Figure 2-29). As
we will demonstrate with simulations in section 3.2.1, the system is operating in weak damped
region. In drive mode resonance, assumption of weak damping (¢, «1) leads the assumption of

resonance at w,,. Thus, the quality factor from (2.76) can be estimated as,

1 mk
(@) weak damping = ? == (2.78)

X Cx

From (2.72) and (2.74), A = F,;’—:IH(wD)I = Amax = ";f—” |H(wp)| max = F,'f—fo-

Hence, the vibration amplitude is,
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x xfx
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(2.79)

This corresponds t0 wp = wg, IN (2.72) i.e., maximum displacement in x diection is achieved

when the system is drived with a frequancy equal to its natural frequency in the x direction. This

is also clear in Figure 2-6. The phase from (2.77) for weak damping is:

I
9o = —tan™*(o0) = -

Let’s now calculate the magnitude of the Coriolis force. From (2.68):

|Fe| = 2m|§ X J_C)l = 2mAwpQSin(wpt + @y) = F¢_ Sin(wpt + @)
where
Fe, .. = 2mAwp)
Substituting in Eq. (2.70)-b yielding similar answers as (2.71) and (2.72), i.e.
Y = B ol(ont+ey)

where

FCm ax

is the sense mode amplitude and

Cy weak damping 1

k
2 - Y = _ = —
Yoy = and &y 2mwo,, 2Q,

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

Eq. (2.84) represents the sensor response that exhibits the sensor sensitivity. Substituting F_

from (2.82):
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2mAwp)

B = ky

i) o)
WGy Qywoy

Assuming that the structure will be drive with its natural frequency in x direction (wp = wq,) t0

(2.85)

get the maximum displacement (as discussed in (2.79)). Together with the weak damping

: . k :
assumption and recalling: w(z)y = Ey the sense mode amplitude becomes,

2406, 1

2
o) () 256)
wgy QywOY

The gyroscope displacement sensitivity (DSg) is defined as the sensing vibration amplitude of the

proof mass in response to unit angular velocity. It is therefore expressed as,

dB 2Awoy 1
DSg = —_— == > .
d oy 02 \2 2 (2.87)
1— 0x + Wox
w? Qyw
oy y=oy
Equation (2.87) can be expressed in a normalized way as:
Wox
w w
DSpy = =2 DS, = 4
2A 2 \2 2
_Wox | ( Wox )
w(z)y Qyw()y
or
Wox
w
DS,y = 4

2 (2.88)
1— (m)z + L(m)z
Woy Qy2 Woy
where, DS, is normalized displacement sensitivity. The gyroscope displacement sensitivity is

then expressed as
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24
DS, = w—Ostng (2.89)

Figure 2-30 shows the variation of the normalized displacement sensitivity versus % for
oy

different values of Q,. The maximum of normalized displacement sensitivity occurs at wg, =
wgy. This is called matching condition where the sensor is mechanically designed symmetrically
so that wo, = wy,, [110], [111]. As seen from Figure 2-30, as the quality factor in y direction
increases, the peak gets narrower, leading to higher displacement sensitivity.
Equation (2.89) in the case of matching condition is simplified to:

24Q,
= ™

DS, (2.90)

Higher displacements for both VOA-based and FP-based sensors corresponds to higher
sensitivity for the sensors, as for the VOA-based more input signal gets modulated and for the
FP-based, the FP gap changes more, leading to larger shift in the wavelength at the output (Egs.
(2.14) and (2.21)). According to (2.88) and (2.89), to attain a highly sensitive rate sensor, it is
necessary to have a high quality factor, high amplitude of vibration, and matching between

resonance frequencies of the driving mode and the sensing mode.

Q, = 4000 ]
—— @, =700
——Q, =150
10%¢ &=
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Figure 2-30: Normalized displacement sensitivity of the gyroscope versus woy’ woy for different

values of Qy
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2.9 Conclusions

Theory of FP-based and VOA-based devices (accelerometers and gyroscopes) was studied. When
a FP-based device is actuated (by either applied acceleration or angular frequency), the FP
resonance wavelength is modulated as a result. The FP microcavity consists of two distributed
Bragg reflectors (DBR), in which one DBR mirror is attached to the proof mass of the system. As
a consequence of acceleration/rotation, the relative displacement of the movable mirror with
respect to the fixed mirror changes the cavity length (or gap) and modifies the FP resonance.
Device has a linear response (linear shift in the FP resonance wavelength) to both applied
accelerations and angular frequencies. Device can be tuned over its FSR which is inversely
proportional to the cavity length. The tuning range increases not only by using small gap but also
with the spectral width of the mirrors. The spectral width of the Bragg mirrors depends on the
order of the Bragg mirrors. The lower the order of the Bragg mirror (thinner silicon/air layer) is,
the larger the bandwidth . As a result, the dynamic range of the sensor increases by decreasing the
FP gap and the width of Bragg mirror’s walls. The sensitivity of the sensor is proportional to the
finesse of FP resonance peak and inversely proportional to the mechanical resonance frequency.
In other words, the sensor requires low resonant frequencies (larger mass and softer springs) and
high finesse to attain high sensitivity. However using low resonant frequencies will reduce the

frequency bandwidth of the sensor. Sensor has the potential to achieve ug resolutions.

The VOA-based device is a MEMS variable optical attenuator (VOA)-based sensor. A Bragg
mirror that is attached to the sensor proof mass is positioned in the middle of the gap of two
multimode waveguides: transmitting (input) and receiving (output) waveguides. When the
device is actuated by the applied acceleration, the intensity of the transmitted light to the output
waveguide is modulated by the displacement of the Bragg mirror. The modal power distribution
in a multimode waveguide was studied in this chapter. As light travels in a multimode waveguide
(due to the presence of side wall roughness) high order guided modes exchange power
continuously between each other faster than low order modes. As a result, higher order modes
radiate from the waveguide core into the cladding leading to scattering loss for the waveguide. A
model called stationary power distribution was verified (by reviewing the state-of-the-art) and
used to model the modal power distribution in the multimode waveguide. According to this

model, the power distribution in a waveguide after travelling distances longer than the correlation
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length of waveguide (measured from sidewall roughness) reaches a stationary state where all
guided modes couple to radiation modes except the lowest order mode (fundamental mode) that
loses the least power and survives. Applying this model to the VOA-based sensor, device
sensitivity depends not only on the resonance frequency but also the lateral fundamental mode
size in the waveguide at the VOA sensing junction. A low resonance frequency and small lateral
mode will result in a better sensitivity for the sensor. Sensor shows linear response for small
displacements around the waveguide optical axis. The required displacement range to attain
linear response depends on the intensity profile of the fundamental mode which is directly related

to the width of the waveguide at the VOA sensing junction.

Regarding the gyroscopes, when the proof mass of the sensor is driven along the x-axis in the
presence of an applied angular rotation which is perpendicular to the sensor plane (z-axis), a
Coriolis force induces, causing the proof mass and the attached VOA/FP movable mirror to
displace along the y-axis, modulating the VOA actuator/FP gap and the resultant transmitted
optical signal/wavelength respectively. Higher displacements for both VOA-based and FP-based
sensors correspond to higher sensitivity for the sensors. In order to attain a highly sensitive rate
sensor, it is necessary to have a high quality factor, high amplitude of vibration, and matching

between resonance frequencies of the driving mode and the sensing mode.
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CHAPTER 3 SYSTEM DESIGN AND SIMULATIONS

In this chapter, the design details of the fabricated accelerometers and gyroscopes including
architect model of the structures, flexion designs and simulations, mode shapes, and resonance

frequencies are presented.

3.1 FP-based optical accelerometer

Figure 3-1 shows the schematic of the FP-based optical accelerometer. Device is based on an in-
plane FP with two distributed Bragg reflectors (DBR) mirrors utilizing strip silicon waveguides,
in which one DBR mirror is attached to two suspended proof masses. As a consequence of
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Figure 3-1: Schematic of the optical accelerometer based on FP filter
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acceleration, the relative displacement of the movable mirror with respect to the fixed one
changes the cavity length and modifies the Fabry-Perot resonance. The accelerometer is
symmetrical and consists of two proof masses suspended by eight serpentine flexures beams.
Although fixed-fixed springs can also be used at the sides of proof masses but that will make the
size of sensor larger in the x direction. In addition, the proof masses will be only anchored from
their sides not center where in the case of using serpentine flexures beams, the proof mass is also
anchored from the center, leading to more stability for the sensor and therefore less bending in
the z direction (lower z-axis cross sensitivity both translational and rotational). Finite element
method (using Coventor Ware 2010) is used to model the mechanical behavior of the device as
shown in Figure 3-2. The mechanical responses of sensor are also analyzed theoretically and will
be discussed later. As shown in Figure 3-2, serpentine flexure beam consists of two span beams
and three connector beams. As discussed in section 2.5.3, the mechanical sensitivity of the device
depends on the natural resonance frequency of the device. Table 3-1 lists some of considered
dimensions for serpentine beams components and their overall simulated stiffness. The thickness

of SOI wafer used to fabricate the device is 30 um.

—

—7
Span Beam Connector Beam

Displacement Mag.: 5.1E-42 26E-03 5.2E-03 7.8E-03 1.0E-02
um COVENTOR

Figure 3-2: Finite element simulation of the optical accelerometer structure containing eight

serpentine flexures beams. The red region is proof mass of the sensor.
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Accelerations parallel to the wafer plane and perpendicular to the DBR mirrors force the proof
masses to move in the wafer plane. The static response of such a suspended mass in y direction is
defined by Eq. (2.21),

k
a, = —ﬁy = —whydy

where Ay is the sensor displacement in y-direction, M is the total mass, k,, is the device spring

stiffness in y-direction, and wy,,, is the angular natural frequency of the system in the y-direction.

Using basic beam theory, the spring constant of a fixed-end beam with the length of [, width of w

and thickness of t are given by:

Etw3
y=— (3.1)
K, = 2Ew (3.2)
x l
L = Ewt3 (3.3)
z = l3

where E is the Young’s modulus (~ 150 GPa for silicon).

Table 3-1: Serpentine beams components dimensions and the overall simulated stiffness.

Thickness Span beam Span beam Connector Connector | Overall spring
(um) length (um) width (um) beam length | beam width constant
(Hm) (Hm) (N/m)
152 2 10 2 20
198 2 10 2 7.6
248 2 10 2 4
30
470 3 10 10 6.1
500 3 15 15 5.5
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The two proof masses have 8.1x107 kg mass in total. The considered dimensions for each

serpentine flexures beam component are as follows:
Span beam length: 470 um

Span beam width: 3 um

Connector beam width=connector beam length= 10 um

Since the width of the connector beams are much larger than the width of the span beams, we
can consider a serpentine flexure beam as a serial of two fixed-end beams. The effective spring
constant kg k= of two springs that are connected in series is then given by:

1 1 1 2 k, Etw3

—_— — — T — —_ — = =_2N 3.4
i k1+k2 ki=>ks > = = 0.62N/m (3.4)

where kq, k, %1 k=zare the spring constant of two fixed-end beams which are equal in this case.
Since the device consist of eight serpentine springs in parallel the total effective spring constant

of the device is,
KtOt = 8k5 = 4‘8 N/m (35)

The spring constant of the device simulated by Finite Element Modeling using Coventorware
2010 found to be K=6.125 N/m. The difference between theory and simulation originates from
the estimation (considering a serpentine flexure beam as a serial of two fixed-end beams) we

have made for the serpentine spring.

The main challenge in designing accelerometers is the manufacturing of a sensor which is
sensitive to acceleration in the desired direction but insensitive to all other cross-axis directions.
Cross-sensitivity of the device is investigated using modes analysis. Figure 3-3 shows the first
four possible modes of the structure. Thanks to the optical characteristics, the sensor is
insensitive to excitations that result in parallel motion of the Bragg mirrors (modes 2 and 4) since
the length of the FP microcavity remains unchanged. However it is sensitive to the angular or
trunnion deflection (mode 3) since the optical path of light in the FP microcavity changes in this
case (Figure 3-4.b). Although under the excitation of the resonant trunnion mode, no wavelength
shift is generated, the transmitted power through the device at the resonant wavelength is

modulated due to the finesse reduction of the microcavity caused from parallelism deviation.
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Since the frequency of this mode is well above the sensor working bandwidth, it can be
suppressed over the sensing bandwidth. Figure 3-5 presents the simulated frequency response of

the system to a constant acceleration for normal and trunnion modes.

Modal Dis. Maa (um): 0.0E+00 2.5E-01 5.0E-01 7.5E-01 1.0E+00 Modal Dis. Mag (um): 0.0E+00 2.5E-01 5.0E-01 7.5E-01 1.0E+00
409 Hz COVENTOR 3470.83Hz COVENTOR

(@) (b)

Modal Dis. Mag (um): 0.0E+00 2.5E-01 5.0E-01 7.5E-01 1.0E+00 § Modal Dis. Mag (um): 0.0E+00 2.5E-01 5.0E-01 7.5E-01 1.0E+00

3530.76 Hz COVENTOR 3823.10Hz COVENTOR

(c) (d)

Figure 3-3: Simulated first four modes of the device: a) Normal mode (excited at 409 Hz), b)
Second mode (excited at 3.48 kHz), c) third mode or trunnion mode (excited at 3.53 kHz), and d)
Forth mode (excited at 3.82 kHz). The arrows in the pictures show the displacement (or rotation)

for each mode.



81

Suspended mirror
Suspended mirror P

(@) Normal mode (b) Trunnion mode

Figure 3-4: Two expected sensitive modes for the sensor.
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Figure 3-5: Simulated frequency response of the system to a constant acceleration for the normal

and trunnion modes.

3.2 VOA-based optical accelerometer

Figure 3-6 shows the schematic of the proposed VOA-based optical accelerometer. Light is
launched from a single mode optical fiber through an integrated SOl U-groove to a multimode
SOI strip waveguide and then is split by a T-bar waveguide splitter into two arms: sensing arm
and reference arm. The light emitted from the sensing arm hits a movable Bragg mirror, which is
attached to the sensor proof mass that is suspended by springs (span beams). The position of the
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mirror edge is designed to be at the center of the waveguide when no acceleration is applied. A
similar mirror is placed in the reference arm at the same position as the other mirror in order to
have similar optical length. This second mirror is fixed and used as a reference so the reference
signal does not change with the applied acceleration. It is used to compensate the measurements
for any variation in the optical source signal and any temperature effect. The displacement of the
Bragg mirror relative to the nominal signal detected by the reference in the presence of an inertial
load modulates the coupled optical intensity from the transmitting multimode waveguide (input
waveguide) to the receiving multimode waveguide (output waveguide). Finally the output power

is detected and the magnitude of the applied acceleration is measured.

Springs

N
)

H EEHH N H E R
H EEHH N H E R
H B EE EEEEEEEE
Acceleration Sl e s
llllllllllll
H 1 1 H E B H BN EEEEEE
Sensing Direction o T ] T e T e e e
H EE N EEEEEEE.
iO0OO0OOoOOO0O0o Output Fiber
P — |
Sensing Arm ——»p V\
Input Fiber T f
< Bragg VOA Sensing Photo-
Mirrors  Junction detectors
Reference Arm ——» l

ny\:HmE\

Output Fib
Anchor utput F1ber

Figure 3-6: Schematic of the optical accelerometer based on VOA.

The overall spring’s constant of a structure with N span beams is given by (Eg. (3.1)),

NEtw?3
YT T3

(3.6)

where E is the Young’s modulus, and [, w, t are the length, width, and thickness of the beam.

Span beams with different sizes were simulated using Finite element method (Coventorware).
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Table 3-2 lists some of the results. Typical applied accelerations to satellite in space are of the
order of gravity, therefore the MEMS architecture has to be designed such that the proof mass
can moves in micrometer scales when accelerations in the order of gravity are applied to the
sensor. Maximum moving mass (proof mass) displacement caused by maximum applied

acceleration (gravity) can be calculated from the Hook’s law:

Mg
E, =Ma, = k,y= Fymax =Mg = kyYmax = Ymax = k_y (3.7)
where M is the mass of the proof mass. Substituting (3.6) into (3.7),
Psilprlls;
Ymax = NEWS (3.8)

where pg;, L,, wy, 1, and wy, are representing the silicon density, proof mass length, proof mass

width, beam length, and beam width respectively. In fact y,,../g represents the displacement
sensitivity of the sensor. Note that the displacement is independent of the device thickness as
long as the sensor proof mass has the same thickness as the springs. According to (3.6), in order
to achieve soft springs, beams have to be long and narrow. However beams sizes are restricted by

the fabrication limitations such as lithography resolution.

As expected, from Eqg. (3.7) the displacement sensitivity increases by using large proof mass or
soft springs (low resonance frequencies). The maximum MEMS displacement of a sensor with a
proof mass of 1000 umx1000 um for different device thicknesses (SOI thickness) were simulated
and are given in Table 3-2. The overall spring constant has to be small enough so that the proof
mass can displace few micrometers to be able to block partially (or completely) the light at the
VOA sensing junction arm when forces of the order of proof mass weight are applied to the
system. The required amount of displacement that can significantly modulate the signal also
depends on the lateral supported mode size in the waveguide at the VOA junction arm, which is
directly related to the width of the waveguide. In other words, the sensor sensitivity not only
increases with displacement, it is also inversely proportional to the waveguide width at the VOA
sensing junction. Depending on the MEMS design, an appropriate width for the waveguides at
the VOA sensing junction has to be chosen in order to effectively modulate the signal at the
device output. For instance for a 75 um thick device with a proof mass of 1000 umx1000 pm and
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four span beams of 1000 umx2 pum (last row in Table 3-2), the maximum displacement due to

gravity is 2.2 um, representing 2.2 um/g displacement sensitivity for the sensor.

Table 3-2: Span beams dimensions and the overall simulated stiffness. The maximum MEMS

displacement for a proof mass with dimensions of 1000 umx1000 pum is also given.

Thickness | Number | Beam Length Beam Overall Spring Max. Mass Disp.
(um) of Beams (um) Width (um) | Constant (N/m) (displacement per
gravity in um)
4 1100 5 1.9 0.37
4 800 3 1.2 0.58
4 1320 5 1.1 0.63
30
4 1000 3 0.56 1.25
4 1200 3 0.5 1.4
6 400 2 7 0.16
6 600 2 3 0.4
47
4 400 2 5 0.22
4 1000 3 1.6 1.1
7 4 800 2 12 15
4 1000 2 0.8 2.2
3.2.1 Damping

Any accelerometer is a resonant structure and needs to be damped in order to increase its useful

operational frequency bandwidth (refer to section 2.3) and also diminish the risk of breakage.

Proof mass immerged in a gas or a liquid can result in a linear response over a wide frequency

range. The viscosity of the damping fluid and the thickness of the damping layer determine the
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damping characteristics. Three types of damping, squeezed-film translational damping, slide-film
damping, and squeezed-film rotational damping were illustrated in section 2.3 (Figure 2-7). In
this section some of the simulation results are discussed.

Squeeze film theory is based on the fact that for fluid films, the damping force is proportional to
the velocity of the displacement F=cv where c is the damping coefficient. Bold characters and
those shown with a bar will be representing complex quantities. On the other hand, a squeezed
film fluid also has a spring effect: F=cv+kx where k is the spring constant. By analyzing this
system in the sinusoidal steady state, i.e. assuming:

F=Fe!, x= xe!* =>v= jco)"(ej“’t =>F = jocx + kX.

Therefore damping (also called viscous damping) and spring forces are the imaginary and real
parts of F respectively. The damping coefficient is a function of frequency extracted from the
imaginary part of F .

Finite element method is used to simulate the damping response of the structure. A mass with the
dimensions of 1000 umx1000 pum x550 pum is considered as the damping proof mass of the
accelerometer for the simulations. The gas is air with viscosity of 1.86x10 ® kg/m s. Figure 3-7
shows the simulated response of squeezed-film translational damping for two different gaps of
150 pm and 20 pm. The damping peak occurs at 36 MHz for 150 um gap. The spring force rises
rapidly. The air captured in the cavity is squeezed (like gas compressed by a piston in a cylinder).
As at low frequencies there is no closed cavity, air can run away with little resistance and the
force is small. At high frequencies (here above 36 MHz) air is imprisoned as there is not enough
time for the air to flee out of the way as the structure oscillates. The air compresses, resulting in a
spring force. As the damping force is caused by viscous stresses, if the gas compresses and does
not move too much, the damping force decreases. Imagine a gas compressed by a piston in a
cylinder. If there is no way for the air to escape in the cylinder when the piston is pushed down,
the air gets compressed and only thing you feel is a spring force resisting with your pushing
force. The system cannot be damped in this way as there is no viscous stress. This explains why
the damping force gets weaker as the frequency increases above 36MHz. This behavior is only
applicable for gases; liquids behave in a different way because they are practically
incompressible. Reducing the gap (Figure 3-7(d)) increases the damping (compare to Figure 3
7(c)) as predicted in Eq. (2.28). Figure 3-8 (a) shows the damping coefficient as a function of
frequency for the case of slide-film damping for gap=100 pm, and Figure 3-8 (b) shows the
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squeezed-film rotational damping simulation results for gap=20 pm. For the slide-film damping,
the damping coefficient increases all the way up and rises rapidly above 1 MHz. Squeezed-film
rotational damping is significant at high frequencies which is very far from the operational
frequency of the sensor and therefore can be ignored at low frequencies. From Eq. (2.28), gases
with higher viscosity provide more damping for the sensor. Different gases are considered in the
squeezed film damping simulations in order to understand the amount of effect of viscosity on
the damping. Table 3-3 compares the results. As more viscous gas is used, the damping force
frequency peak shifts towards lower frequencies. This is due to the fact that the more viscous the
fluid is, the lower frequency is needed to give enough time to the fluid to escape. Again as
explained above, the damping force is caused by the viscous stresses. If the frequency is not low

enough to give enough time to the gas to escape, the damping force will be small.
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(a) Damping force and spring force versus frequency for gap=150 pum.
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Figure 3-7: Simulated damping force, spring force, and damping coefficient of squeezed-film

translational damping as a function of frequency for two different gaps: (a), (¢) 150 um and (b),

(d) 20 pm, gas: air.
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Figure 3-8: (a) Damping coefficient as a function of frequency in the case of Slide-Film Damping

(gap=100 pm), and (b) Damping and spring torque as a function of frequency for the case of

Squeezed-Film Rotational Damping (gap=20 um), gas: air.

Table 3-3: Damping force frequency peak versus gas viscosity.

Air Nitrogen Helium Neon
Viscosity (kg/um s) 1.8e-11 1.86e-11 2e-11 3.21e-11
Damping force 5.76e7 3.56e7 3.56e7 2.26e7
frequency peak (Hz)

In conclusion, in the case of squeezed-film translational damping, reducing the gap between the

sensor’s proof mass and fixed reference frame can significantly increases the damping. Using a

gas with higher viscosity will also increase the damping however the impact is not as significant

as reducing the gap. The effect of slide-film damping is less than squeezed-film translational
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damping at low frequencies for the structure proposed here; however changing the structure
geometry (such as having etch holes in the proof mass) can affect the damping response.

3.3 Rate Sensor

Like accelerometers, rate sensors can be based on either VOA or FP. Figure 3-9 shows the
designed optical rate sensor based on FP. As discussed in section 2.8, in order to maximize the
sensor response (maximum sensing displacement), the resonance frequency in the driving
direction has to be equal or close to that in the sensing direction, meaning the structure design has

to be symmetrical.

(sensing direction)
X (driving direction)

Y
Q

Figure 3-9: Schematic view of the designed rate sensor based on FP

Side plates are used to uncouple their motion from the proof mass. They are connected to the
proof mass through separate beams. A comb drive is placed on one of the side plates in order to
drive the structure. In the drive mode, the springs along the drive direction do not deform due to

their high stiffness along the drive direction. In the same way, in the sense mode, the beams along
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the sense direction do not deform. Therefore the overall design leads to the decoupling of the
driving mode from the sensing mode. When sensor is excited in driving direction (x), the gap of
the FP does not change. As a result, the sensor is not sensitive in this direction however it is
sensitive to the Coriolis force (y direction). For the VOA-based rate sensor, similar structure is
used to drive the proof mass (Figure 3-10). The Bragg mirror that modifies the transmitted light
at the VOA junction is attached to the top side plate as shown in Figure 3-10. As the structure is
displaced in y direction due to the Coriolis force, the attached Bragg mirror moves vertically and

modulates the signal at the VOA junction (Figure 2-10).

<— Reference Arm

Bragg Mirrors

<— Sensing Arm

. PI‘OOf Mass . 3

Y (sensing direction)
X (driving direction)
Anchor

Side Plate
Figure 3-10: Schematic view of the designed rate sensor based on VOA

Side Plate
Side Plate
Fixed Comb drive
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According to (2.90), the gyroscope displacement sensitivity under the matching condition

(woy = woy) is given by:

240,
(l)oy

DS,

(3.9)

Therefore, the displacement sensitivity is proportional to the sensor quality factor in sensing
mode (y direction) and the displacement in driving mode (x direction) and is inversely
proportional to the sensor resonance frequency. Therefore in order to get a sensor with high
sensitivity, high quality factor in y direction, high driving displacement and low resonance
frequency are required. The working resonance frequency was chosen to be in kHz range, as very
low frequencies will make the system unstable. Also lowering frequency will lower the quality
factor (O=w/Aw), leading to a lower sensitivity for the sensor. Therefore, there is a trade-off

between the resonant frequency and the displacement sensitivity.

To achieve a resonance frequency in the order of kHz, a proof mass with dimensions of 1000
umx 1000 pmx550 um (m=1.3x10"° kg) suspended by springs with total spring constant of 77
N/m is used. This provides a natural resonance frequency of we= 7.7 kHz, or resonance frequency
of f,=1.2 kHz for the sensor. Thick mass is used to get larger mass, leading to smaller resonance
frequency. The spring constant can be lower but using very soft springs generate in-plane cross
sensitivities, resulting in coupling between driving and sensing modes. Also it generates z-cross

sensitivity and bends the structure.

Let’s now calculate the displacement sensitivity. First, from (2.28), the squeeze-film translational
damping in y direction is expressed as:
uA?

¢y = 0.42— (3.10)
where A is the cross section area of the proof mass (damped plate in y direction), u is the
viscosity of the surrounding medium (air= 1.86x10" kg/ms), and d is the gap between the proof
mass cross section and the fixed reference frame. The damped plate dimension is 1000 umx550
pum. For a gap of 20 um, cy is calculated as 3x10™ N.s/m, which is in a good agreement with

simulation (Figure 3-7 (d)). The quality factor is then calculated from (2.78):
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This is a very low quality factor leading to low sensing displacement sensitivity (as discussed in

section 2.8). The gyroscope displacement sensitivity given by (3.9) is calculated as:

_ 249y _

(A)0y

1
second™1

DS, 8.6 %1073 | |xa.

This requires a high driving displacement in the order of hundreds micrometer (which is
practically impossible to achieve) to induce a sensing displacements in the order of micrometer.
However by decreasing the damping coefficient in y direction, the quality factor can be
significantly increased. From (3.10) a lower c, can be achieved if the gap is increased or viscosity
is reduced. For example for a gap of 150 um, cy:1><10'6 N.s/m (Figure 3-7 (c)), providing Qyzlo4
and DS5,=2.6 [1/(sec)™ ]xA. This means, if for example we could get a displacement of 1 pm in
the x direction due to the driving, we can induce 2.6 pm/ (sec)” displacement for unit angular
velocity. It should be recalled that, the required y-displacement depends on the lateral guided
mode size in the waveguide (which is directly related to the width of the waveguide) at the VOA
sensing junction, as discussed in section (3.2). Therefore, the total sensitivity of the gyroscope
can be defined as the ratio of the displacement sensitivity to the waveguide width at the VOA

junction, i.e.

. 1
Sensitivity of gyroscope:S, = X DS,

.
Optical Mechanical

where, W, is the width of waveguide at the VOA junction. It should be noted that, for the FP-

based, even nanometer displacements can effectively modulate the FP resonance peak.
Used dimensions of each element of the sensor are listed in Table 3-4. According to Eq. (3.6), the

net stiffness in either type of motion is given by (considering N=10):

10Etw?3

ke =k, (3.11)

Resulting in 77N/m stiffness in drive and sensing direction for the sensor.
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Table 3-4: Dimensions of each element used in the sensor

Number Length Width Thickness
(1m) (1m) (Hm)
Proof Mass 1 1000 1000 550
Beams 20 200 2 47
Side Plates 4 500 50 47

3.3.1 Comb Drive Design

Interdigitated-finger comb-drives are electrostatic actuators. They are made of two conductive
combs, a fixed comb and a movable comb (Figure 3-11). The attractive electrostatic forces
between the two combs are generated when a voltage is applied between the fixed and moving
combs. These forces cause the moving comb to be drawn to the fixed comb. Generated force by a
comb drive is given by [113],

2
netegV (3.12)

F comb ~ d

A7Fingers

_>”<_

Figure 3-11: Schematic of an interdigitated-finger comb drive

where n¢ is the number of fingers, t is the thickness of the comb drive (in our case, device layer

thickness of the SOI wafer), ¢, is the vacuum permittivity (8.85x10™* F/m), d is the space
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between the fingers (between fixed comb finger and movable comb finger), and V is the applied

voltage.

For weak damping, the maximum driving displacement is defined from (2.79) as:

Fop

(Amax)weak damping = k (Qx)weak damping (3-13)
x

where Fop =F¢omp 1S the force generated by the comb drive. First let’s verify if we are at the weak

damping regime. From (2.27), the damping ratio in x-direction is defined as:

& = Cy /2 /mk, (3.14)

Showing that maximum damping ratio is achieved from maximum damping coefficient. As the
structure is symmetric, we can use the same values of c, calculated in previous section.
Maximum ¢, was achieved for the gap of 20 um as ¢, = 3x10™ Ns/m. Note should be taken that
damping in the comb drive is neglected in this analyze. Substituting this value in (3.14), &, is
calculated ¢,=0.015. Referring to Figure 2-6, this corresponds to a weak damping condition. The
space between the fingers of the comb drive d, is set to be 3 um in our design as we are limited to
the lithography resolution (a thick resist (3 um) is used to selectively be able to etch 47 um thick
silicon layer). Although the number of fingers is proportional to the generated force by the comb
drive, the effect of applied voltage is more significant, as it is in power of two in (3.12). Also the
number of fingers is limited by the length of the proof mass. In our design we used 42 fingers;
along with t= 47 um, and d=3 um, the driving force produced by the comb drive from (3.12) is

calculated as a function of voltage as

Newton
(Volts)?

Micro — Newton
)xv?

F, =6 X 10_9(
comb (Volts)?

) XV?2=6X 10‘3( (3.15)

Backing to Eqg. (3.13), knowing k=77 N/m, the maximum driving displacement is calculated as:

(3.16)

_s (Micro — Newton 5
Apax = 7.8%x10 ( > Qx

(Volts)?

Figure 3-12 shows how the maximum driving displacement varies as a function of applied

voltage for three different quality factors. What is interesting here is that, unlike the sensing
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mode, the driving mode does not require a very high quality factor to induce displacements in the
order of micrometers. For example the quality factor of 33 seems to provide enough displacement

for small values of applied voltages.

7 b S SRS SR el Qzl ]
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Figure 3-12: Maximum driving displacement of the sensor versus the applied voltage to the comb
drive for three different values of quality factors in driving direction.

Finite element simulations were performed using Coventoreware 2010 at the stationary (or
quasistatic) state to verify the results. Table 3-5 shows the results. In addition to the maximum
displacement in x-direction, maximum displacements in y and z direction are listed in order to
check the cross sensitivity of the device.

The ratio of maximum sensing displacement to maximum driving displacement for unit angular

velocity is obtained from (2.90), i.e.

DS,  2Q,

A o (3.17)

For example for Q,,=33, and w,=7.7 kHz, this ratio is 8.6x10° (rad/s)™. Therefore the sensing

displacement is very small when a sensor with low quality factor in sensing direction is used. As
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a result even very small motions coupled from the drive mode to the sense mode can be added
and be read as the rotation signal.

Table 3-5: Proof mass displacements versus applied voltage to the comb drive in the stationary

(quasistatic) regime.

Voltage (V) 40 50 100 150 200

Maximum x displacement (um) 0.12 0.2 0.78 1.7 2.1

Maximum y displacement (um) 0.002 0.002 | 0.01 | 0.02 | 0.07

Maximum z displacement (um) 0.0001 | 0.0001 | 0.0004 | 0.001 | 0.008

These coupled motions can arise from cross sensitivity or fabrication imperfections.
Consequently, highly symmetric design, control on cross sensitivity, and process fabrication are
required to minimize the coupling. For example if due to the fabrication imperfection, small
motions from x direction are coupled into the sensing direction, the horizontal position of the
Bragg mirror at the VOA junction changes, modifying the longitudinal coupling (due to the
divergence of the beam in free space) and leading to the power change in the transmitted light
(Figure 3-13).

Input Waveguide Output Waveguide
__/
Guided mode intensity Wy i E\H:H \
Initial position of Bragg mirror Secondary position of Bragg mirror due to x sensitivity

Figure 3-13: Effect of x-cross sensitivity on the transmitted light at the VOA junction.

Cross sensitivity can also come from the comb drive. Due to fabrication imperfection (Figure
4-5), there may be small geometric mismatches of a comb drive that can generate additional

electrostatic forces in the cross-axis y direction.
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As seen in Table 3-5, the values of the maximum y and z displacements compared to the
maximum x displacement are two and three magnitudes of order smaller respectively, providing

very low cross sensitivity for the sensor.

At stationary (quasistatic) condition, the generated force by the comb drive is balanced with the

Hooke’s force i.e.:
Feomp = kxx (3.18)

Substituting k, from (3.11), and (3.12) in to (3.18), the displacement is achieved as:

2 3
»= ot () 619
w

Note that the displacement is independent of the SOI thickness. This equation is the simplified
form of (3.16) for Q,=1.

The maximum x displacement achieved from the finite element simulations listed in Table 3-5
are in very good agreement with the values calculated from analytical calculations (Figure 3-12
for Q,=1). Figure 3-14 shows a finite element simulation of the sensor using Coventoreware
2010. In this simulation 200 volts is applied to the comb drive, resulting in 2.1 pum displacement

in driving direction for the structure.
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Figure 3-14: Electrostatic simulation result of the rate sensor. Maximum x displacement of the

structure is 2.1 um when 200 volts voltage is applied.

3.3.2 Compliant Mechanisms

If for any reason (such as fabrication imperfections) the matching condition (where the resonance
frequency in x direction is equal to the resonance frequency in y direction) is not satisfied, the
sensing displacement would be very small (Figure 2-30). Even with the matching condition this
displacement for systems with low @, can be very small. For example from Eg. (3.16) for
Q,=33, when 60 V is applied to the comb drive, Amax=9 pum, substituting in to (3.17), for w,, =7.7
kHz, DS,= 0.1 pm (rad/s)™. For FP-based gyroscope, this can effectively modulate the
transmitted resonance peak of the FP but for VOA case, the required displacement depends on

the lateral mode power distribution of the output of the input waveguide at the VOA junction. For
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example from Figure 2-17 for a waveguide having diverged beam waist radius of 3 um at the
mirror position, for a linear response, the required displacement is +/-1 um. Increasing the @, by
decreasing the damping seems to resolve the problem but only in the case of matching condition.
As achieving a fully symmetric structure is extremely difficult because of the fabrication
imperfection (such as non-uniformity of photolithography caused by non-planar spun resist or
having non ideal contact during exposure or deviation causing from DRIE such as notching
(4.1.1)), satisfying matching condition is very difficult, leading to a shift between x and y
resonance frequencies. A possible solution is to amplify the sensing displacement using
compliant structures. In the following, a brief discussion about the compliant structures using
micro-leverage mechanism along finite element simulations is presented. Although, it is found
that these structures can significantly amplify the sensing displacement, they may also disturb the
matching condition by modifying the structure stiffness in y direction. Further studies should be

carried out to investigate the possible arising issues.

A single stage micro-leverage mechanism usually consists of four parts: lever arm, pivot beam,
input and output systems as shown in Figure 3-15(a). Single-stage micro-leverage mechanism
can be classified into three types (Figure 3-15), depending on the relative positions of the pivot,
the input and output systems on the lever arm. The first type micro-lever can either amplify
displacement or force, depending on the respective distances between the pivot and the input or
output. It can also be used to change the direction of force. While the second type is only used to
amplify force, the third type is typically used to amplify displacement. For example micro-
tweezers are made of joining the pivots of two third-type micro-levers. Analyzing the compliant
micro-leverage mechanisms is beyond the scope of this thesis. For more information readers can
refer to [114], [115].
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a) First type
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b) Second type
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Figure 3-15: Classification of three kind of micro-lever

The amplification factor A= I/L is the maximum amplification factor that a leverage mechanism
can achieve where |, L are the distances between the anchor and output and input respectively. If
only a single micro-lever is used, for high amplifications, the lever ratio needs to be high, leading
to a very long lever arm. Since in micro technology one is limited to the design area, multiple
stages of micro-levers are used in series to obtain high amplification factor. The total
amplification factor, A, is then the product of the amplification factor of each individual stage.
Adding more stages increases the amplification factor, however from energy conservation point
of view; more energy is consumed at the pivot and the beams that connect the stages. Therefore,
in optimum case, it is better to use minimum number of lever stages. In our case two stages will
provide enough displacement amplification for the sensor. First type and third type of micro-
levers were used in series to form our micro-lever stage. There are three main parameters that

have to be optimized, I, L and the length and width of the pivot. The lever arm width does not
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have any effect on the amplification and has to be designed large enough to be kept rigid and not
bend under applied forces. Many different dimensions are used and simulated to obtain high
displacement amplification. Figure 3-16 shows the optimized dimensions for the two micro-lever
stages, leading to 7 x amplification as shown in Figure 3-17. Pivots have 2 pm widths. Their
lengths are 12 um and 100 pm for the first stage and second stage pivots respectively. In Figure
3-17 same forces are applied to the proof mass of the gyroscope without and with leverage
mechanisms. The structure responses without and with leverage mechanisms to the applied force

are 1.7 um and 12 um respectively, resulting in 7 X displacement amplification.

Output

T
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Figure 3-16: Two-stage micro-lever used dimensions
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Figure 3-17: FEM simulation of the rate sensor, (a) without and (b) with two stage micro-lever.
Same forces are applied in both cases. The structure response without and with leverage
mechanisms to the applied force is 1.7 um and 12 pm respectively, resulting in 7 x displacement

amplification.

Figure 3-18 shows a SEM picture of the designed two stage micro-lever integrated with

gyroscope fabricated on 47 um SOI.

10.0kV 14.3mm x80 SE(M) 9/17/2010 16:57

Figure 3-18: Two stage micro-lever integrated with gyroscope (fabricated on 47 pum SOI).

3.4 Conclusions

The design details and simulations of FP-based and VOA-based optical accelerometers and
gyroscopes were presented. Finite element method is used to model the mechanical behavior of
the devices. FP-based device is based on an in-plane FP with two distributed Bragg reflectors
(DBR) mirrors utilizing strip silicon waveguides, in which one DBR mirror is attached to two
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suspended proof masses. As a consequence of acceleration (or rotation), the relative displacement
of the movable mirror with respect to the fixed one changes the cavity length and modifies the
Fabry-Perot resonance. The accelerometer is symmetrical and consists of two proof masses
suspended by eight serpentine flexures beams. In the VOA-based device, a Bragg mirror that is
attached to the suspended (by span beams) proof mass is positioned in the middle of the gap
between two input and output multimode strip waveguide. When the device is actuated by the
applied acceleration (or rotation), the intensity of the transmitted light to the output waveguide is
modulated by the displacement of the Bragg mirror. Both FP-based and VOA-based sensors
sensitivity is inversely proportional to the system resonance frequency. This means, not only
springs with low spring constant are required, but also large proof mass is needed to increase the
sensor sensitivity. FP-based device is highly sensitive even with nanometer displacements, as it is
based on wavelength detection (interferometry). On the other hand to obtain a relatively high
sensitive VOA-based sensor, displacements in the order of few micrometers are required
(requiring softer springs and larger proof mass for the device compared to FP-based), as the
lateral transmitted intensity of the mode is modulated instead of wavelength. Device sensitivity is
also inversely proportional to the lateral mode size in the input waveguide at the VOA sensing
junction which is directly proportional to the waveguides width. Effects of different types of
damping on the device performance were also studied. Accelerometers frequency bandwidth

increases with damping and shows a maximum in the case of critical damping.

For the case of gyroscopes, a MEMS electrostatic comb-drive is used to drive the sensor proof
mass along the x-axis. An applied angular rotation perpendicular to the sensor plane (z-axis)
induces the Coriolis force, causing the proof mass and the attached VOA/FP movable mirror to
displace along the y-axis, modulating the VOA actuator/FP gap and the resultant transmitted
optical signal/wavelength. A matching condition between resonance frequencies in driving (x)
and sensing (y) directions is required to obtain high displacement sensitivity for the gyroscope.
The gyroscope displacement sensitivity is also proportional to the driving displacement (caused
by comb-drive), the mechanical quality factor of the sensor in y direction (Qy), and inversely
proportional to the device resonance frequency. In other words, in order to obtain a sensor with
high displacement sensitivity, a matching condition between the resonance frequencies in driving
and sensing directions, high driving displacement, high quality factor in y direction, and low

resonance frequency are required. The quality factor increases inversely with damping.
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Consequently, in order to get a high quality factor in y direction, the sensor needs to be weakly
damped in y direction. The driving displacement not only depends on the comb-drive
characteristics but also directly relates to the quality factor in the driving direction (Qy). However
despite the sensing direction, not very high quality factor in driving direction is required to obtain
displacements in the order of micrometers for applied voltages below 100 V. Although reducing
the spring constant can increase the driving displacement, but it will make the system unstable
and can also generate some cross sensitivities leading to the motion coupling from the drive
mode to the sense mode, resulting in errors (noise) to the system. On the other hand, the
sensitivity of the gyroscope is inversely proportional to the lateral guided mode size in the
waveguide at the VOA sensing junction; therefore the mechanical and optical designs both have

to be taken into account.

If for any reason (such as fabrication imperfections) the matching condition is not satisfied, the
sensing displacement will be very small. To overcome this problem, a compliant micro-leverage
mechanism was introduced to amplify the sensing displacement. A two stage micro-lever
mechanism was proposed, leading to 7 x displacement amplification. In the case of FP-based
gyroscope, a compliant structure is not required as displacements in the order of nanometers can

effectively modulate the transmission peak of the FP.
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CHAPTER 4 FABRICATION

In this chapter, the fabrication processes of the designed devices are discussed and their
challenges and proposed solutions are addressed. Silicon on insulator (SOI) wafers with different
thickness are used based on required device performance. At the beginning of this work we start
with 30 um thick SOI to be able to inject light from optical fibers into input silicon strip
waveguides using butt coupling method. Then 47 um thick SOI wafer is employed to passively
integrate SM optical fibers with 80 um diameter to the chip using U-grooves helping us to
eliminate the misalignment issues and signal instabilities. Finally, 75 um thick SOI wafers are
employed allowing us to integrate standard SM optical fibers to the chip through U-grooves.
Finite element simulations and corresponding mask layout design were carried out for each

thickness.

4.1 Deep Reactive lon Etching (DRIE)

Deep reactive ion etching (DRIE) is a dry etching technique that is based on plasma etching and
is used to anisotropically etch materials (here silicon) with a high aspect ratio (ratio of geometric
depth to width). It is a combination of plasma etching (chemical etching) and ion milling etching
(physical reaction). Plasma etching uses gases (typically fluorine radicals) and the energy of
plasma to chemically etch the material, and ion milling bombards the surface of material/wafer
and physically etches the surface using momentum transfer. With this technique trenches with
very vertical sidewalls can be achieved. There are two main technologies for DRIE, namely
cryogenic and Bosch. Bosch process using inductively coupled plasma (ICP) is used (Figure 4-1)
in our case and is based on two steps: passivation and etching. A layer of polymer is created on
the substrate using a source gas (here C4Fg) prior to etching. Then in second step, the surface is
etched using different source gas (here SFg). The polymer is sputtered away by ion milling, but
only on the horizontal surface of the substrate and not the sidewalls. lons are accelerated
vertically relative to the substrate surface using a potential. The polymer has low etching
selectivity (low etch rate compared to silicon) to the chemical part of etching, resulting to a
protection for the sidewalls. As a result, etching aspect ratios up to 30 to 1 (or higher depending
on the process) can be achieved. These two steps are repeated alternatively until the desired depth

for etching is obtained. The typical etching rate is 3um/min [117]. It can be lower or higher
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depending on the process parameters such as pressure, plasma power, the ratio of etching step
length to the passivation step length.

Mask (Photoresist) \ SFs 1

Etch

(a)
C,sFs

PR

Polymer Deposition

Scallop

Etch

(©

Figure 4-1: Schematic of Bosch process in DRIE: (a) Etch step using SFg gas, (b) Side wall
passivation using C4Fg, () Etch cycle using SF¢ gas after passivation.

Therefore deep etching can be accomplished in a relatively short time. Process has a high
selectivity to photoresist depending on the process and can be up to 75:1 [116]. Table 4-1 shows
the parameters that we used for DRIE. The etching was performed at 20 °C and 15 mTorr
pressure. These parameters are not fixed and had to be adjusted depending on the type (single or
double SOI) and the thickness of the SOI substrate. Small amount of oxygen is added to the
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etching step to improve the profile of the sidewalls (verticality) [116]. It also improves the etch
rate uniformity [118] and surface roughness (smoother sidewalls) [117]. However care should be

taken as oxygen reacts with resist, resulting in a lower etch selectivity.

Table 4-1 Parameters used in DRIE etching

Step ICP Power | RF Power | C4Fs SFs O, | Time
(W) (W) (sccm) | (sccm) | (sccm) | (sec)
Deposition 450 10 65 1 0 4
Pause 0 0 0 0 0 2
Etching 450 25 1 65 5 4

4.1.1 DRIE-Challenges

The key challenges of deep silicon etch are to attain high etch rate and selectivity, high aspect
ratio, smooth and vertical sidewall, bottoms (silicon and BOX interface) free of micro-grasses

and notching. Following we will address these challenges and their possible solutions.
1- Verticality

The profile of the etched walls depends on geometry of the pattern on the mask and the set
process parameters. The verticality of the walls can often be controlled by adjusting the etch to
deposition time ratio. The verticality of the walls is important for the Bragg mirrors to get a high
reflectance, leading to high finesse for the FP resonance peak (Figure 2-9). Figure 4-2 (a) shows
an array of trenches with poor verticality etched in SOI (negative sidewall profile). As seen the
width of the walls have decreased with depth. This means that the length of etching has to be
decreased compared to the deposition length. By doing this, verticality can be significantly
improved as shown in Figure 4-2 (b).
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10.0kV 16.9mm x4.50k SE(M) 7/6/2010

2.0kV 14.4mm x1.80k SE(M) 4/1/2009 30.0um

(b)

Figure 4-2: Etched trenches into SOI substrate: (a) sidewalls with poor verticality, and (b) good

verticality
2- Scalloping

Scalloping occurs as a result of the alternating etch and passivation steps, as shown in Figure
4-1(c). It can be reduced by decreasing the etching time in the etch step, however that leads to
low etch rate. Scalloping has major optical impacts, as the generated roughness effects on the
mode/modes power exchange in the optical waveguide. Reducing the roughness is desirable,
leading to less scattering loss for the system. Figure 4-3 (a) shows the scalloping formed on
trench sidewalls after etching. Figure 4-3 (b) shows the presence of scalloping on the sidewalls of

a rib waveguide etched by DRIE.
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eauC45 4.0kV 13.2mm x15.0k SE(M) 4/23/2009

4.0kV 26.6mm x4.47k SE(M)

(b)

Figure 4-3: Scalloping phenomenon in DRIE: (a) An etched trench in silicon, (b) Etched rib

waveguide, the scalloping can be seen on the rib waveguide’s side walls.
3- High aspect ratio structures etch more slowly leading to notching when SOI is used

As seen in Figure 4-4 (a), structures with high aspect ratios are etched more slowly than those
with low aspect ratio. This is due to the fact that the number of accelerated ions that reach the
bottom of the trenches with smaller opening area (trench width w;) is lower than those with
larger opening area (trench width w,). When a SOI substrate is used, the buried oxide (BOX)
layer acts as an etch stop as the etching rate of oxide is much lower than silicon (<150:1) [116].
One issue that arises here is a lateral etching caused by the existence of oxide layer once the
oxide layer is reached. The silicon starts to be etched laterally at the silicon and oxide interface as

shown in Figure 4-4 (b).
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Figure 4-4: Trenches etched in SOI substrate, (a) High aspect ratio structures etch more slowly,
leading to notching (b) at the silicon and oxide interface when a SOI wafer is used. This can

result in an unwanted releasing of small features in the pattern (c).

This is due to the charging of oxide layer, leading to deflection of SF¢ ions towards the bottom of
the sidewalls as demonstrated in Figure 4-4 (b). This lateral etching can result in unwanted
releasing of small features in the pattern as shown in Figure 4-4 (c). This phenomenon can be
inhibited by increasing the level of oxygen in the gas mixture [116]. As the whole pattern on the
mask has to be etched at the same time, and the size of features are different, the total etching
time is the time needed for the smallest feature to be etched and reach the BOX layer. During this
time, features with lower aspect ratio have already reached the BOX layer and therefore the

notching starts to occur for them. This can have high impact on the device performance. For
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example a notching for the comb drive as seen in Figure 4-5 can generate y-displacement and
affect the output signal as discussed in section 3.3.1. So the notching effect should be minimized

as much as possible.

 Fixed Comb

10.0kV 14.3mm x900 SE(M) 917/ ; 50.0um
Figure 4-5: Notching observed on the finger of the comb drive of a rate sensor.
3- Micro-Grasses (Black silicon)

Particles coming from the contaminations inside the chamber can be deposited on the sample
during the etching process and act as etching micromasks, leading to creation of some micro-
grasses known as “black silicon” and as a result, stopping the etching process (Figure 4-6 (b)).
This phenomenon happened many times for us during the etching (Figure 4-6 (a)). In reality, it is
preferable to adjust the steps of etching and deposition in order to obtain walls deviating slightly
from the vertical to prevent the formation of these micrograsses. If the etching cycle is set to be
slightly longer, the walls profile will tend to have negative slope such as shown in Figure 4-2 (a),
causing the micrograsses to be etched away during the etching (both side of steps meet at the
bottom). Micrograsses can also be avoided by increasing the ion density [116]. However this will
reduce the selectivity to the mask. Black silicon formation also depends on other parameters such
as, temperature, pressure, and ICP power [117].
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(@) (b)

Figure 4-6: Formation of micro-grasses in (a) SOI, and (b) Silicon substrate. As seen in (b), this

can stop the etching process.

4.2 Fabrication Methodology, results and discussion

4.2.1 30 pm thick SOI process

Fabry-Perot (FP) and variable optical attenuator (VOA) based optical accelerometers are

fabricated on 30 um SOI wafers with the following specifications:
Type/Dopant: P doped/Boron

Orientation: <100>

Device Resistivity: > 1000 Q-cm

Handle Thickness: 500 um

Handle Resistivity: 1-10 Q-cm

Buried Oxide (BOX) Thickness: 3 um

Silicon device layer with 30 um thickness is used to provide bigger proof mass for the sensor
resulting in better sensitivity (see section 2.5.3). Suspension beams, proof masses, DBR mirrors,
and waveguides are fabricated by deep reactive ion etching (DRIE). After wafer saw-cut dicing

and polishing, which are critical processes for having waveguides with good quality edges and
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facets, the remaining BOX is removed using vapor HF etching to release the structure and
prevent the devices from sticking to the substrate.

There were two approaches for the waveguides to be used, single mode rib waveguide and
multimode strip waveguide (Figure 2-19). Rib waveguides are single mode with large cross
section, however they exhibit more scattering loss generated by the waveguide side walls
roughness. On the other hand in a strip waveguide, since the waveguide is totally surrounded by
air, the refractive index contrast between the silicon waveguide and cladding is high and the
mode is more confined than in a rib waveguide as were shown in Figure 2-20 and Figure 2-13.
On the other hand in terms of fabrication, rib waveguides do not lift up during the releasing
process and are easier to dice and polish since they are connected to the device layer contrarily to
strip waveguides. However two step lithography and etching are required to create the rib
waveguides which makes the fabrication process more complicated. Especially photolithography
on high topography surfaces with depth layer greater than 30 micron is almost impossible. Figure
4-7 shows the fabrication process flowchart for the case where rib waveguides are used. We start
with a SOI substrate with 30 um thick device layer (a), then photolithography with 2.8 um thick
resist (b), followed by 30 um DRIE (c). The basics parts of the sensor are defined at DRIE step
such as, Bragg mirrors, proof mass, and springs. After that, the etched surface is covered with a
thick resist layer to protect the structure (d), followed by pholtolithography to define the rib
waveguide (e). 6 um DRIE followed by vapor hydrofluoric acid (HF) releases the structure and
completes the process (f). Figure 4-8 shows an optical image of an accelerometer based on FP
after second lithography (step e in Figure 4-7). The structure is completely covered with a thick
resist. The measured thickness of resist at flat areas was 6 um. The thickness is not uniform
everywhere and depends on the distance between topographic features [116]. The edges of
features were well covered by resist since a thick resist was used. The fabricated device is shown
in Figure 4-9. The reason why the waveguide at second DRIE is etched 6 um is to ensure that the
first single mode condition in equation (2.52) is fulfilled (r=h/H=24/30=0.8, which is greater
than 0.5). The width of the rib waveguides at the FP cavity are designed to be 40 um (inset of
Figure 4-9) providing broad mode (large lateral mode waist), leading to less diffraction for the
mode while oscillating in the FP cavity. This width size (40 um) at the same time satisfies the
second single mode condition (2.52-b). Note that the width of the rib waveguide at the input is 12

pum. The reason for choosing this width for the waveguide at the input is to have a mode that its
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size is close to the size of the mode in the fiber (9 um) and therefore minimizing the mismatch
coupling loss but at the same time satisfying the second single mode condition (2.52-b). Figure
4-10 shows the fabrication process for the case where strip waveguides are employed. The device
is fabricated using one single DRIE step. Suspension beams, proof masses, DBR mirrors, and

strip waveguides are all defined by one single step DRIE.

I Sio, EESi mm Photoresist

a) Starting with a 30um-thick device layer

b) Photolithography with 2.8um thick resist

¢) DRIE of the 30um device layer to create the basic parts

of the sensor (Bragg gratings, proof mass, springs, etc.)

Protecting Layer

d) Covering the surface with a thick resist

HHH

. _____________________§ B ]
e) Second step lithography to define the rib waveguides

Rib waweguide\A
f) Second DRIE etching to form the rib-waveguides
followed by structures releasing in vapor HF _

Figure 4-7: Fabrication process of optical accelerometers integrated with rib waveguides. Devices

Sensor s

are fabricated on a SOI substrate with 30um-thick device layer.
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A FP-based accelerometer fabricated device is shown in Figure 4-11. In this figure two proof
masses (8.1x107 kg) are suspended on eight springs having a designed overall stiffness of 6.125

N/m providing 2.75 kHz resonant frequency.

The movable DBR mirror is displaced when exposed to acceleration, producing a reduction in the
length of the air gap of the FP filter. The other DBR mirror is positioned at the end of a
waveguide collimator. The waveguide collimator is used to reduce the numerical aperture of the
beam in the horizontal direction, reducing the divergence of the input beam. A gap of 27.1 um
was considered for the FP cavity to enable its future interrogation using a tunable laser with
30nm dynamic range.

The impact of fabrication imperfections on the effective finesse (Fs) of FP cavity was studied in
section 2.5.1. Scallops created on silicon sidewalls resulting from DRIE process introduces
surface roughness defect to the system and reduces the effective finesse of FP cavity. Due to the
scattering loss that light experiences at each round trip while it oscillates in the FP cavity, the life
time of resonance photon in the cavity decreases, leading to the reduction in the optical quality
factor and therefore widening the resonance peak. Deviation from parallelism and spherical
bowing also contribute to reduction in effective finesse. Due to these fabrication imperfections,
the real dimension of fabricated micro-structures (such as the width of silicon and air walls in the
Bragg mirror and the FP gap) deviates from what is designed in the mask layout. This could be
problematic if a very narrow band laser source is used, as the Bragg mirrors only act as a reflector
for their design wavelength. If the width of silicon and air layers after fabrication do not satisfy
the reflectance condition (Eg. (2.9)), the Bragg mirrors do not reflect the wavelength of the laser
source. On the other hand, if a broad band source is used, the wavelength within the spectrum
which is four times the optical thickness of the walls is reflected constructively and the layers act
as a high reflector for that wavelength. This is the reason why a broad band source is used in our
experiment. The same story for the FP gap is valid. The wavelength among the wavelength
spectrum of the broad band laser source that satisfies the FP resonance condition (2.14)

resonances and traverse the device and is detected in the optical spectrum analyzer.

SOI waveguides end facet polishing was done using lapping and polishing technique with
Ultrapol End& Edge machine. A rotating lapping plate polishes the surface that is in direct
contact with the lapping plate. Abrasive films bonded to the lapping plate with different grains
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were used at different steps. First we started with coarse film having 20 pum abrasive diamond
particles leading to 20 um surface roughness for the silicon edge facet. The abrasive film was
then replaced by films with smaller abrasive particle size ranging from 10 um to 0.1 pum. The
final polishing step with a film having 0.1 um particle size is the most important and crucial step.
The lapping needs to be done at low rotating speed (typically 60 rpm) for a longer time. Figure
4-12 (a) shows the SOI waveguide facet after polishing and Figure 4-12 (b) is the three-
dimensional Atomic Force Microscopy (AFM) image of the surface profile of the waveguides
facet after the polishing. The rms roughness of the facet surface is approximately 3.5 nm which is

good enough when telecommunication wavelength range is used [119].

Figure 4-8: A FP-based optical accelerometer after second photolithography
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5.0kV 28.9mm x1.81k SE(M) 30.0um 3

, AV s l
5.0kV 29.0mm x130 SE(M) 400um
Figure 4-9: Fabricated FP-based optical accelerometer integrated with rib waveguides.

Inset: Fabry-Perot cavity close-up view.

B Sio, ®mSi mm Photoresist

a) Start with a 30pm-thick device layer SOI

b) Photolithography with 2.8um thick resist

c) DRIE of the 30pm device layer

d) The structures are released in vapor HF

Figure 4-10: Microfabrication steps for the FP and VOA based accelerometers integrated with

strip waveguides, fabricated on SOI substrate with 30um-thick device layer.
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Figure 4-11: SEM photograph of the silicon microfabricated FP-based accelerometer integrated

with strip waveguides.

Img. Rms (Rq) 3.446 nm
Img. Ra 2.580 nm

[ L I |
V 14.9mm %800 SE(M) 4 ( 50.0um

(@) (b)
Figure 4-12: (a) SOI waveguide facet after polishing, and (b) Three-dimensional AFM image of

the waveguide’s facet surface profile after polishing.
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As mentioned above, the main challenge with strip waveguides is the waveguides lifting during
the oxide releasing process. Thus the releasing process has to be carefully optimized so that the
oxide layer under the strip waveguides will not be released while the proof masses are released.
For that, etch holes with dimensions of 5 um x 5 um and 6 pum spacing are designed on the proof
mass. The space between the two adjacent holes should be smaller than the width of the strip
waveguides at the VOA junction (this is the part of waveguide with the smallest width of 12 um),
so that the proof mass can be released before they are released. If narrower waveguide is used at
the VOA junction, the space between the two adjacent etch holes have to be reduced accordingly.
After releasing the devices, they were checked mechanically by pushing the proof mass with a
needle (using probe station) to ensure that the masses are completely released. Figure 4-13 shows
optical images of two samples after the device releasing with different releasing time. Figure
4-13 (b) is an image of a sample with a broken waveguide showing that the oxide layer under the

waveguide has not been completely released and Figure 4-13 (a) shows another sample where the

waveguides are lifted up due to being over exposed to vapor HF.

(@) (b)

Figure 4-13: Optical images of two different samples after releasing process (a) sample was
exposed to vapor HF for long time leading to waveguides lift up, and (b) Sample that has been
released with optimized releasing time. A part of waveguide was broke to check the remaining
oxide layer under the strip waveguide.
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4.2.2 47 nm thick SOI-VEM accelerometer process

In order to improve the coupling alignment instability between optical fibers and waveguides
(that was observed when butt coupling method is used), U-grooves integrated with sensors were
used to eliminate the tilt and transversal misalignment issues (Figure 2-25), allowing an easy
alignment between the fiber core and the input/output waveguides. This also allows us to avoid
the complicated and time consuming polishing. To determine the required thickness for the SOI
substrate, there are three parameters that should be considered: fiber cladding diameter, fiber core
diameter, and the divergence of the beam at the fiber output at a certain distance. The divergence
of the beam should be considered, as there might be a gap between the fiber and the input of the
waveguide after aligning the fibers via U-grooves. This is inevitable especially in our case where
the fiber has to be bonded using ultra-violate (UV) curing optical adhesives. Because the
generated stress by the glue while is dried by the UV exposure can create a gap between the fiber
and the waveguide input and induce a longitudinal offset misalignment (Figure 2-25(d)) as for

example can be seen in Figure 5-18 (b).

The optical fiber we used was a standard single mode (SM) fiber with 125 pum cladding diameter
and 9 um core. If the mode profile in the fiber is approximated by a Gaussian beam [107], the
new beam waist radius w; at a distance z; from the fiber end facet having an initial beam waist
radius wo is given by (2.41). For A=1.55 pym and w, =9 pum, zz=164 um. Assuming that the
separation distance between the fiber end facet and input waveguide is 100 um (typical
longitudinal offset misalignment that we experienced), providing w;=10.5 um. This difference
(1.5 pm) should be compensated by the thickness of the SOI, to ensure that the entire beam
leaving the fiber at this position (z;=100 pm) will be completely captured by the input waveguide
as shown in Figure 4-14. As the distance from the fiber cladding surface to the upper fiber core
edge is 67 pm, the minimum required thickness including the oxide layer considering the beam
divergence is 68.5 um for the case of having longitudinal offset of z;=100 um. Deducting the
oxide thickness (3 um), the minimum required device layer would be 65.5 um.
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Figure 4-14: Alignment between fiber and input waveguide

Etching small features on a thick device layer is extremely challenging. The thicker the device
layer, the thicker, the required resist thickness to etch the layer. This is because the resist mask is
also etched during the silicon etching. In other words, resist shows selectivity to the DRIE
process. The ratio of the silicon etching rate to the resist etching rate depends on the recipe used
for DRIE. It was found that, this ratio is 13 for our recipe (Table 4-1). The thicker the resist, the
lower the resolution one can get from the photolithography. Also etching features with high
aspect ratio when SOI substrates with thick device layers are used is more challenging. Therefore
we wanted to start with thinner device layer to minimize the risk of fabrication. 80 um diameter
SM fibers are commercially available. Let see what would be the required silicon device
thickness if we use these types of fibers. In this case the distance from the fiber cladding surface
to the upper core edge would be 44.5 pum. Therefore the minimum required thickness including
the oxide layer, considering the beam divergence is 46 um for the case of having longitudinal
offset of z;=100 um. Deducting the oxide thickness (3 pm), the minimum required device layer
in this case is 43 um. We used SOI substrates with 47 pum-thick device layer to ensure that the
beam is entirely coupled to the waveguide input. In this case the fiber core center is going to face
the part of waveguide where it is 10 pum below the SOI surface. Single SOl and double SOI
wafers are both used. Single SOI wafer as shown in Figure 4-14 consists of only one single

device layer on top of an oxide layer. However a double SOI wafer consists of two device layer
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separated by an additional oxide layer as shown in Figure 4-15. Double SOls are used to guide
the light only inside the top device layer providing thinner waveguides hence lowering optical
loss by scattering from the side-walls roughness generated during DRIE process. Also with this
configuration the notching phenomenon (Figure 4-4 (b)) at the bottom of the waveguides is
minimized as the thickness of middle oxide layer is chosen to be thin (0.3 pum). Thinner the BOX
layer, the less time is needed to etch a trench through the BOX layer, and therefore less time for
deflection of SFg ions towards the bottom of the sidewalls. In other words, the thicker the oxide
layer, the longer it takes to etch the oxide layer and therefore, the longer the oxide layer is
charged, leading to longer time for deflection of SFs ions towards the bottom of the sidewalls and
as a result generating more notching at the bottom of the trenches (Figure 4-4 (b)). Single SOI
wafer are used to compare the results. The double SOI wafer consists of a thin and low doped
(high resistivity) top Si layer that will be used for the optical part where the light is propagating,
middle Si layer with lower resistivity, and the handle Si layer (Figure 4-15) separated by SiO,
layers. Middle layer has lower resistivity because in the case of gyroscope, the sensor needs to be

actuated with the comb drive and for that reason this part needs to be electrically conductive.
Figure 4-15 shows the dimensions of used double SOI wafer, having the following specifications:
15 um thickness low doped top Si device layer

0.3 um top SiO,, layer

32um middle Si device layer

3 um bottom SiO; layer

500 um Si-handle layer
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Figure 4-15: Dimensions of used double SOI

Figure 4-16 illustrates the device fabrication process. The device is fabricated using two masks.

The single SOI wafer has the following specifications:
47 um thickness Si device layer (resistivity=100 Q-cm)
3 um SiO; layer

500 um Si-handle layer

The attainable proof mass was extended further by adding mass from the Si handle layer to the
device layer as illustrated in Figure 4-16. From now on, we will call this method “Vertically
Extended Mass” (VEM). This approach presents a three dimensional structure for the device and
maximizes the attainable proof mass and can provide the highest achievable acceleration
sensitivity. Since there is no underlying substrate, the VEM- MEMS approach also provides the
lowest achievable stiction. The proof mass is composed of all five layers. First, 2 um-thick oxide
layer is sputtered on the front side of the wafer (on the top device layer) to protect the front side
surface during the back side fabrication (a), followed by Cr deposition and lift-off on the
backside (b). Then DRIE on the backside is carried out to reach the bottom BOX layer (c). The
sputtered oxide is then removed followed by photolithography on the front side (device mask is
aligned with the Cr mask at this point) (d). Next, the patterned device resist mask was etched

using DRIE all the way down to the bottom BOX layer (e). Finally, resist stripping; followed by
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proof mass releasing using vapor HF from the backside (f) completes the fabrication process.
Releasing the structure from the backside prevents the strip waveguides of being directly exposed
to the vapor and being lifted up as the result. Waveguides, U-grooves, springs and the device
structure are patterned at step (e) and the substrate mass-adding to the sensor proof mass
(providing higher sensitivity) is undertaken at step (c). Many tests were done to optimize the
DRIE process of the device layer. In many cases micro- grasses (section 4.1.1) appeared at the
bottom of the etched trenches as shown in Figure 4-17. This is believed to be due to the presence
of the top oxide layer that acts as a mask for the middle device layer. This slows down the
etching process and stops it at some point. This phenomenon was eliminated by increasing the
etching time in the DRIE process.

The 500 um backside DRIE in silicon was the most challenging part of the fabrication. At the
beginning, the front side etching was carried out prior to the backside etching. The etched front
side (including 2 um wide flexure springs) was protected by a thick layer of resist (SPR 220-7.0)
and was mounted on a silicon support wafer coated with a very thick resist as shown in Figure
4-18. The caused stress led to the spring’s breakage. Therefore to avoid this issue, the front side
etching was performed after the backside etching as explained in Figure 4-16. Figure 4-19 (a) and
(b) show the SEM photograph of the etched 500 um backside. In order to speed up the etching
process, etching to deposition ratio time was increased (20:8). This will cause some roughness
and angling on the Si side walls (Figure 4-19. b), but this is not critical to the device operation
since only the top Si structures (waveguides and MEMS comb electrodes/flexures) are

participating in the device optics and sensing.
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Figure 4-16: Fabrication process for optical accelerometers using double SOI: (a) 2 um oxide
layer deposition on the front side of the wafer to protect it during the fabrication on the backside,
(b) Cr deposition and lift-off on the backside, (c) DRIE on the backside until the bottom BOX
layer is reached, (d) removing the sputtered oxide protection layer followed by photolithography
on the front side, (e) DRIE on the front side until the bottom BOX layer is reached, and finally (f)
resist stripping followed by proof mass releasing using vapor HF from the backside.
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10.0kV 15.4mm x1.49k SE(M) 6/23/2010

Figure 4-17: An array of 2 um etched trenches. Presence of grasses at the bottom of the trenches
slows down the etching process.

Figure 4-18: Photograph of several VOA accelerometer devices after the 500 um backside DRIE
of SOI for the case of VEM approach.
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10.0kV 14.9mm x30 SE(M) 10/6/2010 12:10 1.00mm 10.0kV 12.0mm x180 SE(M) 10/6/2010 1157 300um

(a) (b)
Figure 4-19: SEM photograph of 500 um backside DRIE of SOI for VEM approach, (a) Side
view, (b) Front view.

Figure 4-20 shows a VEM fabricated VOA-based optical accelerometer.

10.0kV 12.0mm x70 SE(M

Figure 4-20: SEM photograph of the fabricated VEM VOA-based optical accelerometer with
added mass from Si handle on 47 um double SOI. Inset: close up view of the Bragg shutter. The
width of the input and output waveguides are 20um.
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Figure 4-21(a) shows the integrated input U-groove. For device characterization, the input and
output fibers need to be bonded using UV-curing optical adhesives. In order to prevent epoxy
flow into the MEMS structure, 2 um-wide staggered dams are used at the input and output
waveguides. Due to the presence of the top oxide layer, the side walls on the middle 32 pm
device layer are not smooth (Figure 4-21.b). This does not affect the device optics performance

since only the top Si layer is contributing to the device optical performance.

. | | | |
10.0kV 13.9mm x1.00k SE(M) 7/18/2010 50.0um

1 1 1 1
20.0um

10.0kV 12.9mm x2.02k SE(M) 7/19/2010

(@) (b)

Figure 4-21: (a) Integrated input U-groove with added staggered dams, and (b) Right-angle

waveguide bend, showing smooth waveguide sidewalls in the 15 micron top Si device layer with

some roughening in the lower 32 micron-thick middle Si device layer.

Figure 4-22 and Figure 4-23 show the fabricated VOA-based gyroscopes on double SOI and
single SOI substrates respectively. For the gyroscope fabricated on double SOI, the structure
needs to be actuated by the comb drive and as the top Si layer is not electrically conductive
enough, we need to reach the middle layer in order to apply the voltage, meaning additional
photolithography and etching steps. The problem here is to uniformly cover photoresist on top of
such a high topography surface. There have been many efforts with different recipes and resists
to uniformly cover the structure. Thick SPR 220-7.0 resist is used with different spinning and
baking recipes. The main issue was the bubbles formation after resist soft baking (Figure 4-24
(@)). Also some air cavities were observed after resist spinning and soft bake as shown in Figure
4-24 (b). The bubbles formation is believed to be due to the expansion of air in the air cavities
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and the resist solvent evaporation during the soft baking [120]. The formation of air cavities and
bubbles can be explained as follows:

During resist spinning, due to the centrifugal force that resist experiences (and also the resist
viscosity), resist cannot flow down along the sidewalls of trenches with high aspect ratios,

leading to the formation of air cavities.

The volume thermal expansion change of air is given by AV = V,BAT, where V, is the initial
volume of trapped air, f is thermal expansion coefficient of air, and AT is the change in
temperature. Trench length, width, and depth are 1 cm, 5 um, and 40 pum respectively, providing
Vo = 2 x 10°um?3. Air thermal expansion coefficient at room temperature (T, = 293 °K) is
B = 3.4 x10731/°K. Resist was baked at 100° C or 373 ° K, yielding AT = 80 °K resulting in
AV =5 x 10*um3. From Figure 4-24 (a), the total volume of the three bubbles (assuming they
are all lining up in one trench) is approximately 6x10° um3 (considering each bubble as a
hemisphere with radius of 100 pum). This is approximately two orders of magnitude smaller than
volume change caused by thermal expansion. This leads to the conclusion that the bubbles are

formed mainly by the evaporation of resist solvent during baking.

Electric Contact

Electric Contact

LN U I B I B |

10.0kV 14.8mm x60 SE(M) 9/17/2010 17:20 500um 10.0kV 13.9mm x150 SE(M) 7/19/2010 300um

(a) (b)

Figure 4-22: (a) Fabricated VOA-based gyroscope integrated with two stage micro-lever

on 47 um double SOI, (b) close up of the device.
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Fixed Bragg mirror

VOA éensing junction

|
10.0kY 14.8mm x1.00k SE(M) 8/17/2010 16:40 50.0um

(@) (b)

Figure 4-23: (a) Close up of the VOA sensing junction of the fabricated VOA-based gyroscope
on 47 um single SOI, (b) Input waveguide and its associated U-groove (for optical fiber to silicon

waveguide light coupling).

(a) (b)

Figure 4-24: An array of trenches with 50 um depth and different widths covered by a thick layer

of resist SPR 220-7.0. (a) Bubbles are formed after soft baking due to resist solvent evaporation.
(b) Some cavities are observed after resist spinning and soft bake.
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These bubbles are exploded during the DRIE process, causing damages on the protected areas.
Figure 4-25 (a) and (b) show a sample after UV-exposure and DRIE respectively.

Opening window

]

rrrrrrrrrne

10.0kV 12.0mm x300 SE(M) 8/3/2010 100um

(a) (b)

Figure 4-25: (a) Photograph of a sample with 47 pm topography coated with thick resist after
UV-exposure, (b) Same sample after DRIE.

Another issue is the spring’s breakage during the spinning step caused by the centrifugal force.

Figure 4-26 is a photograph of a sample after resist spinning.

Figure 4-26: Photograph of a sample after resist spinning. Springs get broken due to the
centrifugal force.
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In order to overcome these issues, a new method of coating on high topography surfaces called
Dynamic Surface Tension (DST) coating was investigated and successfully implemented (see

section 4.3).

4.2.3 75 pm thick SOI Process

As described in previous section, for the VEM approach, 80 um fibers were used to couple light
to the sensor. Cleaving 80 um fibers were very challenging since most commercial cleavers have
been designed for standard 125 um diameter SM fibers. Although the VEM approach maximizes
the attainable proof mass and can provide higher acceleration sensitivity, the fabrication requires
two separate DRIE steps and the resulting fabrication yield is low, requiring additional process
optimization. In the next phase of this work, 75 pum-thick SOI wafers were used to overcome
these two challenges. First of all it allows us to integrate standard 125 um telecom optical fibers
to the chip and secondly it provides a thicker device layer helping to get thick enough proof mass
without adding mass from the wafer backside (handle layer). However etching 75 pm silicon is
more challenging and requires thick resists as the mask. The problem with using a thick resist is
that it limits the lithography lateral resolution. The lithography process was optimized to get the
highest possible resolution. 6 pm-thick resist is used as a mask for the DRIE. The best conditions
resulted in 1.5 um lateral resolutions for the lithography which was good enough for our
application as the minimum feature size was 2 pum (spring’s width). As the MEMS structure
displacement is in the order of micrometers, the strip waveguides widths at the VOA sensing
junction interface are gradually tapered to 12 pm in order to increase the signal intensity variation
leading to better sensitivity for the device (Figure 4-27). As seen in Figure 4-28, waveguides at
the sensing junction are anchored to the substrate preventing them from lifting after releasing the
oxide layer. These anchors will introduce some optical loss to the system but they will have no
impact on the device optical performance. Figure 4-27 and Figure 4-29 show the fabricated
accelerometer and gyroscope based on VOA. After etching, the remaining resist is stripped off.

The oxide underneath (BOX layer) is then removed (using vapor HF) to release the structure.
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10.0kV 21.3mm %30 SE(M) 9/9/2011 1.00mm

Figure 4-27: SEM photograph of the VOA-based optical accelerometer fabricated on 75 pm SOI.
Strip waveguides widths at the VOA sensing junction interface are tapered to 12 um to increase

the sensor sensitivity.
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10.0kV 18.4mm x690 SE(M) 10/25/2011 50.0um

Figure 4-28: SEM photograph of the VOA sensing junction fabricated on 75 um SOI. Strip
waveguides at the VOA sensing junction interface are anchored to the substrate to prevent them

from lifting after releasing the oxide layer.
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10.0kV 17.4mm x50 SE(M) 9/9/2011

Figure 4-29: VOA-based gyroscope integrated with two stage micro-lever fabricated on 75 um
SOl.

4.3 New Photoresist Coating method for high topography surfaces

Surfaces with high topography are usually called for surfaces having deep trenches, for instance
trenches etched in silicon with 10 pum, 20 um or 100 um heights. With the development of
MEMS and the growing use of three dimensional microstructures, new techniques are required to
fulfill the demand for uniform photoresist coverage over non-planar surfaces with high
topography, like trenches, V-grooves, and cavities. Thus, the conformal photoresist coating of
wafers with three dimensional microstructures becomes a critical step in the integration process.
In the MEMS fabrication process of devices, there are three main different photoresist coating
techniques: spin coating, electrodeposition (ED) coating [124], and spray coating [122]. Several
efforts to obtain a conformal coating layer by using spin coating have been reported [122], [123].
Although spin coating is an established technique for resist deposition, it is often not suitable for
applications with high topography on silicon or glass surface because of defects generated in the
resist layer during the process. More specifically, the photoresist flows down along the sidewalls
of trenches due to gravity, gathers at the bottom corners, and is detached at the top corners, as
shown in Figure 4-30. This figure shows an array of trenches that were fabricated in silicon by
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using deep reactive ion etching (DRIE) process, and were further coated with commercial
photoresist shipley SPR 220-3.0 using spin coating method.

3.0kV 26.8mm x2.00k SE(M) 2/13/2009

Figure 4-30: An array of trenches with resist coated by spinning method.

Electrodeposition of photoresist has been reported as a useful method for three dimensional
stacks of chips [124] but it requires a conductive layer. In the case of spray coating, no
commercial photoresist exist that could be used without being diluted. Also the diluted
photoresist is thick (9um) not allowing to get a good resolution, the thickness of photoresist is not
uniform and depends on the geometry. For instance, if coating an array of cavities, only those
cavities having the same size would be covered with the same thickness of photoresist [124].
Here we report a new method that is based on the Nanometrix Inc. [125] technology, called
Dynamic Surface Tension (DST) [128]. We used a commercial photoresist (Shipley SPR 220-
3.0) to achieve uniform photoresist coverage not only on planar surfaces, but also on a
micromachined surface with high topography. Photoresist has the same thickness (1.5um)
everywhere independent of the geometry of the patterned surface. Table 4-2 shows a comparison

of this new technique with the three other existing ones.

Table 4-2: A comparison between DST technique and three others techniques.
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SPIN COATING | ED COATING SPRAY DST COATING
COATING (Nanometrix)
Process Simple Complicated Simple Simple
Geometry Geometry Geometry
dependent dependent independent
Substrate Conductor or Only Conductor or Conductor or
material Insulator conductor Insulator Insulator
Photoresist Commercial Specific Not commercial Commercial
ED resist 8um resolution | 4 5 um resolution
Resist Not uniform on pre- Uniform Depends on Uniform
uniformity | existing topography geometry

The DST deposition method that Nanometrix uses can be briefly described as follows. Resist is

poured on a surface of a liquid, called carrier liquid (here water) that has a greater surface tension

(than resist) in the presence of a gas (here air). The spread resist is driven by a surface tension

force (called driving force) on the substrate that is placed on a movable handle, called wafer

handling unit (WHU). Key parameters that influence the thickness, uniformity and quality of the

photoresist layer are:

- Solid content of the solution

- Solvent evaporation rate and miscibility

- Temperature

- GGas pressure

- Speed of WHU

Since this technique has been developed by Nanometrix Inc. and is not a part of this work, the

details of the work cannot be stated here. For more information readers are referred to [129].
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Most conventional photoresists cannot be used directly for DST coating because of their high
viscosity. Therefore they have to be diluted with solvents in order to lower their viscosity.
Basically the DST coating system can be operated using solutions with viscosity lower than 470
cP. Using too viscous photoresists cause small driving force and therefore create non uniform
layer. Several photoresist solutions have been investigated in order to find the most appropriate

one for the purpose of coating high topography surfaces.

We have investigated AZ9260 resist solutions that are diluted from the original photoresist by

adding solvents. Also SPR 220-3.0 resist was used without dilution.

4.3.1 Experiments and results

Several <100> silicon samples containing array of trenches with different widths etched by
DRIE, were prepared for the DST coating experiments. Water and air are used as the carrier
liquid the gas in the experiments. Unlike other coating methods, in DST coating photoresist is

coated on top (stacked) of the trenches.

Figure 4-31 shows SEM pictures of a sample coated with AZ9260 resist diluted with butyl
alcohol using DST method. As seen, the coating is not uniform. The thickness of photoresist is
4um at the top of steps whereas at the corners is almost zero, meaning the deposited film is not

planar.

Figure 4-31: a) Coated AZ9260 resist diluted with butyl alcohol, b) zoom on one trench.

We define the degree of planarization (DOP) as:
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poP= 1/, x100,

where h is the thickness of photoresist at the corner of steps and h is the thickness of photoresist

on top of steps, respectively, as shown in Figure 4-32. Clearly, when h = h, DOP is 100%.

Figure 4-32: Schematic of the coated film profile.

The degree of planarization increases with decreasing distance between trenches (or steps) and
with increasing film thickness (high viscosity photoresist) when spin coating method is used
[130]. In DST method, planarization is independent of trench (or steps) height which is a great
advantage over other methods. As the coated film flow deeper, A decreases leading to a poorer
planarization. From Figure 4-31, =0, leading to zero planarization. Figure 4-33 shows a more
uniform coating realized with AZ9260 photoresist diluted in acetone.

Figure 4-33: a) Coated AZ9260 resist diluted with acetone, b) zoom on one trench.
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The thickness of photoresist is 4.7um on the top of steps and 1.8um at the corners, providing

38% planarization.

Another sample was coated with SPR 220-3.0 photoresist. Since this type of photoresist has low
viscosity, we did not dilute it with any solvents. The resulting coated profile is shown in Figure
4-34. The coated photoresist on top of the steps and trenches are uniform and has the same
thickness as that at the corners (h = h), providing 100% planarization. The thickness of
photoresist is 1.5 um everywhere and is independent of trench (or cavity) depth. The resist is
suspended over the trenches due to the resist surface tension. Since the coated photoresist is thin,
lithography with high precision (1.5 pum) is feasible. It should be noted that, while the DST
coating is independent of the trench depth, it is limited by trench width. The maximum required
width to get the resist uniformly coated on the trench, was not investigated but as seen in Figure
4-34, trenches up to 50 um have uniformly coated. Figure 4-35 shows the entire left edge of the
trench array. As seen in this case, the resist layer has collapsed on the bottom of trench.

In the next step, the coated sample was patterned using photolithography with a mask containing
lines with different widths as illustrated in Figure 4-36. Then the sample with the patterned resist
was etched by DRIE and as a result the patterns were transferred to the bottom of the trenches (or
top of the steps). Figure 4-37 shows the same sample after photolithography and etching. The
bottom of trenches and the top of steps have been perfectly etched while preserving the masked
areas. This technique can be used to overcome the photolithography problem on the structures
with initial topography that we faced for the gyroscopes fabrication on double SOI (Figure 4-25).
The 47 pm-thick structure can be easily covered with SPR 220-3.0 photoresist using this
technique if the limit on the trench width is applied in the structure design. It should be
mentioned that the DST technique was not finally used on the devices as the final devices were

fabricated on single SOI.
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Figure 4-34: Coated SPR 220-3.0 resist.

Trench with large width

Resist collapse on trenches with large widths

Figure 4-35: The entire edge of an array of trenched. Resist cannot be suspended over the

trenches with large widths.
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Figure 4-36: Photolithography on the suspended resist over the trenches coated by DST method.
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Figure 4-37: Etched sample after photolithography and DRIE.

Figure 4-38 (b) shows a different sample after stripping the photoresist. The edges of the trenches
are sharp demonstrating the uniformity of the coating. Figure 4-38 (a) is the schematic of the
photolithography process on the coated SPR 220-3.0 photoresist on the array of trenches shown
in Figure 4-38 (b).
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10.0kV 18.6mm x1.10k SE(M)

Figure 4-38: (a) Schematic of the photolithography process on the coated SPR 220-3.0
photoresist (using DST method) on a structure with pre-existing topography (array of trenches),

(b) Sample after photolithography, DRIE and resist stripping.

In conclusion we have successfully coated uniformly a commercial photoresist on a surface with
high topography. Solid content of the solution, solvent evaporation rate and miscibility,
temperature, gas pressure, and speed of WHU are the key parameters that play important roles in
the coating process. Photolithography on the coated resist on top of trenches was successfully
performed, followed by etching on the sample with the patterned mask (patterned suspended
resist on top of trenches). The resist uniformity is independent of the depth of the trenches;
however it is restricted by trenches widths. The DST coating method can be used to overcome the
photolithography problem on the micromachined structures with high topography that we faced
for the gyroscopes fabrication on double SOI wafers. Since the etching ratio of resist to silicon is
1:13 for our DRIE recipe (Table 4-1), 1.5 um resist can easily survive during the 15 pum
(thickness of the top device layer) DRIE of the top device layer.
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CHAPTER 5 CHARACTERIZATION

5.1 Mechanical characterization

To ensure that the structure is completely released, each sample was mechanically tested using a
probe station (Figure 5-1). The tip of a needle which is attached to a micro stage is placed on the
side of the device proof mass. The proof mass is then displaced by pushing it by the needle tip
using the micro stage. Figure 5-2 shows a released VOA accelerometer that is pushed by the
needle. As seen in this figure, bended springs after pushing the proof mass demonstrate that the

sample is successfully released.

Figure 5-1: Probe station setup for sample release testing.

Vibration tests are also accomplished by actuating the samples with a piezo actuator. Figure 5-3
demonstrates a VOA accelerometer response to different actuator frequencies. The piezo actuator
frequency is tuned and the accelerometer displacement is measured. As the actuator frequency
approaches the resonant frequency of the device, the proof mass displacement amplifies.
According to Figure 5-3, the resonant frequency of the accelerometer is 1.4 kHz which was
slightly different from the theory (1 kHz). The difference arises from the fabrication deviations
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Proof mass
Probe

Figure 5-2: Release testing of a VOA accelerometer with a needle.
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Figure 5-3: Mass displacement of a VOA accelerometer for different actuator frequencies.
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such as notching phenomenon and photolithography diffraction. Figure 5-4 shows the

corresponding acceleration versus the actuation frequency.
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Figure 5-4: Experienced acceleration versus the actuator frequency.

5.2 Optical characterization

5.2.1 30 pm thick SOI accelerometers
FP-based accelerometer integrated with strip waveguides

Experimental setup for the FP-based accelerometer testing is shown in Figure 5-5. Light from a
broadband source (1520nm-1620nm) is transmitted using butt coupling into the input waveguide
through an optical fiber. The transmitted light is collected by a second optical fiber, which is butt
coupled to the output tapered waveguide on one side and to an optical spectrum analyzer on the
other side. The whole setup is attached to an inclinable board that can be tilted. Acceleration is
applied to the device as a consequence of gravity by tilting the board (g siné). The transmission
peak of the FP shifts to shorter wavelength, while increasing the angle of inclination (sensing
accelerations from 0 to 0.83g). Two proof masses (1.36x107 kg) are suspended on eight springs

(Figure 4-11) having a designed overall stiffness of 15 N/m providing ®,=10.5 kHz natural
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frequency. Figure 5-6 compares the measured and simulated transmission spectra of the device.
The initial transmission peak is 1589.33nm. As acceleration is increased, the air gap between the
two Bragg reflectors is decreased resulting in transmission peak shift toward shorter wavelengths.
The filter can be tuned continuously down to 1559.33nm for a total tuning range of 30nm. A
larger tuning range could be achieved by using a smaller gap since it would provide a larger free
spectral range. The FWHM of the peak is 2.4 nm. A transfer matrix method (Eq. (2.4 )) is used to
simulate the transmitted light across the FP filter by considering a plane wave incident beam. Due
to the fabrication imperfections (deviation of lateral dimensions generated by photolithography
and etching processes (such as notching)), the measured peaks are not exactly located at the same
locations predicted by the simulations.

Input
Optical Fiber

Sample To Broadband Source

Output
Optical Fiber|®

Figure 5-5: Optical setup for the characterization of the accelerometers.
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Figure 5-6: Measured (colored curves) and simulated (black curves) transmission spectra of the FP-

based accelerometer integrated with strip waveguides for various accelerations (0,=10.5 kHz).

Figure 5-7 shows the applied acceleration versus the resonant wavelength shift of the FP filter
with ©,=10.5 kHz (two proof masses (1.36x107" kg) suspended on eight springs (Figure 4-11),
having an overall stiffness of 15 N/m). 2.5 nm/g sensitivity is extracted from the curve leading to

4 mg resolution for the sensor (for an OSA with 10 pm wavelength resolution).
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Figure 5-7: Measured wavelength shift versus applied acceleration of the FP-based accelerometer

integrated with strip waveguides (0,=10.5 kHz).
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According to Eq. (2.30) better resolution and sensitivity can be achieved if the natural frequency
is lowered. To achieve that, a device with larger proof mass and smaller spring constant was
designed and fabricated. The mechanical sensor model was described in section 3.1. Table 5-1

summarized the used dimension (on the mask layout) for the device.

Table 5-1: Accelerometer design parameter used in Figure 4-11.

Span beam length 470 pm
Span beam width: 3 um
Connector beam width=Connector beam length | 10 um
Number of beams 8

Proof mass thickness 30 um
Length of proof mass 288 um
Width of proof mass 2884 um
Etch-holes dimension 5 um x5 um
Distance between etch-holes 4 um

Mass of proof mass 8.1x107 kg
FP gap 27.1 pm
Silicon wall width of the Bragg mirror 3.8 um

Air wall width of the Bragg mirror 2.5 um
Waveguide width at the input and output 12 pm
Waveguide collimator length 4000 pm
Waveguide width at the end of collimator 40 um
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The device has a mass of 8.1x10” kg with a spring constant of 6.125 N/m resulting in @,= 2.75
kHz natural frequency. The device response is measured with the same setup (Figure 5-5). Figure
5-8 compares the measured and simulated transmission spectra of the device. The initial
transmission peak is 1534.5 nm while 0.18 g acceleration is applied. The gap of the FP cavity is
27.1 pm, leading to 30 nm FSR for the sensor. Therefore the filter can be tuned continuously over
30 nm. The full width at half maximum (FWHM) of the peaks is 3nm. As seen once more due to
the fabrication imperfections (generated by photolithography and etching processes), the

measured peaks are not exactly located at the same locations predicted by the simulations.
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Figure 5-8: Measured (colored curves) and simulated (black-dashed curves) transmission spectra
of the FP based accelerometer integrated with strip waveguides for various accelerations
(wn=2.75 kHz).

Figure 5-9 shows the applied acceleration versus the resonant wavelength shift of the FP filter
with ®,=2.75 kHz (two proof masses (8.1x10” kg) suspended on eight springs, having an overall
stiffness of 6.125 N/m). 90 nm/g sensitivity is extracted from the curve leading to 111ug

resolution for the sensor. Using (2.18) and (2.35), sensor has a maximum dynamic range of 295

mg.
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Figure 5-9: Measured wavelength shift versus applied acceleration of the FP-based accelerometer

integrated with strip waveguides (o,= 2.75 kHz).
FP-based accelerometer integrated with rib waveguides

FP-based accelerometers integrated with rib waveguides (Figure 4-9) were also optically
characterized. Using rib waveguides provides two advantages compared to strip waveguides as
discussed in section 4.2.1: first of all, they are single mode so the profile of guided mode inside
the waveguide is known and second, the SiO, layer under the waveguide is not removed while
the structure is released in vapor HF. The device has a mass of 2.24x10® kg with overall spring

constant of 7 N/m resulting to w,= 17.7 kHz natural frequency.
Figure 5-10 shows the response of the device. The initial transmission peak is 1595 nm while no

acceleration is applied.

Figure 5-11 shows the applied acceleration versus the resonant wavelength shift of the FP filter.

1.5 nm/g sensitivity is extracted from the curve leading to 6.7mg resolution for the sensor.
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Figure 5-10: Measured transmission spectra of the FP-based accelerometer integrated with rib

waveguides (o,= 17.7 kHz).
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Figure 5-11: wavelength shift versus applied acceleration of the FP-based accelerometer

integrated with rib waveguides (w,= 17.7 kHz).
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As discussed in section 2.5.3, the sensor sensitivity is inversely proportional to the resonance
frequency of the device and the finesse or quality factor of the FP cavity. However both of these
parameters are independent of the modal distribution in the waveguide. The resonance frequency
is @ mechanical parameter that depends on the sensor proof mass and spring constant and the
quality factor of microcavity depends on the optical characteristics of the cavity such as
reflectivity of Bragg mirrors and fabrication imperfection (section 2.5.1). Therefore, using rib or

strip waveguides do not affect the device performance.

5.2.2 47 pm thick SOI-VEM accelerometer

The static responses of the Vertically Extended Mass (VEM) VOA-based accelerometer
fabricated on double SOI (Figure 4-20) were measured by exposing it to gravity. The
accelerometer has 1.32x107 kg proof mass and is suspended by six span beams having a
designed overall stiffness of 2.2 N/m providing 4.1 kHz natural resonance frequency. The widths

of the waveguides at the VOA junction are 20 pum.

Light (A=1550 nm) from a 4 mW laser source (Agilent 8164 B) is transmitted into the input
waveguide (top device layer) through a 80 um diameter single mode optical fiber aligned in an
input U-groove. The transmitted light is collected by the second optical fiber, which is coupled to
the untapered end of the output waveguide (Figure 3-6) at one end and to a photodetector at the
other end. Fibers were bonded to the U-grooves using UV-curing optical adhesives (Thorlabs
NOAG3). Fiber to waveguide coupling is quite challenging as light has to be coupled to the thin
top device layer (Figure 4-15). The whole setup is attached to an inclinable board that can be
tilted (Figure 5-5). Acceleration (towards the fixed Bragg mirror) is applied to the device as a

consequence of gravity by tilting the board (g sind).

Figure 5-12 shows the detected output power versus applied acceleration. Power decreases, as the
angle of inclination increases while the acceleration is applied towards the fixed Bragg mirror
(the movable Bragg mirror in Figure 3-6 moves towards the fixed Bragg mirror and blocks more
light leading to less coupling light from the input waveguide to the output waveguide at the VOA
junction). Due to the coupling loss from optical fibers to waveguides and from waveguides to
waveguides, the measured output power is low (from Egs: (2.55) and (2.56), 1.6 dB for each
silicon/air interface and 0.2 dB for each fiber/air interface). Sensor response repeatability is

checked for three different accelerations and is described as follows. Three arbitrary angles are
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chosen: 0 °, 25° and 45°. When for example the output power of the device is recorded at 0°, the
angle is set to 25° and 45° and after recording the power at these angles, it is returned to 0° and
the output power is measured again. Slight fluctuations at the output power were observed for
each of the measurement as seen in Figure 5-12. The error arising from the board height
measurement (reading error or uncertainty) is also indicated in this graph. The average
fluctuation of the output powers were approximately 0.003 pW (0.178 dB). These fluctuations
are believed to be coming from the produced stress on the fiber generated from the glue (UV-
curing optical adhesive). The reading power uncertainties (the accuracy of reading of power by
the photodetector) are very small compared to the power fluctuations arising from the fiber stress
and therefore can be neglected. The sensor response to the acceleration ranging from 0 to 0.7 g is
approximately linear with1.47+0.25 dB/g sensitivity. Sensitivity can be improved by using bigger

proof mass and softer springs.
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Figure 5-12: Static response of the VEM VOA-based accelerometer to applied acceleration
(wn= 4.1 kHz).

5.2.2.1 Gyroscope drive mode validation

Gyroscopes actuation in the drive mode was successfully tested by applying differential voltage
between the movable part (attached to the system proof mass) and the fixed part of the comb
drive. Driving displacement of gyroscopes fabricated on 47 um-thick single SOI were measured
using optical profilometer when 100 V is applied to the electrical pads of the gyroscopes (Figure
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5-13 (a)). Only double SOI test structures with 2 beams (one side plate with dimensions of 500
HmMx50 pm suspended by two span beams with dimensions of 200 umx2 pum) were tested, as all
springs could not survive at the end of fabrication due to the fabrication issues that were
discussed in section 4.2.2 (Figure 4-25). Figure 5-13 (b) shows this test structure. Proof mass has
the same thickness as the springs (47 um). Proof mass displacement for the single SOI structure
excited at 10 Hz frequency for an applied voltage of 100 V was measured to be 3 um. Sensor has
a mass of 4x10® kg suspended by 10 springs with overall constant of 77 N/m (3.11), providing

44 kHz natural resonance frequency for the system. The ratio of driving frequency to resonance

frequency ((Z’—D) is 1.4x107%: the driving force produced by the comb drive is calculated from
0x

(3.15) to be 60 uN. The damping ratio of the sensor can be extracted from (2.72), since the ratio
of the driving frequency to the resonance frequency is very small; referring to Figure 2-6 the
effect of damping is very small (also discussed in section 3.2.1), leading to weak damping
situation for the sensor. Maximum displacement of proof mass for weak damping from the
simulations is 0.78 um (Table 3-5). The difference between measurement (3 pm) and simulation
arises from microfabrication imperfections. Especially notching can make a big difference in the
comb drive performance (Figure 4-5). It also changes the expected resonance frequency of the
device. As discussed in 8§ 2.8, in order to obtain a highly sensitive rate sensor, it is necessary to
have high amplitude of vibration which entails weak damping and matching between driving
frequency and device resonance frequency in driving direction (2.72). In the case that we are
studying here, the matching condition is not satisfied and to be so, the driving frequency has to be
increased. However at high frequencies, the damping effect is more significant. Damping can be
lowered by increasing the gap between the oscillating plate and the fixed frame wall (here the
used gap is 30 um). However care should be taken to not neglect the slide damping caused by the
existence of etch-holes in the proof mass. Therefore the effect of these etch-holes at matching
frequency should also be studied. If necessary, vacuum package is needed for the gyroscope to
reduce the damping.
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Figure 5-13: Gyroscope drive mode testing by applying differential voltage between the movable
and the fixed part of the comb drive, (a) 47 um single SOI device, and (b) 47 pum double SOI test
structure, the top device layer (waveguide layer) has been etched partially to reach the middle

device layer (actuator layer).

5.2.3 Optical loss measurements

Cut-back method is used to measure the propagation loss of the optical waveguides. Light with
input power Py is coupled to a waveguide of length L; and the output power P; is measured; the
measurement is repeated for the same but shorter waveguide L, to determine the output power P,

knowing that the intensity decays with propagation distance z, as
I =Ie", (5.1)

the propagation loss of the length of waveguide (L;-L,) is therefore related to the difference in

the measured outputs:
5 = exp[—a(Ly—L,)] (5.2)

so that
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= (i

This equation is accurate if the condition of the waveguide endfaces, widths, and input power

remain constant. Also the accuracy of this method is improved if multiple measurements are
taken. Three waveguides with different lengths are measured. Figure 5-15 shows the optical loss
versus the waveguide length. Single SOI devices and double SOI devices with thickness of 47
um and different lengths (1250 um, 2500 um, 5000 pm, and 7500 pum) integrated with U-grooves
were fabricated and optically measured (Figure 5-14).

10.0kV 14.8mm x30 SE(M) 9/17/2010 16:38
Figure 5-14: SOI fabricated waveguides with different length integrated with U-grooves.

Three waveguides with different lengths of 1250 um, 2500 um, and 5000 um are measured with a
4 mW laser (Agilent 8164 B) emitting at 1550 nm. Figure 5-15 and Figure 5-16 show the
measured optical loss against the waveguide length for single and double SOI waveguides
respectively. In the case of single SOI, as the waveguide with 5000 um length had damaged

during the fabrication, the waveguide with 7500 um length was measured instead.
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Figure 5-15: Waveguide transmission versus waveguide length for 47 um thick single SOI device.
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Figure 5-16: Waveguide transmission versus waveguide length for 47 um thick double SOI device.

Note that the linear fit to the data cuts the y-axis above the origin. This suggests a loss for zero
propagation length. This is because the data are expressed as insertion loss not propagation loss,
and therefore the loss corresponding to zero propagation length is the total coupling loss to the
waveguide. Coupling loss of 10.4 dB and 6.6 dB are extracted from these graphs for single and



159

double SOI devices respectively. The propagation loss of 6 dB/cm and 5.5 dB/cm are extracted
from these graphs for the single and double SOI devices. Lower loss for the double SOI is
expected since the thickness of the top layer where the optical waveguides are fabricated is 15
um, whereas for single SOI device this thickness is 47 pm. Thinner SOI results in having less
area of scalloping on the waveguides sidewalls that are generated during DRIE process, leading
to less scattering loss coming from the interaction of light with the waveguide sidewalls.

5.2.4 75 pm thick SOI

Similar experimental setup as Figure 5-5 is used to characterize the VOA-based accelerometers
fabricated on 75 pm-thick SOI wafers. Unlike the 47 pum double SOI devices, coupling was
easier in this case since the device layer was thicker. Standard 125 pm telecom optical fibers (P1-
SMF28e-FC2, Thorlabs) were used to inject and detect the optical signal to/from the sensor
microchip. Optical fibers were bonded to the U-grooves using UV-curing optical adhesives
(Thorlabs NOAG3) through reservoirs. These reservoirs as shown in Figure 5-18 (a) are
positioned beside the U-grooves and as far as possible from the input silicon waveguide to avoid
the sudden flowing of the epoxy into the chip. They are fabricated at the same time (DRIE) as
other sensor components (proof mass, springs,...). In order to prevent the epoxy flow into the
MEMS structure, 2 um-wide staggered dams are used at the input and output waveguides. Figure
5-17 (a) shows the optical setup with the sample bonded to the fibers.

To Laser Source Sample To Optical Power Meter Reservoirs filled with NOAG63 adhesive

Stages

Standard SMF28e optical fiber

Sample. containing different proof masses sizes

(@) (b)

Figure 5-17: (a) Sample glued to the optical fibers mounted on the optical setup, (b) Close up
view of sample.
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Figure 5-17 (b) is a close up view of the sample.
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Figure 5-18: (a) Epoxy reservoir integrated with U-groove and fiber filled by UV-curing optical

adhesives, (b) SEM of the bonded optical fiber to the input waveguide after curing. Staggered

dams are indicated in the picture.

Accelerometer has 1.75x107 kg proof mass and is suspended by four span beams with 1000 pm
lengths and 2 pm widths having an overall stiffness of 0.8 N/m (Table 3-2) providing 2.14 kHz
natural resonance frequency. Dimension of the device component can be find in appendix (I)

Figure 5-19 shows the SEM photograph of the fabricated device.

10.0kV 17.6mm x35 SE(M) 10/25{2011 1.00mm

Figure 5-19: SEM photograph of the VOA-based optical accelerometer fabricated on 75 um SOI.
Strip waveguides widths at the VOA sensing junction interface are tapered to 12 pm.
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Light (A=1550 nm) from a 4 mW laser source (Agilent 8164 B) is coupled into the input
waveguide. The transmitted light is then measured by an optical power meter (Newport 840-c).
Figure 5-20 shows the detected output power versus the applied acceleration applied by gravity.
Due to coupling loss from optical fibers to waveguides and from waveguides to waveguides
(from Egs: (2.55) and (2.56), 1.6 dB for each silicon/air interface and 0.2 dB for each fiber/air
interface), the measured output power is low. The whole setup is attached to an inclinable board
that can be tilted. Accelerations up to 0.7g (towards the fixed Bragg mirror) are applied to the
device as a consequence of gravity by tilting the board (g sind). Consequently, the movable
Bragg mirror (Figure 3-6) moves towards the fixed Bragg mirror and blocks more light leading to
less power coupling from the input waveguide to the output waveguide at the VOA junction. As a
result, power decreases, as the angle of inclination increases. Measured output powers were
slightly fluctuating for each measurement (each angle of inclination). For example when 0.1g
acceleration is applied (indicated on the blue line in Figure 5-20), the measured power output was
fluctuating within 0.2463 uW, 0.2437 uW, and 0.2411 puW leading to £0.0026 uW or £ 0.046 dB
fluctuation. These fluctuations are believed to be coming from the produced stress on the fiber
generated from the glue (with UV-curing optical adhesive). The reading power uncertainties (the
accuracy of reading of power by the photodetector) are very small compared to the power

fluctuation arising from the fiber stress and therefore can be neglected.

Sensor response repeatability was checked over four days. As seen in the graph, the measured
output powers degrade over time, showing 0.06 pW average drop power per day. This is due to
the shrinkage of the optical adhesive over time, leading to misalignment between optical fibres
and the chip. Errors arising from the board height measurement (reading error or uncertainty) are
also indicated in the graph (width of the markers in horizontal direction). The slopes of the lines
in Figure 5-20 have slightly changed from day to day. Table 5-2 shows the average power
fluctuation, average line slope and line slope fluctuation of the sensor over four days of
measurement. By averaging the values presented in Table 5-2 over time (days), the average
power fluctuation is £0.040 dB, and the average sensitivity of the device is 3.44+0.40 dB/qg,
where +0.40 dB/g is the average line slope fluctuation. Compared to 47 um double SOI device
(sensitivity of 1.47+0.25 dB/g), sensitivity has increased by a factor of 2.5x by reducing both
resonance frequency and the width of the waveguides at the VOA junction.
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Table 5-2: Average power fluctuation, average line slope and line slope fluctuation of the VOA-

based accelerometer sensor over four days of measurement.

Day 1 2 3 4

Average Power Fluctuation (xdB) 0.042 0.032 | 0.046 | 0.039

Average Line Slope (dB/g) 2.314 3.734 | 3.633 | 4.085

Line Slope Fluctuation (£dB/g) 0.058 0.739 | 0.697 | 0.093
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Figure 5-20: The static responses of the 75 um thick VOA-based accelerometer (having a natural

resonance frequency of w,= 2.14 kHz) to applied accelerations measured at four different days.

Let’s now compare the experimental results with simulations. The widths of both input and
output waveguides at the VOA junction are 12 um. The corresponding initial beam radius
extracted from Figure 2-13 for the input waveguide is 4 um. The distance between the input
waveguide and the middle of Bragg mirror is 8 um. The new beam radius at the middle of mirror

position extracted from Figure 2-15 is 4.12 um. The maximum displacement of proof mass
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caused by maximum applied acceleration in this experiment (0.7g) can be calculated from (3.7)
as 1.5 um. However, the maximum displacement to achieve a linear response depends on the
lateral fundamental mode size in the waveguide at the VOA sensing junction. From Figure 2-17,
the maximum allowed displacement to achieve a linear response with linearity better than 0.5%
when the beam radius is 4.12 pm is approximated to be +1.4 um. On the other hand,
corresponding applied acceleration to achieve 1.4 um displacement calculated from (3.7) is

0.65g. Therefore from theory, device shows only linear responses from 0 to 0.65g.

Now if the mirror displaces 1 um (x,=+1) from its initial position (x,=0) due to an applied
acceleration, from Figure 2-18, AL,=2.1 dB, leading to 2.1 dB/um sensitivity. On the other hand
from Table 3-2, for our device (having proof mass of 1000 umx1000 pum fabricated on 75 pm
SOl wafer and spring parameters listed on the last row of the table), the proof mass displacement
sensitivity is 2.2 um/g leading to total 4.62 dB/g sensitivity for the device. The difference
between theory and experiment arises from the approximation made in the simulation (listed in
section 2.6.2.2) and fabrication imperfections (such as deviation of lateral dimensions generated
by photolithography and etching deviations (such as notching)).

5.3 Conclusions

Mechanical testing was performed after each device release and prior to optical characterization
by using a probe station setup to ensure that the device is completely released. Vibration tests are
also accomplished by actuating samples with a piezo actuator to verify the predicted sensor
resonance frequency from theory. The piezo actuator frequency is tuned and the accelerometer
displacement is measured. As the actuator frequency approaches the resonant frequency of the
device, the proof mass displacement amplifies.

The static responses of all types of accelerometers were measured by exposing them to gravity by
the way of attaching the whole setup to an inclinable board that can be tilted. Force is then
applied to the devices as a consequence of gravity by tilting the board. The static responses of
FP-based accelerometers fabricated on 30um-thick SOI wafers integrated with strip and rib
waveguides were successfully measured by using this method of measurement. Butt coupling
method was used to couple light from optical fibers to the silicon strip/rib waveguides. The FP-
based accelerometer fabricated on 30 um-thick SOl wafer having natural resonance frequency of

10.5 kHz demonstrated 2.5 nm/g sensitivity and 4 mg resolution. Since the sensor sensitivity and
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resolution are both inversely proportional to the system natural resonance frequency, the sensor
performance was improved by lowering the sensor natural resonance frequency to 2.75 kHz
(using bigger proof mass and softer springs) leading to 90 nm/g sensitivity and 111ug resolution
for the sensor. Both sensors show linear responses over their tuning range and their performance
have the potential to reach pg resolution if larger mass and softer spring is used. As the sensor
sensitivity is proportional to the resonance frequency of the device and the resonance peak
finesse (or cavity quality factor) and is independent of the modal distribution in the waveguide,

using rib or strip waveguide did not affect the device performance.

Since the sensor sensitivity and resolution are both proportional to the system proof mass, using
thicker SOI wafers increases the attainable sensor proof mass, consequently improving the
sensors performance. This also allows integrating optical fibers to the chip and moreover
minimizing the misalignment issues and signal instabilities. Furthermore, it reduces the cross-

axis sensitivity of the sensor (due to the greater cross-axis stiffness).

The static response of VOA-based accelerometer fabricated on 47 um-thick double SOI wafer
was also tested. Using 47 um- thick SOI wafers enabled us to passively integrate 80 um optical
fibers to the chip using U-grooves. The reason of utilizing double SOI wafer is to guide the light
only inside the top device layer providing thinner waveguides and therefore lowering scattering
optical loss from the side-walls roughness that have been generated during DRIE process. To
verify this assumption, propagation loss of 47 um- thick single SOI and double SOI strip
waveguides were measured using cut-back method, showing 0.5 dB/cm less propagation loss for

double SOI waveguides.

The VOA-based accelerometer fabricated on 47 um double SOI wafer has a vertically extended
proof mass by adding the mass of the underlying Si wafer to the sensor proof mass on the device
layer. The widths of waveguides at the VOA junctions are 20 um. This vertically extended mass
(VEM) VOA-based accelerometer fabricated on 47 pum double SOI wafer, demonstrated
1.47£0.25 dB/g sensitivity.

VOA-based accelerometers fabricated on 75 um-thick SOI wafers were also tested by exposing
them to gravity. 75 pum-thick SOI wafers enabled us to interface the silicon waveguides to the
standard 125 um telecom optical fibers using U-grooves. The sensitivity (compared to vertically
extended mass VOA-based accelerometer fabricated on 47 um double SOI) was improved by a
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factor of 2.5+£0.3 by reducing both, the resonance frequency (to half) and the width of the
waveguides at the VOA junction (from 20 pum to 12 um), leading to 3.4+0.4 dB/g sensitivity.
Sensor shows a linear response over 0.6 g applied acceleration. As fibers were bonded to the chip
by UV-curing optical adhesive, some fluctuations at the output power were observed arising from
the produced stress on the fiber generated from the glue, causing misalignments between fibers

and silicon waveguides.

Gyroscopes actuation in the drive mode was verified by applying differential voltage between the
movable part (attached to the system proof mass) and the fixed part of the comb drive. Driving
displacement of gyroscopes fabricated on 47um-thick single SOI excited at 10 Hz were measured
to be 3 um using optical profilometer when 100 V is applied to the electrical pads of the
gyroscopes. Device shows to be in the weak damping status at low frequencies. Large driving
displacement leads to higher sensitivity for the device. To achieve large driving displacement,
device needs to be actuated with frequencies equal or close to its resonance frequency. However
the nature of damping is different at higher frequencies due to the existence of etch-holes on the
proof mass. The effect of etch-holes on slide damping needs to be therefore studied as it can
show a significant impact on the damping at higher frequencies. For comparison, the VEM
approach seems to have an advantage (easier controlling on damping) as no etch-holes are needed
to release the structure,
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Fully integrated high performance optical MEMS inertial sensors were presented for the first
time. Although optical inertial sensors with high performance have been previously reported,
none of them is integrated with optical waveguide for in-plane detection purposes. In this work,
in-plane optical accelerometers and gyroscopes with two different designs were successfully
fabricated on SOI wafers with different device layer thicknesses. Optical accelerometers were
also successfully characterized. These inertial sensors are designed for micro-satellites navigation
purposes where a compact and low power microchip is required. As all of the sensors
(accelerometers and gyroscopes) presented here are designed for in-plane detections, multiples of
them with various dynamic ranges can be integrated on the same chip (such as 0 to 10 mg, 0 to
100 mg, and 0 to 1 g), providing a broad measurement range. The most important characteristic
of these sensors is that they are immune to electromagnetic interferences making them suitable
for space applications. Two different designs with different working principle integrated with
optical waveguides were presented. First one is a micro electromechanical systems Fabry-Perot
(MEMS FP) based sensor. It is actuated by an applied acceleration to provide a shift in the FP
resonance wavelength. Device shows a linear response (linear shift in the FP resonance
wavelength to the applied acceleration). The second one is a MEMS variable optical attenuator
(VOA)-based sensor. A Bragg mirror that is attached to the sensor proof mass is positioned in the
middle of the gap of two optical waveguides: input and output waveguides. When the device is
actuated by the applied acceleration, the intensity of the transmitted light to the output waveguide
is modulated by the displacement of the Bragg mirror. Sensor shows a relatively linear response
(linear shift in the transmitted light intensity to the applied acceleration).

Two types of waveguides are used namely, strip and rib waveguides. Strip waveguides are
multimode and are fabricated at the same DRIE step as the rest of the structure. Rib waveguides
however are single mode and one additional photolithography and DRIE is required to fabricate
them. The main advantage of rib waveguides is that, unlike the strip waveguide they do not lift
up during the structure releasing process. On the other hand, fabricating them requires

photolithography on a structure with high topography. This requires good resist coverage on the
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topography region. For that purpose a new method called dynamic surface tension (DST) was
used.

Although FP-based devices seem to be highly sensitive even with nanometer displacements, they
require more complex optical source (high quality laser) and detector (optical spectrum analyzer)
compared to VOA-based devices (photodetector). This is because, the FP-based sensor is based
on wavelength detection (interferometry) while, the VOA-based sensor is based on intensity
detection. On the other hand, to obtain a relatively high sensitive VOA-based sensor,
displacements in the order of few micrometers are required. However obtaining displacements at

this order using MEMS technology are restricted by the fabrications constraints.

SOI wafers with different device thicknesses (30 um, 47 um, and 75 pm) are used to fabricate the
devices. All Devices sensitivity is inversely proportional to the system natural resonance
frequency. This means, not only springs with low spring constant are required, but also large
proof mass is needed to increase the sensor sensitivity. As mentioned earlier, only few nanometer
displacements can effectively modulate the FP resonance peak. Measurement showed that even
30 um SOI can provide large enough proof mass for the sensor to provide nanometers of
displacements in the presence of small accelerations (smaller than gravity). In other words, the
produced gravity force is large enough to displace the proof mass in the order of few nanometers.
However, thicker SOI wafers will still provide larger mass, offering better sensitivity (and
resolution) for the device. FP-based accelerometers integrated with strip and rib waveguides
fabricated on 30 um SOI were successfully tested. As the sensor sensitivity is proportional to the
resonance frequency of the device and the finesse or quality factor of the FP cavity and is
independent of the modal distribution in the waveguide, using rib or strip waveguides do not

affect the device performance.

On the other hand, in order to attain sensitive VOA-based devices, few micrometers
displacements are required to significantly modulate the optical output power (requiring soft
springs and large proof mass for the device). In order to obtain such a device with large mass and
soft springs, a vertically extended mass (VEM) approach was introduced for the VOA-based
devices where the attainable proof mass is extended further vertically by adding the mass of the
underlying Si wafer (handle) to the sensor proof mass while the springs are defined on the SOI

device layer. In this approach, springs are introduced in the device layer while the proof mass is
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composed of the device layer and handle layer providing thin (soft) springs and large proof mass
for the device, resulting in the highest achievable acceleration sensitivity for the sensor. With this
configuration the in-plane size of proof mass in the SOI wafer plane can be smaller than those
fabricated on 30 um SOI wafer, as the desired mass can be obtain in vertical direction, leading to
smaller size (in plane) for the sensor . Double SOI wafers are also used. The reason was to reduce
the propagation loss in the waveguides by defining the optical waveguides only on the top device
layer. With this configuration, the top device layer can be chosen to be thin as much as possible
to reduce the scattering loss generated by the waveguide side wall roughness. However, a too thin
layer can decrease the coupling efficiency between the fibers and waveguides. 15 um-thick top
device layer is used to make a compromise between the scattering loss and coupling efficiency.
U-grooves along epoxy reservoir were integrated with the sensors. U-grooves reduce the
misalignments errors between fibers and the chip. Although the VEM approach maximizes the
attainable proof mass and can provide higher acceleration sensitivity, the fabrication requires two
separate DRIE steps and the resulting fabrication yield is low. Therefore for the next step of
work, 75 um-thick single SOI wafers were used allowing the integration of standard single mode
optical fibers to the chip. Coupling to waveguides is not an issue in this case, as the waveguides
are thicker than the optical fiber core diameter. The sensitivity of the device in the case of VOA-
based not only is inversely proportional to the system resonant frequency, it is also inversely
proportional to the lateral guided mode size in the waveguides (which is directly related to the
waveguides width) at the VOA junction (more intensity modulation for unit displacement). The
sensitivity of the device was improved by a factor of 2.5 through reducing both, the resonance
frequency and the width of the waveguides at the VOA junction using 75 um-thick single SOI

devices.

The tuning range of VOA-based devices is determined by the lateral guided mode size of the
input waveguide at the VOA junction which is related to the waveguide width at the VOA
junction. On the other hand, the linear response range is determined by the regions where the
power of the guided mode is uniform. These are the regions located nearby the optical axis of the
waveguide. Although increasing the waveguide width at the VOA junction enlarges the mode
size and as a result, provides a larger tuning range for the device, at the same time it reduces the
sensitivity of the device; unless the proof mass displacement is increased accordingly (by

lowering the resonance frequency). In summary in order to obtain a VOA-based sensor with high
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sensitivity and large tuning range with linear response, the width of input waveguide at the VOA
junction needs to be increased while the proof mass displacement per unit applied acceleration is
increased at the same time by lowering the natural resonance frequency (using large proof mass
and soft springs). This is however associated with the price of narrowing the operational

frequency bandwidth.

For gyroscopes, a MEMS electrostatic comb-drive with interdigital fingers was used to oscillate
the MEMS proof mass along the x-axis. An applied angular rotation perpendicular to the sensor
plane (z-axis) induces a Coriolis force, causing the proof mass and the attached VOA/FP movable
mirror to displace along the y-axis, modulating the VOA actuator/FP gap and the resultant
transmitted optical signal/wavelength. A matching condition between resonance frequencies in
driving (x) direction and sensing (y) directions is required to obtain high displacement sensitivity
for the gyroscope. The gyroscope displacement sensitivity is also proportional to the driving
displacement (caused by comb-drive) and the mechanical quality factor of the sensor in y
direction (Qy), and is inversely proportional to the device resonance frequency. In other words, in
order to get a sensor with high displacement sensitivity, a matching condition between the
resonance frequencies in driving and sensing directions, high driving displacement, high quality
factor in y direction, and low resonance frequency are required. The quality factor is inversely
proportional with damping. Consequently, in order to gain a high quality factor in y direction, the
sensor needs to be weakly damped in y direction. The driving displacement not only depends on
the comb-drive characteristics (such as number of fingers (ns), and space between the fingers (d))
and the applied voltage (V), it also directly relates to the quality factor in the driving direction
(Qx). However despite the sensing direction, not very high quality factor in driving direction is
required to obtain displacements in order of micrometers at voltages below 100 V. For example a
comb drive with ng=42 and d=3 um, at V=20 V ac, can periodically displace +/- 1 um the proof
mass of a system with a quality factor of Q=33 and spring constant of 77 N/m. Although
reducing the spring constant can increase the driving displacement, it will make the system
unstable and can also generate some cross sensitivities leading to the motion coupling from the
drive mode to the sense mode, resulting in errors (noise) to the system. On the other hand, from
the optics point of view, the sensitivity of the gyroscope is inversely proportional to the lateral

guided mode size in the waveguide at the VOA sensing junction (which is directly related to the
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width of the waveguide); therefore the mechanical and optical designs have to be both taken into

account.

If for any reason (such as fabrication imperfections) the matching condition is not satisfied, the
sensing displacement will be very small. To overcome this problem, a compliant microleverage
mechanism was introduced to amplify the sensing displacement. A two stage micro-lever
mechanism was proposed, leading to 7 x displacement amplification. In the case of FP-based
gyroscope, a compliant structure is not required as displacements in the order of nanometers can
effectively modulate the transmission peak of the FP. Although, it is found that the compliant
structures can significantly amplify the sensing displacement, they may also disturb the matching
condition due to modifying the structure stiffness in y direction. Further studies should be carried

out to investigate the possible arising issues.

6.2 Future Work

VOA-based accelerometers can be integrated in future with rib waveguides using Dynamic
Surface Tension (DST) method on 75 um-thick SOI wafer. This will eliminate the waveguide
lifting issue as well as the uncertainty of guided mode profile inside the waveguide. Vertically

extended mass (VEM) approach can also be used to improve the sensor performance.

As waveguides fabricated on double SOI substrate do not contribute to a major improvement on
the propagation loss (only 0.5 dB/cm), and as the fabrication process of the fabricated devices on
double SOI substrates is very challenging, using double SOI substrate in future is not

recommended.

The characterization of both VOA-based and FP-based gyroscopes fabricated on 75um-thick SOI
substrate is definitely a part of future work. The effect of adding compliant mechanism on the
displacement sensitivity of the VOA-based gyroscope can also be experimentally verified.
Finally integration of an array of two-axis of accelerometers and gyroscopes on a single 75um-
thick SOI substrate using T-bar waveguide splitters can be done in the future in order to

demonstrate a multifunction micro navigator chip.
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APPENDIX 1 — Design parameters for VOA-based

accelerometer fabricated on 75 pum-thick SOI substrate

Proof mass width: 1210 pum
Proof mass length: 1210 pum

Etch-holes dimension: 5 um x5 um
Distance between etch-holes: 4 pm

300pm 3500 pm -

N —
\5* /q © 3500 um 7200 um’
700 pm

150 um

Same dimension as sensing arm
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— ]



