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ABSTRACT

MONOLITHIC AND HYBRID
SILICON-ON-INSULATOR INTEGRATED OPTICAL
DEVICES

Isa Kiyat
PhD in Physics
Supervisor: Prof. Dr. Atilla Aydinh
August, 2005

Silicon, the basic material of electronics industry is rediscovered nowadays for
its potential use in photonics and integrated optics. The research activity in
silicon integrated optics have been speeding up during the last decade and even
attracting interest of leading industrial companies. As a contribution to this world
wide effort, we have designed, fabricated and characterized a class of monolithic
and hybrid silicon integrated optical devices. These devices were realized on
high-quality silicon-on-insulator (SOI) wafers. Beam propagation method (BPM)
based simulations and analytical calculations were employed for the design.

We have demonstrated for the first time an SOI device that splits light into
its TE and TM components. An SOI rib waveguide becomes birefringent as its
size reduced. This idea is used to design and fabricate a directional coupler po-
larization splitter based on geometrical birefringence. The device uses 1 pum sized
SOI waveguides. This compact device (only 110 gm in length) shows extinction
ratios larger than 20 dB.

SOI waveguides with the same geometry was used to realize a batch of single
and double bus racetrack resonators having radii in the range of 20 to 500 pm.
Design of these racetrack resonators are presented in detail. The bending loss
and coupling factor calculations were performed using BPM. During the design
and analysis of waveguide resonators, we proposed a novel displacement sensor
that can be used for scanning probe microscopies. The sensor operates by means
of monitoring the changes in transmission spectrum of a high finesse micro-ring
resonator due to stress induced by displacement. Operation principles and sensi-
tivity calculations are discussed in detail.

SOI resonators with quality factors (Q) as high as 119000 have been achieved.
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This is the highest Q value for resonators based on SOI rib waveguides to date.
Finesse values as large as 43 and modulation depths of 15 dB were observed.
Free spectral ranges increased from 0.2 nm to 3.0 nm when radius was decreased
from 500 to 20 pm. The thermo-optical tunability of these resonators were also
studied. A high-Q racetrack resonator is used to develop a wavelength selective
optical switch. The resonator was thermo-optically scanned over its full free
spectral range applying only 57 mW of electrical power. A low power of 17 mW
was enough to tune from resonance to off-resonance state. The device functioned
as a wavelength selective optical switch with a 3 dB cutoff frequency of 210 kHz.
We have also demonstrated wavelength add/drop filters using the same racetrack
resonators with double bus. Asymmetric lateral coupling was used in order to
get better filter characteristics. Filters with crosstalks as low as -10.0 dB and
Q-factors of as high as 51000 were achieved.

Finally, we introduce the use of a layer transfer method for SOI wafers. Such
a layer transfer results in the possibility of using the back side of the silicon layer
in SOI structure for further processing. With this method, previously fabricated
SOI waveguides were transferred to form hybrid silicon-polymer waveguides. Ben-
zocyclobutene (BCB) polymer was used as the bonding agent. The method is also
applied to SOI M-Z interferometers to explore the possibilities of the technology.
We additionally studied asymmetric vertical couplers (AVC) based on polymer
and silicon waveguides and fabricated them using a hybrid technology.

Keywords: Integrated optics, Silicon-on-insulator technology, Optical waveguides,
Polarization splitters, Ring resonators, Racetrack resonators, Displacement sen-
sors, Wavelength add-drop filters, Thermo-optical effect, Wavelength selective
optical switch, Hybrid integration, Wafer bonding, Mach-Zehnder modulator,
Asymmetric vertical coupler.



OZET

YEKPARE VE MELEZ YALITKAN USTU SILISYUM
TUMLESIK OPTIK AYGITLAR

Isa Kiyat
Fizik, Doktora
Tez Yoneticisi: Prof. Dr. Atilla Aydinh
Agustus, 2005

Elektronik endiistrisinin temel malzemesi olan silisyum son zamanlarda olas
fotonik ve tiimlesik optik uygulamalar: icin tekrar kesfedilmektedir. Silisyum
tiimlegik optik konusundaki arastirma faliyetleri son on yilda hizlanmakta ve
hatta lider endiistri sirketlerinin de ilgisini ¢ekmektedir. Diinya capindaki bu
cabaya katki olarak, biz de baz1 yekpare ve melez silisyum tiimlesik optik aygitlar:
tasarlayip, iiretip ve karakterize ettik. Bu cihazlar yiiksek kalitede yalitkan
iistii silisyum (YUS) yongalar iistiinde gerceklestirildi. Tasarim icin 1gm iler-
letme metoduna (IIM) dayah niimerik benzestirmeler ve analitik hesaplamalar
kullanild.

Ik kez 1181 TE ve TM bilesenlerine ayiran bir YUS cihazinin cahstigim
gosterdik.  Boyutlan kiigiilditkce bir YUS sirt dalga kilavuzunun polarizasyon
bagimliligi artmaktadir. Bu fikir kullanilarak bir dogrusal ciftleyici polarizasyon
ayiricl tasarlanp tiretildi. Cihazda 1 pm boyutlarmda YUS dalgakilavuzu kul-
lanilmaktadir. Bu kiiguk cihazla (sadece 110 um boyunda) 20 dB den biiyiik
ayirma oranlari elde edilebilmektedir.

Aym geometrik yapiya sahip YUS dalgakilavuzlar: bir grup tek ve cift dal-
gakilavuzlu 20-500 pm yaricapli kosuyolu ¢inlaglar1 yapmak icin kullanildi. Bu
kosuyolu c¢inlaglarinin tasarimlari ayrintili olarak sunuldu. Biikiilme kayiplari
ve ciftleme oranlar1 IIM kullanilarak hesaplandi. Dalgakilavuzu c¢imlaclarinm
analiz ve tasarimi sirasinda taramali u¢ mikroskoplarinda kullanilabilecek yeni
bir mesafe sensorii 6nerildi. Sensor yiiksek finesli bir mikro halka ¢inlaginin ¢ikis
tayfindaki biikiilme nedenli degisiklikleri izleyerek caligmaktadir. Calisma pren-
sipleri ve hasasiyet hesaplari ayrinth olarak ele alindu.

119000 kadar biiyiik Q-faktorlerine sahip YUS cinlaclan elde edildi. Bu YUS
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sirt dalga kilavuzlarina dayali ¢inlaclardan bu giine kadar elde edilen en yiiksek
Q-faktoriidiir. 43 kadar biiyiik fines degerleri ve 15 dB modiilasyon derinlikleri
elde edildi. Yarigaplar 500 um den 20 pm ye disiiriiliince, serbest tayf araliklar:
0.2 nm den 3.0 nm ye ¢ikti. Bu ¢inlaclarin termooptik akordlanmalari ayrica
incelendi. Yuksek Q-faktorli bir ¢inlag dalgaboyu segici optik bir anahtar yapmak
icin kullanildi. Cinlag termooptik olarak tiim serbest tayf araligi tizerinde yanlhz
57 mW uygulayarak akord edilebilmektedir. Cihaz 210 kHz 3 dB kesim frekansiyla
dalgaboyu secici optik anahtar olarak caligabilmektedir. Ayrica iki dalgakilavuzlu
koguyolu ¢inlaglarim kullanarak dalgaboyu ekleme/dugiirme filtreleri geligtirildi.
Daha iyi filtreleme 6zellikleri elde etmek icin asimetrik yatay ciftleme kullanildi
ve -10 dB kadar disiik capraz sizma degerli ve 51000 Q-faktorli filtreler elde
edildi.

Son olarak bir tabaka aktarma yonteminin YUS icin kulamlmasimi ele
aldik.  Boyle bir tabaka aktarmasi YUS yapisindaki silisyum tabakanm
arka ylizeyinin ileri islemler ic¢in kulanilmasini saglamaktadir. Bu metod ile
onceden iiretilmis YUS dalgakilavuzlar: aktarilarak melez silisyum-polimer dal-
gakilavuzlarn olugturuldu. Benzocyclobutene (BCB) polimeri yapigtirmak igin
kullamldi.  Daha sonra, metod YUS M-Z modiilatérlerine teknolojinin olasi
bagka kullanimlarimi kesfetmek i¢in uygulandi. Ayrica polimer ve silisyum dal-
gakilavuzlarina dayali asimetrik dikey ¢iftleyicileri inceledik ve melez bir teknoloji

kullanarak tirettik.

Anahtar sozcikler: Tumlegik optik, Yalitkan tstii silisyum teknolojisi, Optik
dalgakilavuzlari, Polarizasyon ayiraclari, Halka c¢inlaclari, Kosu yolu g¢inlaclari,
Mesafe sensorii, Dalgaboyu ekleme/¢ikarma filitreler;, Melez biitiinlegtirme,
Yonga yapistirma, Mach-Zehnder modiilator, Asimetrik dikey ciftleyici .
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Chapter 1

Introduction

1.1 Integrated Optics

Photonics is the name for the science and the technology of manipulation of
photons, quanta of light. It is also known as optoelectronics. Fiber optics and
integrated optics can be categorized as sub fields of photonics and deal with its
different aspects. As the name suggests, devices made out of optical fibers are in
the scope of fiber optics. On the other hand, integrated optics describes planar

integration of all miniature optical devices on a chip or wafer.

The relation between fiber optics and integrated optics can be understood
as follows. Optical fibers have become more commercial and widely used as
their optical attenuation was reduced to negligible levels. This implementation
resulted in world wide telecommunication networks, in which, signals transmitted
with higher bit rates at the speed of light. Integrated optical circuits (IOC) that
comprise various components used for different functions are key elements at the
beginning or end points of these optical fibers. IOC’s are required to manipulate
the transmitted optical signals. Detection, generation, modulation, switching,
multiplexing and demultiplexing are the mostly performed manipulations. Speed
and low cost are the main requirements that an effective IOC should comply.

Apart from telecommunications, integrated optical devices have started to find
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applications as temperature, pressure, displacement, humidity, chemical and even

biological sensors due to their potentially high sensitivities.

There are two types of IOC’s namely hybrid and monolithic IOC. Two or
more materials are integrated together in a hybrid IOC while, a single mater-
ial is used for all components of a monolithic IOC. The materials implemented
as I0C’s are generally categorized as optically active or passive. Optically ac-
tive refers to materials that are capable of light generation. To fabricate a laser
one would need such a material. The most common materials to make lasers
are gallium aluminum arsenide, Ga;_,Al, As and gallium indium arsenide phos-
phide Ga,Iny_,As;_, P, [1]. There are also others. On the other hand, materials
like lithium niobate, LiNbOs, silica glass, silicon and most polymers are opti-
cally passive materials. In an IOC based on one of these materials will need a
hybrid integration with an optically active material. Although, these optically
active semiconductors can be engineered for generation of light with a specific
wavelength and are the materials of the multilayered heterojunction lasers, very
expensive and sophisticated techniques are needed to grow them, such as molec-
ular beam epitaxy (MBE) or metal oxide chemical vapor deposition (MOCVD).
On the other hand, silicon, silica glass and polymers do not require such expensive

growth techniques.

Optical planar waveguides are the building blocks of IOC’s. Apart from their
use as optical interconnects between individual devices, they are also needed
to realize many types of devices such as directional and multimode interference
couplers, Mach-Zehnder interferometers and access components of detectors and
lasers in IOC's, etc [2, 3]. Planar waveguides are designed in different types and
geometries depending on their function and material used. The loss characteri-
zation is the key step when analyzing a waveguide. Losses as large as 2-5 dB/cm
for GaAlAs systems, 0.5 dB/cm for LiNbO3, and 0.1 dB/cm for silicon based

optical waveguides are possible [4].

Integrated optical devices can also be classified in terms of their type of op-

eration. Characteristics of passive devices can not be manipulated after their
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fabrication while, some physical effects can be implemented to realize active de-
vices. Ability to tune, modulate or alter characteristics of a device may be very
crucial. Apart from elimination of malfunctions due to some errors in design and
fabrication, such an ability can be used to realize some of the key devices for a
I0C, such as modulators and switches. Electro-optical, thermo-optical, acousto-
optical, opto-mechanical and all-optical are the names of mostly used physical
effects in fabrication of active devices. Electro-optic effect generally known as
Pockel’s effect changes refractive index of the material linearly and modulation
speeds of a few GHz can be achieved through implementation of this effect [5, 6].
All ITI-V semiconductors, LiNbOs, and some specially synthesized polymers have
this effect inherently and this effect can be given to some of materials (silica glass
and some polymers) by poling them [7]. Although, silicon lacks electro-optical
effect, modulation speeds up to 1 GHz have been recently demonstrated by Sil-
icon Photonics Group at Intel through the free-carrier injection, an slower type
of electro-optical effect [8]. Injection of free carriers both changes refractive in-
dex and increases optical attenuation. Another type of electro-optical effect is
the electro-absorption in which bandgap of a material may change under applied
electric field and lead absorption of light. Finally, only modulation speeds a few
hundred kHz have been achieved, thermo-optical effect is straightforward and
easy to implement nearly to all type of materials [9, 10]. Silicon is one of the

materials having large thermo-optical coefficient [11].

1.2 Silicon Integrated Optics

Silicon, the basic material of electronics industry is rediscovered nowadays for its
potential use in photonics and integrated optics. The research activity in silicon
integrated optics have been speeding up during last decade and even getting
interest of leading industrial companies. Use of silicon as in microelectronics has
been a well established technology for many decades. It is commercially available
in high-quality and at low-prices. Increasing research efforts for silicon based

integrated optics should be considered as a natural consequence.
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The developments in silicon materials technology [12] also initiated these re-
search activities. Since late 80’s several methods of growing or fabricating thin
films of high optical quality on silicon substrates have been developed. These
methods are epitaxial growth of silicon based alloys with tailored optical proper-
ties (SiGe-heterostructures [13]), doping silicon growth of silicon based dielectrics
(silica, [14] siliconoxynitride(SiION) [15] and germano silica [16]) and finally fabri-
cation of high quality silicon-on-insulator wafers. In the following, we will briefly
explain first three techniques and their application to integrated optical devices.
Material and optical properties of SOI are then discussed and a summary of

integrated optical devices realized so far is given.

Si-Ge heterostructures are generally fabricated through molecular beam epi-
taxy (MBE) [17] or chemical vapor deposition (CVD) growth [13, 18] techniques.
Germanium (n ~ 4.3) slightly increases the refractive index of silicon (n ~ 3.5).
Refractive index of Si;_,Ge,-alloy is given by ngice ~ ng; + 0.3z + 0.322%. Epi-
taxial growth of thin strained SiGe-layers can be done due to very similar lattice
constants of Si and Ge atoms. Waveguides on MBE-grown strained Sig.g99Geg o1
layer have been fabricated with losses 3-5 dB/cm at A = 1.3um [17] and with
reduced loss of 0.6 dB/cm on CVD-grown Si;_,Ge, layers [19]. The high cost
and difficulty in growing of SiGe by MBE and CVD are current problems of this
material. SiGe is a good platform for photodetector fabrication and these devices
have been integrated with SOI waveguides [20]. SiGe is an important material

due to its compatibility with SOI technology.

Light guides in a doped silicon waveguide when the doping level of the epilayer
is lower than the doping level of the substrate. These waveguides generally suffer
from high optical losses, waveguide loses due to defects formed during doping
process in the range of 15-20 dB/cm have been measured for rib waveguides with
epilayers of thicknesses between 7Tum < H < 43um and doping levels of a few
10Mem =3 for epilayer and 10 — 10 em™ for substrate [21]. These high losses
may be further decreased by using larger dimensions and a very highly doped
substrate, which will decrease absorption to the substrate. The optical losses as

low as 1.2-1.5 dB/cm have been achieved with such waveguides [22].
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Plasma enhanced chemical vapor deposition (PECVD) or flame hydroli-
sis(FHD) techniques are used to deposit silica or SION layers on silicon or quartz
substrates. The substrates are annealed to about 1000 °C to eliminate source of
optical losses. The silica layers are designed such that refractive index differences
of 0.5-1.5 percent are possible and waveguide losses ranging from 0.01 dB/cm to
0.07 dB/cm are possible [14]. Meanwhile, SiION layers have refractive indices be-
tween 1.45 (silicon-oxide refractive index) and 2 (silicon-nitride refractive index)
and the typical losses for SION based waveguide technology are 0.1 dB/cm for
slab waveguides and 0.2 dB/cm for channel waveguides. Waveguide bend radius
as small as 1.5 mm are possible due to the high refractive index difference between
SiON layer and its cladding [15]. This is the main advantage of SION over silica

layers.

Among all the silicon based optical materials, SOI has very unique optical
properties. This mainly due to its very unique structure. Crystalline silicon is
the guiding layer. The large refractive index difference between silicon( n ~ 3.5
and SiOy(n ~ 1.45) makes fabrication of highly confined waveguides possible.
Bulk silicon is perfectly transparent at the optical telecommunication bandwidths
(around 1.3 gm and 1.55 pm). SOI based I0C’s are fully compatible with silicon
electronic integrated circuit. This compatibility is one of the most important

advantages of SOI IOC’s over those based on other technologies.

SOI integrated optics technology has developed very rapidly, because it rises
on the well-established silicon integrated electronics micromachining technology.
New device fabrication technologies are not needed. SOI wafers are now commer-
cial on the market with their high quality and relatively low prices. Among many
fabrication techniques of SOI substrates, only two of them has good enough mate-
rial properties to become commercial. These techniques are Separation by IMple-
mented OXygen (SIMOX) technology and Bond-and-Etchback (BE-SOI) technol-
ogy [23]. SOI material structure is defined as a relatively thin silicon(n ~ 3.5) top
layer separated from a very thick silicon substrate by a thin SiOy (n ~ 1.45) layer.
The challenge in SOI wafer fabrication is to make the top silicon layer having the
same quality as bulk silicon. The criteria that need to be optimized are defect

density, layer interface and silicon surface roughness and thickness uniformity.
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The flow of SIMOX process is as follows; an oxygen ions (O™) beam of doses as
high as 1-2x10'® ions ecm ™2 is accelerated to penetrate into a silicon wafer surface
by about 0.1-0.2 pm under an electrical potential of 150 — 200 keV to produce a
Si0O, insulating layer with 0.1 — 0.5 pm thickness [24]. This is then followed by
a high temperature anneal at 1250 — 1300 °C. This annealing step facilitates the
crystallization of the damaged thin top silicon layer and formation of a relatively
sharp S7 and SiO, interface. In SIMOX technology different Si thicknesses become
available by implantation at different O" doses and under different potentials. In
any case, the layer thickness obtained by SIMOX is limited and does not exceed

0.2 pm. The Si thickness uniformity is well controlled an is around + 5 nm.

BESOI technique differs in many ways from SIMOX. The general processes
flow can be described as follows. One or both silicon wafers are thermally oxi-
dized. Then, wafers are hydrophilicly bonded to each other. The oxide layer then
becomes the buried insulator layer. After that point, different BESOI techniques
uses different ways to thin one of the silicon wafers to get the desired silicon film
thickness. Generally thinning is achieved by polishing the wafer until the desired
thickness is obtained [12]. This thickness can be as small as 1 pym or as large
as a few hundred micrometers. Etching mechanisms enhanced by particular etch
stop layers are also being utilized [12, 25]. After all that, the nonuniformity of
the silicon film thickness may still become a problem due to lack of sensitivity
of polishing and etching mechanisms utilized in BESOI techniques. The average
thickness uniformity is + 0.5 pm.

The smart-cut (or Unibond) technology of Soitec Inc. have brought a brilliant
solution to the nonuniformity problem [26]. This problem especially becomes very
drastic in the case of silicon top layers of a few micrometers. In this technology
[25], a wafer is implanted by hydrogen ions of doses 2210¢ - 12107 ¢m =2 before
oxidation. The wafer is bonded to a second one as described above, and followed
by a two step heat treatment at temperatures of 400 — 600 °C. This leads the
hydrogen ion implanted wafer to split into one thin silicon layer bonded to the
other wafer with SiOs between them and a thick reusable silicon layer (Fig. 1.1).
A fine polishing of the top silicon layer ends the process. The thickness unifor-

mities as good as those achieved in SIMOX technology is obtained with Unibond
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Figure 1.1: The Soitec’s Unibond process to fabricate SOI wafers. (from archive
of Soitec.)

process.

As a conclusion to SOI wafer fabrication techniques, we can say that SIMOX
process results in good SOI structures for both digital and analog integrated
electronic circuit applications but is not preferred for integrated optics systems
in general. On the other hand, BESOI wafers are better for integrated optic
devises and systems with providing defect densities as low as bulk silicon and
various silicon layer thickness options. Finally, Unibond BESOI wafers resulting
in both very uniform thicknesses and low defect densities are very appropriate
and preferred in both integrated electronic and optical applications including
microprocessors, smart power devices, optoelectronic circuits, liquid crystal and

high-resolution displays, MEMS and wireless communication circuits [26].

Starting from the beginning of 90’s, optical properties of SOI waveguides have
been investigated and a large number of SOI based passive and active integrated
optical devices developed. Waveguides on SOI was first realized with relatively
high propagation losses, later by means of advanced fabrication techniques this
value decreased to 1 dB/cm, and then to 0.5 dB/cm, and finally to 0.1 dB/cm
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Figure 1.2: Si raman laser based on an SOI rib waveguide. (from reference [39].)

using large cross-section SOI rib waveguides [27, 28, 29, 30]. Obtaining losses
around 0.5 dB/cm is typical for single mode waveguides with silicon top lay-
ers larger than 4 ym. The dependence of propagation loss on the thickness of
insulator (Si09) was also studied [31].

Apart from optical waveguides, a number of SOI guided wave optical devices
have also been demonstrated. Some examples are integrated 3 dB directional
couplers with excess insertion loss of 1.9 dB [32], 5x9 star couplers with loss
of 1.3 dB [33], asymmetric Mach-Zehnder type wavelength filters with -18 dB
crosstalk [34], optical switches based on thermo-optic effect [9, 35] with 5 us rise
time and 150 mW switching power [35] and low-loss multimode couplers [12].
Furthermore, submicrometer thick SOI wafers were studied and many ultra com-
pact devices were realized with Si nanowire waveguides [36, 37]. These wafers
were even used to fabricate photonic band gap materials or crystals for telecom
wavelengths [38]. Recently, implementing free-carrier injection technique, SOI
modulators were demonstrated to exceed 1 GHz psychological limit [8]. Further-

more, researchers from Intel fabricated first all silicon continuous laser operating
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with Raman scattering in silicon [39] (Fig. 1.2). All these developments in silicon
photonics lead the expectations for a silicon monolithic IOC and increases the

research activity in the field.

1.3 Contribution of our Research Work

As a part of the research activity by academic and industrial institutions in the
field of silicon photonics on SOI wafers, we have designed, fabricated and char-
acterized a class of monolithic and hybrid silicon integrated optical devices. In
this thesis work, fundamental physical principles used in the design of the de-
vices are summarized, design methods applied are discussed in detail, fabrication
and characterization techniques employed are explained and finally results of all
the realized devices are presented through discussions. In chapter 2, we briefly
discussed the basic principles, design methods, device fabrication processes and

techniques to test these devices.

We have realized during our studies on modal properties of SOI single mode
rib waveguides that their birefringence can be geometrically controlled as their
size decreasing to 1.5 um or smaller. We have utilized this property of SOI rib
waveguides to develop a set of compact polarization splitters given in chapter 3.
Polarization splitters find applications in optical systems where polarization states
of light are important. Some of these systems are used in communications, sens-
ing, data storage, imaging and signal processing [40, 41]. For many birefringent
optical devices, separation of orthogonal polarization states is a straightforward
solution where polarization splitters can be used. So far, directional couplers,
asymmetrical Y-junction structures, multimode interference couplers have been
adopted as polarization splitting components. These devices have been realized on
silica, LINbO3, GaAs/GaAlAs, InGaAsP /InP and polymer materials [40, 42, 43].
Material birefringence, stress induced birefringence in ion exchanged waveguides
and selective attenuation of orthogonal polarization states using metal over a
waveguide have been employed in these polarization splitters. A polarization

splitter based on two-dimensional grating coupler etched in an 220 nm thick SOI
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waveguide has also been realized [44]. Even micro opto- electromechanical sys-

tems (MOEMS) have been used for fabrication of polarization separators [43].

Our passive, TE/TM splitting devices are based on a directional coupler de-
sign. Our splitters are important because they are the first devices realized on
SOI that splits TE and TM modes guiding in silicon which is known to have no

bulk material birefringence.

With the goal of developing SOI optical resonators that are high-Q, compact
and functional, we discuss and summarize waveguide ring resonators in chapter /.
Micro-ring resonators are of great interest due to their compactness and stability
with respect to back reflections and high wavelength selectivity, which are key
features for various applications. Due to these superior characteristics optical
ring resonators are used in massive integration of many optical devices, including
channel dropping filters [36], WDM multiplexers [45], on-off switches [46], chem-
ical and pressure sensors, ring lasers [47]. Ring resonators have been realized in
various waveguide materials systems both with low index contrast [48] as well
as high index contrast [49]. Among the high index contrast material platforms,
silicon-on-insulator (SOI) provides a low cost alternative with the possibility of
integration with mature silicon microelectronics processing technology. Most of
the effort on SOI systems has been devoted to realization of ring resonators using
strictly single mode optical wire waveguides with ultra small dimensions in the
nanophotonic regime [50]. However, as the dimensions get smaller, fabrication
tolerances become harder to meet. With submicron cross sections, coupling in
and out of ring resonator devices as well as minimization of propagation losses
become a major hurdle [51]. Used as a channel dropping filter, a ring resonator
should have low propagation and bend losses which lead to high ) values for bet-
ter channel selectivity. Therefore, design and realization of SOI ring resonators
using single mode SOI waveguides with large cross sectional areas is crucial. This
approach of making use of the large-index contrast with larger cross sections al-
lows the design of small radius rings with lower propagation losses and higher Q

values as well as achieving better fabrication tolerances.

In chapter 4, the key issues in designing a waveguide resonator are highlighted.
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The calculations and BPM simulations for SOI resonators are presented. Addi-
tionally, the same design tools were integrated with analytic and finite element
method simulations to design an integrated optical displacement sensor using

micro-ring resonator. All the issues related to the sensor are also given in chapter

4.

In chapter 5, we give all the measurement results on fabricated SOI racetrack
resonators. We demonstrated resonators of Q values as high as 119000 and finesse
values as high as 42. Compact resonators with radius of 20 um resulting free
spectral range of 3 nm were also obtained. These devices operates as wavelength
drop filters. Thermooptical modulation and tuning of these resonator were also
studied. A resonator wavelength selective optical switch with low operation power
of 17 mW and high modulation speed of 210 kHz was realized. This is the
fastest SOI thermooptical device with no differential control. Finally, wavelength
add/drop filters based on a resonator of two bus waveguides were tested to have
crosstalk as high as 10 dB.

The thesis continues with chapter 6 which discuss the use of a layer trans-
fer method for SOI wafers and a set of devices realized with this method. So
far, all SOI integrated optical devices such as directional and multimode interfer-
ence couplers for beam splitting, thermo-optic modulators have been fabricated
through processing the top Si layer. However, it is clearly desirable to have the
capability to process both sides of the device for further electronic and/or optical
integration. Processing both sides of the silicon layer may result in novel devices
while improving performances of some of the existing ones. Transfer of the silicon
layer in SOI has recently been studied, but has not yet been used for integrated
optical device fabrication [52]. In this chapter we introduce the use of a layer
transfer method, which was successfully employed in GaAs-AlGaAs platform [53]
for SOI wafers. Such a layer transfer results in the possibility of using the back
side of the silicon layer in SOI structure for further processing. We developed
silicon-polymer waveguides, M-Z modulators, asymmetric vertical couplers with
this layer transfer method. Finally, the conclusion chapter summarizes all the

achievements and gives further suggestions.



Chapter 2

Tools of Integrated Optics

This chapter is devoted to the summary of basic physical principles and device
fabrication and characterization techniques. These principles and techniques were
implemented in the design and realization of integrated optical components dis-

cussed in this thesis work.

2.1 Basic Principles and Design

The basic components of integrated optics are planar optical waveguides. Slab
waveguides show light confinement in one of the transverse dimensions. One
will need rectangular waveguides when confinement in both of the dimensions is
intended. Light propagates in optical waveguides as modes. They are spatial
distributions of light during propagation. A waveguide can have single or multi
modes. Each mode of a waveguide has a different propagation constant or effective

refractive index.

12
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Figure 2.1: General slab waveguide structure with coordinate axis.

2.1.1 Slab Waveguides

Slab waveguides are known as the simplest of waveguides. Slab waveguides have
a minimum of three different layers (Fig. 2.1). For guidance of light, n, refractive
index of guiding film must be larger than n., refractive index of cladding layer

and ng, refractive index of substrate layer,
ng > ng > Ne. (2.1)

The slab waveguide is said to be symmetric when ny=n. and antisymmetric

otherwise, ng # n..

The slab waveguide supports a definite number of optical modes, and at least
one, if it is symmetric. These modes are calculated from Maxwell’s equations
through the application of boundary conditions. However, the same modes for
slab waveguides can be found by using ray optics concepts. Detailed discussion
of ray optics approach can be found in [54]. For a through analysis, one needs
to solve well known Maxwell equations for a source free (p=0, J=0 ), linear (e
and p are independent of E and H ) and isotropic medium. Maxwell equations
are strongly coupled. They can be decoupled through a standard procedure of
creating a single second order differential equation. This procedure when applied
to the Maxwell equations leads to the wave equation, which is

0% B
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Figure 2.2: Graphical TE and TM solutions for a symmetric SOI slab waveguide
of 1.5 pm thickness.

where 1 stands for either of E or H. After that, the wave equation should
be solved for the slab waveguide in Fig. 2.1. The parameters are chosen such
that ny > ng > n. and the guiding layer has thickness h. Rectangular cartesian
coordinate system are utilized to make the problem simpler. z is always chosen to
show propagation direction. There are two cases emerging from geometry, either

E or H is parallel to the layer interfaces, which define TE or TM polarizations,

respectively.

The detailed slab waveguide analysis can be found in many textbooks [6] and
also in [54]. In summary, oscillatory fields are defined in terms of propagation
constants of the waveguide and frequency of light. Substitution of these fields into
wave equation and application of boundary conditions leads to so called eigenvalue

equation for propagation constant, 3. The equation for TE polarization is

Yo + Vs
— (2.3)
Kp[l — ”ﬁg ]

tan (hry) =
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The similar equation for TM polarization is

n2 nQ
Kl ys + 25l
tam (hrey) = i (2.4)
R?“ - Wflg’y{)/s

where v and k are defined as

Attaneuation Coefficient, ~v = /32— k¢n?2 if 3> kon

2.5
Transverse Wavevector, x = /kin?— %2 if [ <kn (2:5)

These equations are also called the characteristic equation of TE and TM
modes of a slab waveguide. They are transcendental equations and should be
solved numerically or graphically. These complex equations are simplified for the
special case of a symmetric waveguide. The eigenvalues of these equations, Org
and (7 can be found for a slab waveguide with a definite thickness h and index
values for its layers using either a numerical or graphical software in a personal
computer as we did for a symmetric SOI slab waveguide of 1.5 pum thickness in
Fig. 2.2 [55].

2.1.2 Single Mode Rib Waveguides

The slab waveguide is easy to analyze and useful to understand the basic concepts
of optical waveguides. However, it has no lateral confinement and this reduces
the number of applications where it can be used. The alternatives are circu-
lar fibers and dielectric rectangular waveguides. The fibers are not compatible
with planar processing technology, such as planar chips, which are backbones of
integrated electronics. Light in a slab waveguide can be laterally confined and
resulting structure is the so called dielectric rectangular waveguide. The rectan-
gular waveguides have several geometric shapes leading to lateral confinement.
These shapes are rib, ridge, channel and diffused [54]. The optical waveguides
that we employed in this thesis are rib waveguides. The mode analysis of the
rectangular waveguides is a bit cumbersome and exact analytical solutions can
not be so easily found, instead, some simplified analytical results based on the
solution of the wave equation are further corrected by some perturbation tech-

niques. What is actually needed are some simple methods which will be useful
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Figure 2.3: Effective index analysis for a rib waveguide of air cladding. (a) The
rib waveguide with its critical dimensions. (b) Three slab waveguides constructed
from the rib waveguide. (c) Artificially constructed slab waveguide using effective
index of three slabs.
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for design purposes. There are two basic waveguide design tools, namely effective
index method (EIM), which is a relatively easy method to apply and useful for
most of the design purposes and the beam propagation method (BPM), which is
a numerical simulation method. We generally designed our SOI rib waveguides

by EIM. BPM was used for fine tuning of the waveguide characteristics.

A rib waveguide can be analyzed using EIM as follows. A rib waveguide
can be divided so that three slab waveguide are formed as seen in Fig. 2.3.
The propagation constants of each slab are calculated from the characteristic
equations (Eqgs. 2.3 and 2.4) of the slab waveguide for desired polarization. The

effective indices (nefp1 and neyrrq) are calculated for each slab through

Meff = ,fo (2.6)

These effective indices are used to construct an artificial slab waveguide structure
as in Fig. 2.3. After that, calculation of the 3 is repeated for the new structure
using the equation for the orthogonal polarization and effective index is calculated
by Eqn. 2.6. The resulting effective index is the effective index of the original rib

waveguide.

Strictly single mode SOI waveguides requires sub-micrometer dimensions.
These waveguides are also called nanowire waveguides. They generally have
the same thicknesses of single mode SOI slab waveguides with values smaller
than 0.3 ym. Although nanowire waveguides allow us to construct very compact
devices, their very small dimensions lead to very high coupling losses between
the waveguide and a single mode fiber which has a diameter of 9 ym. On the
other hand, quasi-single mode waveguide propagation has been shown in SOI rib
waveguides with large cross section that is dimensions of a few pms [56]. These
waveguides have been used to realize many integrated optical devices that are
compatible with SM fibers. For these quasi-single mode waveguides, the single
mode condition which relates vertical and horizontal dimension of the waveguide

by facilitating EIM can be stated as

t<ct——— and r>0.5 (2.7)
1—r?
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Figure 2.4: Waveguide width (w) versus rib height (H-h) calculated from SMC
applied to SOI rib waveguides with oxide cladding. Results are shown for three
different waveguide heights (H).

where

¢ Wers o Tess
Hepp Hesy

Details on how to find the effective width (w.ss) and heights (Hsf, hess) can
be found in [54]. The relation in Eq. 2.7 leads to single mode propagation in
horizontal (lateral) direction while r > 0.5 ensures propagation of only one mode
in vertical (transverse) direction by avoiding deep etching of the waveguide. The
constant ¢ was defined as 0.3 in [56]. It was calculated from an approximation
to a BPM simulation. However, it was later proposed that ¢ values of 0 or -0.05

give better single mode condition for rib waveguide design purposes, [57].

The so called single mode condition given above can be used to design single
mode waveguides with large cross-section (H > 3 um). One can plot the equation
for specific waveguide heights. We did this for some representative height values
in Fig. 2.4. Such a plot may be more practical during fabrication of waveguides.

Although, the effective index method and the single mode condition may be found
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very practical, BPM simulations can give more accurate waveguide characteris-
tics. Therefore, verification of the number of modes and effective indexes should
be made by these simulations. We should note that these two methods are clearly
not sufficient for design of SOI rib waveguide with cross-section in the order of
1 pum. These waveguides have very interesting characteristics that would be im-
plemented in design of novel devices. We have used such waveguides in design
of several devices and mostly preferred to use BPM simulations for waveguide

analysis.

2.1.3 Beam Propagation Method

Unfortunately, analytical solutions are only available for a few simple waveguide
structures. There are also some approaches based on some approximation, like
effective index method that we discussed earlier. Most of the waveguide compo-
nents and devices are too much complicated to have neither analytical solutions
or be treated with approximation methods. Bend or tapered waveguides, y-
junctions or couplers are such kind of components. Beam propagation method
(BPM) provides numerical simulation of these components. It does not give ap-
proximate solutions. BPM can let us analysis even more complicated waveguides,
for example the refractive index or a geometrical property of the waveguide may

change along the propagation direction.

BPM simulates a structure by decomposing a spatial mode into superpositions
of plane waves using discrete Fourier transforms [6]. The mode is reconstructed
after the plane waves are travelled for a certain distance. Although BPM codes in
a numerical package can be used for simple one-dimensional structures, commer-
cially available BPM simulators should be used for fast analysis of more complex
2-dimensional structures. Polarization characteristics can also be studied with
such simulators. We have used one of such simulators, BeamProp, for device
designs [58]. This software allows the user to define many structures compli-
cated in both geometry and index distribution in a cad layout (Fig. 2.5). An
assorted set of field profiles are available to be launched to the defined structure.

The software can also dynamically monitor many characteristics of the waveguide
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Figure 2.5: Cad layout of BeamProp software. We repeatedly used this software
for the design and analysis of the devices discussed here.

structure including propagating mode powers, effective indices and waist of the
propagating fields. The structure can be analyzed in one or two dimensional us-
ing scalar, vector or semi-vector BPM methods. Many waveguide structures can
be integrated and their behaviors can be analyzed. For example coupling from a
fiber to waveguide or between waveguides having materials of different dielectric

constants.

2.1.4 Directional Waveguide Couplers

Optical tunnelling is responsible for the coupling of optical power from one
waveguide to another one. The device composed of a pair of waveguides is called a
waveguide coupler in general and directional coupler if the power exchange hap-

pens in a coherent fashion so that the direction of propagation does not change.
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Figure 2.6: BPM analysis of a waveguide directional coupler. (a) X-Z contour map
of coupler. (b) Monitored optical power in each waveguide as light propagates in
the coupler.

Directional couplers are one of the fundamental waveguide devices used in inte-
grated optic circuits. They have been used in circuits designed for power splitting,
modulation or switching of light signals, wavelength filtering and polarization se-
lecting. A directional coupler consists of two identical waveguides very closely
placed, as in Fig. 2.6. The light incident at input of one of the waveguides
couples to the other as it propagates and full coupling of the optical power is
possible for long enough coupling length. Integrated optics uses coupled mode
formalism to handle directional couplers. Coupled mode theory can describe the
power exchange between all optical modes. When coupling occurs, the electro-
magnetic field propagating in a waveguide of a directional coupler is perturbed
by the evanescent tail of that of the other waveguide. The coupled mode theory
describes this perturbed field by superposition of unperturbed that is ideal modes
of the waveguide. The basic coupled mode theory has been constructed on the
scalar wave equation. What is computed with this method is coupling coefficient,

k, for a directional coupler design. When « is calculated, the length required for
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full coupling can be determined.

We have demonstrated the coupled mode theory approach for a directional
coupler with rib waveguide structure in [54]. Here we will give important results,
detailed calculation can be found there or in [6]. The optical powers in waveguide
A and B compromising a directional coupler exchange between each other. They

can be defined in terms of coupling coefficient, x as
PA(2) = cos?(k2) (2.8)
Pp(2) = sin®(k2) (2.9)

The total power goes back and forth between two waveguides and the driven field
(waveguide B) always lags 90° (See Fig. 2.6 for comparison). Using the above
equations we can write for lengths satisfying Lk = 7/2 4+ gm complete energy
transfer occurs where ¢ is an integer. This length can be extracted to be

L=_—4+1 (2.10)

2K K
The length for ¢ = 0 is called as coupling length, L.. Non-integer ¢ values leads
couplings between 0 and 100 percent. r (therefore L.) is a strong function of g,
the gap between waveguides, w, the waveguide width H, the waveguide height,
h, the waveguide slab height and the refractive index difference between guiding
layer and substrate. That is, a coupling factor is very specific to a specific coupler
design. Therefore, coupled mode formalism may not be found practical enough
in designing a coupler. Waveguides generally bend to couple and decouple. An
effective coupling still takes place in these regions which brings further complexity
to the analysis. These bends may cause bending losses and change the effective
coupling constant and L.. For these reasons, BPM has been used in all directional
coupler analysis made for polarization splitters, racetrack resonators, etc in this

thesis work. An example of coupler analysis using BPM is shown in Fig. 2.6.

2.2 Basic Fabrication Techniques

This section intends to give basic device fabrication procedures used in this thesis

work. These procedures are generally common for all devices. We give details of
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recipes and refer them later on in the thesis. Some devices need some uncom-
mon fabrication process and these processes are explained as these devices are

discussed in coming chapters.

Preparation of SOI samples for further fabrication processes, photolithogra-
phy, thin film deposition (dielectrics and metals) and etching etc. starts with
dicing of pieces from a whole SOI wafer. All the fabrication processes were done
in the class 100 facility of Department of Physics at Bilkent University. The
pieces cleaved out from SOI wafers have sizes depending the device designs. We
worked with chips with sizes ranging from 15x15 mm to 30x40 mm. Diced chips
are cleaned through tri-solvent cleaning which includes use of successive appli-
cation of trichloroethane (TCE), aceton (ACE) and iso-propanol (ISO) solvents.
Details of this cleaning technique can be found in [54]. Chips are rinsed under
running water for a while and blown with nitrogen then they are placed on a hot
plate at 110 °C for 1 minute in order to evaporate the remaining monolayer of

water on the chip surface.

2.2.1 Photolithography

We have used standard photolithography to transfer the device patterns from a
mask to a chip. Masks have clear and opaque parts defining the patterns. In
photolithography process, samples are first applied with some photoresist (PR),
then the aligner is used to align sample and the mask, then an UV light source is
used to expose the sample over the mask. After exposure, the samples are treated
with developer solvent. This solvent dissolves the PR parts which are exposed,
that is parts remained under the clear part of the mask during exposure, if the
PR is positive [59]. While PR on the other parts are dissolved in the case of a
negative PR.

The details of photolithography process done in our fabrication facility is as
follows. The samples are put on the spinning chuck of the spinner tool (Karl Suss
Model SM 120 Spinner) and a drop of 100 % HexaMethylDisilazene (HMDS)

solution is put on the sample surface to enhance the adhesion of the PR to the
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sample and the sample is spun at speeds ranging from 2000 to 6000 rpm for 40 s
so that HMDS is uniformly spread over the sample surface. We have used three
kinds of PR throughout the thesis work. They are AZ MIR701, AZ 5214E and
AZ TI35ES [60]. First one is a positive PR. The others can be processed as
either positive or negative. After covering all of the sample surface with drops of
a PR of our choice, the sample is once more spun at the same rate and duration.
The uniformly PR covered samples are prebaked on a hot plate at a temperature
around 100 °C for a duration of about 50 seconds to strengthen the sticking of
PR to the sample and to solidify the PR. Actual bake temperature and duration
depends on the type of PR and given in the tabulated recipes for each PR (Table
2.1). The resulting PR film may have a thickness in the range of 0.75 to 3.5
pum. We can measure thicknesses after photolithography and developing steps
using Sloan Dektak 3030ST Surface Texture Analysis System. For both mask
alignment and exposure we used Karl-Suss MJB-3 HP /200W Mask Aligner. This
system uses a 500 W mercury xenon high pressure lamb as its light source and
in principle can define dimensions as small as 0.8 ym with 0.1 gm accuracy. The
mask is loaded on the mask holder of the aligner and the samples and patterns
on the mask are aligned such that the straight alignment marks on the mask are
parallel or perpendicular to the edges of the rectangularly cleaved samples. The
SOI samples used have surfaces on < 100 > plane and the strips are defined on
that plane also. Such an alignment may be critical especially if an anisotropic
etching (i.e. we used KOH for some device fabrications) is used later on. After
exposure, the exposed positive PR parts are dissolved in 25 percent aqueous AZ
400K developer solution and this results in realization of the mask patterns in
the PR film. When a negative PR is used, a second bake at 120 °C for 2 mins
and a float (no mask) exposure of 1 or 2 minutes are required before application
of developer solution. The samples with PR patterns on their surface must pass
through another bake (called postbake) at 120 °C for several mins if the patterns
are going to be used as a mask in an etching process. On the other hand, no

postbake is required if a thin metal film deposition and a liftoff process is used.
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PR Label AZ A7 AZ AZ AZ
= MIR701  5214E 5214E  TI3BES TI35ES
Type of Use Positive Positive Negative Positive Negative
Spin Speed (rpm) 6000 4000 4000 5000 5000
Spin Dur. (s) 40 40 40 40 40
Prebake Temp.(°C) 90 110 110 100 100
Prebake Dur.(s) 60 50 50 120 120
Expos. Dur.(s 54 40 25 120 40
9d Bake Tem.(°C) || 110 . 120 . 120
274 Bake Dur.(s) 60 - 120 ; 120
F. Expos. Dur.(s) - - 70 - 110
Develop Dur.(s) 25 40 40 60 60
PR Thickness.(um) 0.75 1.40 1.40 3.50 3.50
Reference No. PL1 PL2 PL3 PL4 PL5

Table 2.1: Recipes of three kind of PRs that are used in fabrication processes.

2.2.2 PECVD Grown Dielectric Films

Si3sN, and SiO, dielectric films that we used for several purposes were grown in
the plasma enhanced chemical vapor deposition (PECVD) system available at our
facility. In our device fabrication, SiO4 layers were employed as upper cladding of
SOI rib waveguides, passivation layers between waveguides and metal films and
separation regions between Si slabs and polymer waveguides. On the other hand,
we used SizNy layers only as a masking material during KOH etching. PECVD
grown silicon nitride (SizNy) films are known for their very high resistance to
KOH solution, while PECVD SiO, is not a good masking material for KOH
etching. Apart from its resistance to the KOH solution, simple processing of
silicon nitride in dilute hydro fluoric acid (HF) solutions makes it the primary

choice for masking material to be used in KOH based etching processes.

The use of SiOy layers lets us to fabricate devices based on symmetric SOI
rib waveguides. SiO, cladding also preserves waveguide facets from any damage
during cleavage of devices. Thickness of grown layers using PECVD can be con-
trolled with a good accuracy. Realization of some devices (couplers, etc.) needs
precisely defined gaps between two waveguides or subcomponents. These gaps

may be on a submicrometer scale for some device designs. In lateral placement
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of device elements, such gaps are defined through photolithography and a subse-
quent etch of the material. Therefore, accuracy of these gaps totaly depend on
lithography resolution. On the other hand, the gaps can be defined with higher
precision even in submicrometer scale by growing a SiOs layer using PECVD.
However, the device should be designed with its elements in a vertical scheme in

that case.

During a PECVD process, the reactants are brought to the vicinity of a hot
sample by gas flow and appropriate chemical reactions take place to grow the
material of interest on the sample surface. The normal CVD (chemical vapor
deposition) reactions require the samples to be at temperatures as high as 700 to
1000 °C [61]. PECVD makes use of plasma reactions to assist the CVD reactions
taking place which result in the samples being deposited at relatively low temper-
atures, 100-350 °C. PECVD processes are conducted in plasma reactors which
may be in barrel (or tube) or planar or downstream configurations. We have
used a fully automated planar plasma reactor (Plasmalab 8510C) for deposition

of dielectric layers.

The detailed growing process is as follows: Samples are placed on the lower
electrode plate of the previously heated reactor. A 13.56 MHz radio frequency
(RF) applied across the electrode plates to excite the plasma. Each of the process
gases are brought into the reactor chamber from its specific gas line. The char-
acteristics (refractive index, film thickness etc.) of PECVD grown films depend
on the reactor used, gas type and flow rate, RF power, sample temperature and
material. In Table 2.2, recipes that we used to grow PECVD SizN4 and SiO,

films are summarized.

2.2.3 Deposition of Thin Metal Films

We made use of thin metal layers that are either evaporated or sputtered from
a target. Nickel (Ni) films was used as both masking material in dry etching
and as thin metal heaters. Ni is resistive to most etching gases and a layer of

100 nm can be enough for etching down Si or PECVD dielectrics to more than 5
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H Process Parameters |} H Si0y  SigNy ‘
2% SiH, + 98% N, Flow Rate (scem) | 180.0  180.0
NH; flow Rate (sccm) - 45.0
N,O3 flow Rate (sccm) 225 -

Pressure (mTorr) 1000.0  1000.0

RF power (W) 10.0 10.0
Temperature (°C) 250.0  250.0

Grow Rate (A/mins) 400 100

Table 2.2: Recipes for growing SizsN, and SiO, films using PECVD

pm. Before deposition of metals, patterns are defined through photolithography
on the samples. Parts on which metal will be deposited should be clear, while
the other parts should be PR coated. Metal is deposited over all surface of the
sample, PR coated or not. After the deposition, the samples are put into a ACE
bath for a while. This is to facilitate the process called liftoff. ACE dissolves PR
film and lift the metal parts on PR off.

2.2.4 Etching Processes

Photolithography defines PR patterns onto surface of samples. PR layer should
be used as mask layer to transfer patterns into waveguide material or another
material that would be used as mask layer. Also patterns can be transferred to
metal layers through liftoff process as discussed above. PR layers or metal layers
are used as masking material in dry etching. On the other hand, SizNy is the
mask for KOH etch. We transferred PR patterns into Si3N, through a dilute HF
etch. Before etching in HF solution, the PR patterns are further hardened via
another baking process at 120 for 2 mins at a hotplate. The HF solution that we
used was with the ratio 1 : 100 for HF(50%) : H,O. The etch rate 50 A/s. After
the etch remaining PR is removed in ACE. The sample with SisN, patterns are
ready for KOH etch.

Patterns must be defined into waveguide materials, to Si layer of SOI wafer in
our case. Dry and wet etching techniques can be employed for this purpose. In

both techniques, the unmasked parts on SOI samples are etched down for desired
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Figure 2.7: SEM micrographs of a SOI rib waveguide defined through KOH
etching. (a) In topographic view of the waveguide facet, different materials can
be identified. (b) Normal SEM view of the same facet.

thickness. Dry etching uses physically assisted chemical radicals and ions, which
are produced in a plasma reactor, to etch the semiconductor material surface,
both chemically and mechanically. Dry etching which can be called as reactive
ion etching (RIE), results in an anisotropic etching profile. That is, some special
planes of semiconductor crystals are preferably etched at a higher rate than other
planes. On the other hand, wet etching being the most widely used etching
technique makes use of chemical reactions taking place between semiconductor
material and aqueous acidic and basic solutions. Unlike dry etching, wet etching
is generally isotropic for the most semiconductor material and etching solution
pair, but also some examples of anisotropic wet etchants exist. Both dry etching
(or RIE) [12, 32, 33, 34] and wet etching [23, 62] have been applied in silicon-on-

insulator based waveguide device fabrication.

Straight waveguides and devices that do not have circular or S-shaped parts
can be easily etched in anisotropic KOH etch. All the other shapes are better to
be defined through RIE. KOH anisotropic etching of silicon have been studied a
lot since the early 60’s [63, 64]. The etch rates are different for different KOH
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Material Si Si Si Si0, BCB
= (slow) (fast) (faster)
CHF3 Flow Rate 50 - - 150 150
0, Flow Rate 3 6 - 10 10
SF¢ Flow Rate - 28 20 - -
CCIQFQ Flow Rate - - 30 - -
Pressure(mTorr) 66 50 50 50 50
RF Power(W) 100 100 100 100 100
Etch Rate(A/min) | 140 870 1500 170 1090
Reference No. RIE1 RIE2 RIE3 RIE4 RIES

Table 2.3: RIE etch recipes used to etch various materials during fabrication
processes.

concentrations and etch temperatures. It is also not the same in each crystallo-
graphic planes of silicon. This difference makes KOH an anisotropic etchant. We
used 1:3:1, KOH:H,0:ISO solution at 40 °C as our optimum parameters. These
parameters were optimized during my M.S. Thesis work [54]. This recipe have
been used for anisotropic etch of SOI waveguides that we used in layer transfer
method discussed in Chapter 6. The etch rate for this recipe is not constant with
time and this is a general property of anisotropic KOH etching. However, the
etch rate remained in the range of 550 to 650 A/min. The other parameters that
may affect especially the repeatability are the total volume of the solution and
the stability of solution temperature. Larger solution volumes and more stable
solution temperature result in better etch results. A typical result of KOH etch
is given in Fig. 2.7.

We also used KOH etching to thin backside of the SOI samples after the all
fabrication steps are over. Such a thinning from 625 pym down to 150 pm is
required for a good optical cleavage of waveguide facets. An KOH etch recipe
(KOH:H,O ratio of 1:3 at 60 °C) having larger etch rate (18 ym/hr) was preferred
for thinning. The process details of which can be found in [54] lasts for more than
24 hrs.

RIE was used to define polarization splitters (Chapter 3) and ring resonators
(Chapter 5) on SOI wafers in this thesis work. We also facilitated dry etching
technique to define ribs on some polymer (BCB) and deep channels on thick
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Figure 2.8: SEM micrographs of some structures defined through RIE etching.
(a) SOI rib waveguide etched using RIEI recipe. (b) A silicon step etched using
RIE2 recipe.

thermally grown SiOs layers. In principle, any type of material can be etched
down with a good choice of process gas. The critical point is to have a resistive
enough masking material. PR itself may be more than enough for shallow etches
as we did in fabrication of SOI polarization splitters and resonators. Etch depths
defined into top silicon layers were in the order of 0.5 um. The use of thick PR
may help to reach etch depths up to 2 pm in silicon. On the other hand, it is
possible to define groves with depths larger than 4 ym using a 100 nm Ni layer as
mask. In the etching process of SiO, layer, we define channels with depths of up to
4 pm with Ni as the masking material. We also used Ni mask to define grooves
with 6 pum depth on silicon chips which were then used as molds for analysis
of some biomaterials by Prof. Dr. Vasif Hasirc’’s Group at METU. A specific
recipe is used when etching is performed in RIE systems. That is, gas flow rates,
chamber pressure and applied RF power are the parameters that determine etch
rate and anisotropy of a process. We tabulated the different recipes that were
used in RIE etching of various materials in Table 2.3 and referred to them later in
the coming chapters. Some SEM micrographes show results of some etch recipes
in Fig. 2.8.
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2.3 Basic Characterization Techniques

Fabricated devices are characterized on an integrated optics experiment setup.
In their characterization, devices are tested and results obtained are compared
with theoretical or design expectations. Waveguide as the basic component of
integrated optics, are characterized for their optical modal and losses properties.
The mostly applied tests to integrated optical devices are power splitting, wave-

length dependent transmission and power modulation due to an external effect.

An schematic view of our measurement setup can be seen in Fig. 2.9. We
have used both an external cavity tunable laser and a DFB (Distributed Feed
Back) laser as light sources. The tunable laser has wavelength resolution of + 1
pm and can be tuned between 1515 nm and 1615 nm, while, the DFB laser lases
around 1550 nm. Optical measurements were generally performed with the laser
being at 25 °C and under 27 mA current. The laser has a peak value of 1547.58
nm under these condition. DFB laser was the light source during characterization
of polarization splitter and most of the other experiments that did not require
wavelength tunability. On the other hand, all the resonator (Chapter 5) and
asymmetrical vertical coupler (Chapter 6) tests need wavelength tuning and were

tested using the tunable laser.

Fiber-laser integration enables light to be transferred to a single mode (SM)
fiber with core size of 9 um. This SM fiber is attached to another SM fiber which
is bent to form a number of circles with diameter of a few cm and placed in
three circular mounts called polarization controller and used to chose only one
polarizations state. The polarization controller is attached to another SM fiber
whose tapered and lensed (or optically cleaved) end is positioned in a fiber-chuck
on a piezoelectric XYZ translation stage. Submicron translation of input fiber
could be done by driving the stage with an external voltage supply. In butt
coupling, light is directly coupled into waveguides through the cleaved fiber end
or focused on waveguide facet when lensed fiber is used. Sample holder is also
integrated on a XYZ translation stage which improves the fiber-chip coupling.
Light coming out of the waveguides end facets is collected and then focused

to either a photodetector or an IR camera using a microscope objective. The
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Figure 2.9: Schematic representation of experimental setup used for integrated
optical device characterization.

detector can measure output optical signal through the use of an oscilloscope or
optical powermeter. Optical power measurements are then used for calculating
optical losses. Fine positioning of optical modes were done using the camera prior

to any measurement.

A number of neutral density filters were used to control optical power to
avoid saturation of the camera when the images captured to image files using an
video capture card attached to a PC. Coupling properties of directional couplers
were calculated by analyzing captured IR images with an image contrast analysis
software. The software we used was labelled Scion Image and had the ability to
read relative intensities at each pixel of a straight line cursor placed on an image.
Tunable laser and powermeter were remote controlled through use of Labview
programming on a PC connected to the instruments by GPIB cables. We were

able to scan the laser wavelength in a range and with a resolution of our choice.
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2.3.1 Optical Waveguide Losses

Two types of optical losses that can be extracted from characterization of a
waveguide are insertion and propagation losses. First one include both losses
occurring during light propagation in the waveguide and those due to reflection
at input and output waveguide facets. The main contribution to propagation loss
comes from scattering of propagating light. Absorption of waveguide material
and radiation due to unguided modes are significant and are explained later in
this section. Scattering losses can result from imperfections in waveguide mate-
rial or on the surface of the waveguide. The material imperfections are voids,
crystalline defects and contaminant atoms and can be ignored for SOI optical
waveguides due to extremely pure nature of silicon crystal. On the other hand
scattering from waveguide walls can be an important source of loss and depends
on waveguide fabrication techniques. Since, light reflects many times from sur-
faces of a waveguide, it has been showed quantitatively that the surface scattering
loss depends on ratio of the roughness of the waveguide surfaces to the wavelength
directly, and the waveguide thickness and the amount of the tail of the evanes-
cent field. In the case of the SOI rib waveguides the roughness of the buried SiO,
layer, the thickness variation of the top silicon layer and the roughness of the
walls of the etched rib are the points to be considered. The first two are related
with the fabrication of the SOI substrate and they are results of the optimized
commercial technologies. The last is related with the etching of silicon during

fabrication process.

Absorption is a mechanism which is mostly important for semiconductor
waveguides. Band edge absorption and free carrier absorption are the two types
of absorption loss mechanisms that are dominant in semiconductor. We can safely
ignore losses due to band edge absorbtion since telecommunication wavelengths
(1.3 and 1.55 pm) are well apart from the band gap of the silicon (1.1 eV or 0.9
pum). We also eliminate free carrier absorption, fabricating devices on wafers with
low doping levels or high resistivity. Meanwhile, the radiation loss is the name for
the loss taking place when a waveguide design is near or beyond cutoff. Well con-

fined single mode waveguides do not suffer significantly from radiation. However,
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it should be considered for multimode and bending waveguides. In case of SOI
rib waveguides, radiation losses are not so significant as long as the waveguide is

designed as a single mode waveguide away from the cutoff.

The simplest way of loss measurement for SM waveguides is to input some
light with known optical power the waveguide and measure the optical power
at the output. While, prism-coupling loss measurement technique is generally
preferred for multimode waveguides [65]. What is measured for SM waveguides
is the insertion loss. Successive measurement of insertion loss for waveguides
of different lengths can be used to extract propagation loss of the waveguide.
Observation of Fabry-Parot resonances can also be used to determine propagation
loss [53]

The details of insertion loss measurement and extraction of propagation loss
are as follows. The light with a known wavelength and optical power is focused
or butt-coupled into cleaved or polished input facet of a waveguide using a from
cleaved or lensed SM fiber and the transmitted power is measured at the output
port. The insertion loss is calculated in dB’s using 10log(Z;,,/Iout), where I;, and
1, are the optical powers injected at the input and measured at the output, re-
spectively. This measurement is repeated for a large number of waveguides having
different lengths, but otherwise identical. This task is accomplished by starting
measurements with a relatively long (e.g. several millimeters) waveguide sample
then repetitively shortening the sample by cleaving. Measurements are repeated
for the waveguides of different lengths. The most important problem of this tech-
nique is with alignment which should be optimized for each waveguide /microscope
objective pair by maximizing output optical power. Then the logarithm of rel-
ative transmission is plotted with respect to waveguide length. The plot is a
straight line and its slope gives loss coefficient. This technique is effective for the
single mode waveguides which can be easily cleaved to optical quality. I used this
technique for loss measurement of 3 pm size during my Ms. Thesis work [54] and
found propagation losses of 0.70 and 0.76 dB/cm for TE and TM polarizations,

respectively.

A waveguide with optically cleaved facets can be considered as a Fabry-Perot
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Figure 2.10: Measured transmission spectrum of SM SOI waveguide. Fabry-Perot
oscillations are used to calculate propagation loss of the waveguide.

interferometer. The facets behave as the partially transmitted mirrors of the
interferometer. An interference pattern forms with a change in the phase of the
propagating light. The phase change can easily be accomplished by tuning the
input wavelength. The measured optical power has maxima and minima with
scanned wavelength. The ratio of the maximum transmitted optical intensity to

minimum intensity can be defined as

Ima:p (1 + Re_aL)2
In (1 — ReoL)? (211)

in terms of reflectance of facets, R, optical power loss coefficient, o and cavity
length, L which is the length of the waveguide. Defining this ratio as x, the loss
coefficient can be stated as

1 VeE+1
a:Zln[R\/E—l]

(2.12)

The optical loss for a waveguide can be determined from Eq. 2.12 with the
knowledge of facet reflectance. In practice the same optical quality can not be

repeated in each cleavage of a waveguide sample so the reflectance of the facets
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can not be known exactly. In that case, the cut-back technique can be applied.
That is, measuring maximum and minimum intensity for waveguide samples with
the same features except different lengths. Then, 10log[(1++/k)/(1 — /)] which
has dimension of dB, versus waveguide length is plotted. A straight line should
be fitted to that plot. The slope of the line gives optical loss coefficient and
extrapolated value to L=0 is the exact reflectivity of facets. We observed Fabry-
Perot oscillations for straight SOI rib waveguides of 1 pum size and found an upper
limit of 5.5 dB/cm for propagation loss. We used perfect reflectivity for Si facets
(Fig.2.10).



Chapter 3

Compact SOI Polarization
Splitters

In this chapter, design, fabrication and characterization of SOI directional cou-
plers utilized as a passive polarization mode splitter are explained in details. SOI
integrated optical directional couplers have already been fabricated [66]. How-
ever, they have not been exploited for polarization splitting applications. We
make use of birefringence accumulation in SOI rib waveguides as their sizes are
reduced. To the best of our knowledge, this device is the first integrated optical
polarization splitter based on SOI technology to separate light into TE and TM

modes.

In the next section, we explain the design and operation principles of the
device. Fabrication procedures and measurement techniques follow. Finally, the

experimental results and some analysis are given.

3.1 Splitter Design

The polarization dependent behavior of integrated optical waveguides has two

main sources. One source is the intrinsic material birefringence which can be due

37
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Figure 3.1: Effective index difference between TE and TM modes of single mode
(SM) SOI waveguides with h/H = 0.6. The insets show simulated fundamen-
tal TE and TM mode profiles and effective refractive indices for the designed
waveguide.

to stress in the waveguides. The other source is due to waveguide geometry or
cross sectional profile. SOI single mode (SM) waveguides with large cross-section
are generally known for their polarization insensitivity due to inherent index
isotropy of the silicon crystal and negligible stress formed by wafer bonding. The
birefringence observed in these waveguides is negligible and has been attributed
to cross sectional geometry of the waveguides [12]. It has been shown by numer-
ical simulation that even the small birefringence in the rib waveguides can be
tailored to zero by adjusting the geometrical cross section [67]. However, as cross
sectional dimensions reduce, birefringence can increase and such waveguides can
be designed for a specific birefringence value. Analysis of SOI waveguides by 3D
vector beam propagation (BPM) simulations confirm the evolution of geometrical
birefringence in SM SOI waveguides as their size is reduced as seen in Fig. 3.1.
The waveguides with sizes w, H < 1 pum display significantly different effective
indices for their TE (transverse electric) and TM (transverse magnetic) modes.
In our design, width (w) and height (H) of the SM waveguide is chosen to be 1
pm, while slab height (h) is 0.6 gm. These dimensions satisfy the single mode
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Figure 3.2: A schematic cross sectional view of coupling region of the designed
directional coupler with critical dimensions.

condition for an SOI waveguide [56] and can be fabricated with good accuracy.
The inset in Fig. 3.1 shows TE and TM mode profiles for the chosen waveguide

structure.

In the light of this discussion, we design a directional coupler to be used as a
polarization splitter using SOI SM waveguides with top silicon layer thickness of
1.0 pm. For the preliminary design of the polarization splitter we first consider
the device layout shown in the Fig. 3.2(a) with its cross-sectional view given
in Fig. 3.2(b) . This is a straight directional coupler which can be analyzed
with minimal computational effort. Light is launched into port 1 and the output
power is detected either from port 2 or port 3. Optical propagation in a directional
coupler can be expressed in terms of even and odd modes of the coupled waveguide
system with effective indices n. and n,. A directional coupler comprising two
single mode waveguide is said to have an odd and an even mode. The optical
field in the directional coupler at any instance can be expressed as a superpositions
of those modes [2]. The evolution of the effective index of these modes for TE
and TM polarizations are simulated and shown in Fig. 3.3 as a function of the
waveguide spacing. From the figure, it is clear that for small waveguide spacings,
the difference between propagation constants of the odd and even modes is large,
while they converge to the TE and TM effective indices of individual waveguides

as the spacing increases.
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Figure 3.3: TE and TM effective indices of even and odd modes of a coupler
as a function of waveguide spacing, g. Note that as g increases odd and even
propagation constants converge to respective refractive indices of the isolated
waveguides. The ratio of TM to TE coupling lengths are also shown.

Figure 3.4: The schematic layout of the polarization splitter,(a) with 3D vector
BPM simulation results of a coupler with ¢g=0.7 pm and L.=110 pm for TE (b)
and TM (c) modes. The simulations show the excellent polarization splitting. G
is 50 pm and the length of the S-bend is 3 mm.
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The coupling length, L. is the length necessary for complete energy transfer
and is different for TE and TM polarizations. The coupling length of either TE

or TM polarization is given by
L. = (m)/(ne —mno)ko (3.1)
in terms of free space wavevector, ky. We seek a design where,
L(TM)/L.TE)=2m (3.2)

relation is met. Here, m is an integer. The coupling length for TM polarization
becomes twice of that of TE polarization at a gap value of 0.8 pum allowing for
TE mode injected at the input port to couple back and forth and detected at
the output port 2, while the TM mode couples only once and is detected at the
output port 3. Using these values as a starting point we considered the design of
the polarization splitter shown in Fig. 4(a). In this case output waveguides are
separated at the output using S-bends. In order to take into account the coupling
contribution at the S-bend waveguides, full 3D vector BPM is used to obtain
the final design by scanning various waveguide spacings, g, from 0 to 1.5 pm.
Results of 3D vector BPM analysis show that gaps of 0.7 um and 1.4 ym allows
polarization splitting with m values of 1 and 2, and L.(T'M) lengths of 110 um
and 2450 pm respectively (Fig. 3.4(b)). The small difference between waveguide
spacing obtained from Eq. 3.2 (0.8 pum) and that obtained from BPM analysis
(0.7 pm) is due to the coupling contribution at the S bends. The corresponding

devices are the shortest possible polarization splitters with the chosen geometry.

3.2 Fabrication and Results

The SOI polarization splitters are fabricated so that the waveguide widths and
heights are 1 pm. Such small dimensions require very uniform silicon layer thick-
ness. Standard bond and etch back SOI (BESOI) wafers show thickness variations
of 500 nm which is not suitable for our purpose. However, Unibond wafers have

thickness uniformities ranging from +20 nm down to +5 nm [26]. These wafers
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Figure 3.5: Cross-sectional SEM micrographs of (a)coupling region and (b)output
ports. Optical images show (c)top view of coupling region and (d)cross-sectional
view of input port.

are fabricated by H* ion implantation followed by heat treatment, while BESOI

wafers are bonded and polished down to the desired thickness.

We start the fabrication with a Unibond wafer with silicon layer thickness
of 1000 + 20 nm and cleave a piece that has dimensions of 1.5 cm x 1.5 cm. A
photoresist layer is spun and the device is optically exposed by lithography (PL1).
The pattern is transferred to the SOI chip by reactive ion etching (RIE) using
a slow etch recipe (RIE1). The RIE etch is followed by the deposition of a thin
upper cladding layer of SiOs using plasma enhanced chemical vapor deposition
(PECVD). In order to obtain optical quality facets for optical measurements, we
cleave the chip at the input and output ports. We find that best cleaves are
obtained when we thin the 625 pm thick substrate down to approximately 100
pm as explained in previous chapter. The optical and SEM micrographs of the

fabricated directional couplers are shown in Fig. 3.5.

The fabricated and optically cleaved devices are tested on the integrated op-
tics setup with a distributed feedback laser (DFB) laser operating at 1550 nm.
The input light polarization state is controlled by a fibre polarization controller.

In order to improve light coupling to the waveguides, a tapered and lensed fibre
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Figure 3.6: Normalized polarized optical power measured at the output port 2 for
both TE and TM input signals for (a) gap=0.7 ym and (b) gap=1.4 um. Lines
are drawn to guide the eye.

with beam spot diameter of 2 ym was used. TE and TM measurements are made
separately. Before each measurement, the laser light optimized in either polar-
ization state is focused on the input facet of the directional coupler. A polarizer
with high extinction ratio is used after the device to confirm the polarization
state of the measured signal. The input waveguide connected to port 1 was at
least 3.5 mm from the point where the coupler starts to eliminate the possibility
of exciting both waveguides of the coupler while exciting port 1. Light at the
output ports are viewed by an IR camera and captured by a TV-video card. The
results for gaps of 0.7 and 1.4 pum are given in Fig. 5. We observe very good
polarization splitting at the designed coupling length of 2450 pm for 1.4 pm gap
(extinction ratios of 20.8 dB for TE and 9.7 dB for TM polarizations) and at
the designed coupling length of 120 pm for 0.7 pym gap (extinction ratios of 18.1
dB for TM and 8.0 dB for TE polarizations). Extinction ratios (ER) quoted are
defined in units of dB as
P2
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for TE polarization and
P3

B3

for TM polarization in terms of P2 and P3, optical powers measured at ports 2

and 3, respectively.

The results obtained from 3D vector BPM simulations and the results obtained
from the experiments are in very good agreement when the coupling contribution
from the S-bends is taken into account. The relatively large insertion losses due
to small cross sectional areas of these devices can be alleviated by using mode
transformers. Propagation losses of 5.5 dB/cm measured on straight waveguides
with same dimensions are in good agreement with the literature [51] and are due
to sidewall roughness and can be further reduced by controlled oxidation of the
waveguide surfaces [51]. These results prove that geometrical birefringence based
polarization control is possible in the thin core layers of SOI wafers. Even smaller
devices can be made using smaller gaps and smaller waveguide dimensions using

submicron core layers.

In conclusion, a SOI rib waveguide becomes birefringent as its size reduced.
We used this idea to design and fabricate a directional coupler polarization split-
ter based on geometrical birefringence. The device uses 1 pum sized silicon-on-
insulator waveguides. The length of the device is about 2500 um for gap of 1.4
pm but is drastically shortened to about 120 pum for gap of 0.7 pm. We, thus
have demonstrated the first polarization splitter that uses geometrical birefrin-
gence control of high-index optical waveguides on silicon-on-insulator platform

[68].



Chapter 4

Ring/Racetrack Resonators:

Analysis and Design

This chapter gives analysis of ring/racetrack resonators and design of such res-
onators based on SOI rib waveguides. I explain basic waveguide resonator theory
in the first section then give design details in the second section. The chapter
concludes with a section analyzing possible integrated micro-ring resonators on

micromachined cantilevers to be used as a displacement sensor.

4.1 Analysis of Waveguide Ring/Racetracks

Resonators

A ring resonator system is composed of one or two straight waveguides called bus
waveguides and a ring placed very close to them as shown in Fig. 4.1. There
are several figures of merit for a ring resonator. These are the modulation depth
which shows the depth of the on/off ratio (in dB), free spectral range (FSR)
which is the wavelength spacing between adjacent resonances, full width at half
maximum (FWHM) of each resonance which shows how narrow the peak is at

the resonance wavelength. The Q factor gives the ratio of resonance wavelength

45
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Figure 4.1: Schematic representation of a single bus racetrack resonator and the
relevant propagating field amplitudes.

to FWHM of the resonance. Depending on the application, large or small values
for FSR may be desirable but small FWHMSs, large modulation depths and large

Q factors are always preferred.

4.1.1 Single Bus System

Consider the single bus coupled ring structure in Fig.4.1. The general matrix for
outgoing waves (E,) in terms of incoming waves (E;) in the coupling region of the

system can be written as [69]

E, 1— 0 J 0 E;
2 | " ik (4.1)
o 0 iR 0 T—x || B

E,, NG 0 VIi—-r 0 E;

Here,  is the fraction of power coupled between waveguide and ring, so that 1 —«
is the transmitted portion of the power that is not coupled to the ring. In the

case of no back reflections and E;; being the input wave,

Eip = FEiyy=Ey = FE,3 =0 (4.2)
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Then, solving the matrix for the remaining terms leads to transmitted amplitudes

as

EOQ =V 1—k Eil + Z\/EEzg (43)

and

Ei4 =V 11—k Eig + Z\/EEZ:[ (44)
Matching the travelling waves in the ring gives,
ar .
Eis = Eosexp (—(7 +i)) (4.5)

and using it to eliminate E;3 in the above equations results in

VI— k& —exp(=(F +id)
L= VI=r exp(—(F +i9)

where, ar and ¢ are optical intensity loss and phase accumulated per round trip

Fp = (4.6)

in the ring, respectively. For a resonator of length, L = 27 R optical intensity loss

coefficient, a and effective refractive index of n,.,

ar = al (4.7)
and
60 = T, (4.8)

where A\ is the free space wavelength. The resonance takes place when ¢ = 27wm,

and m is an integer number. Then, the resonance field amplitudes become

VI—h — o (-%)

E, = E; 4.9
? 1 —+V1—kexp(—%) (4.9)
and _

B, = W o (4.10)

1 —+V1—rexp(—%)
An obvious result is that if

VI—k = exp (—%) (4.11)

no power is reflected so that E,, = 0. This is the so-called critical coupling

condition and all the power is coupled to the ring.
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Figure 4.2: Phase dependence of transmitted power at the throughput port of a
single bus ring resonator system.

One has to take square of the field E, and E,4 to find the corresponding
optical intensities in terms of the input optical power. Therefore, the transmitted

power at the through port of single bus system is

VT~ exp (—(F +i0)
1 —V1—r exp(—(% +i9))

]sb—thr = |E’02|2 — | Ei1|2 (412)

The phase dependence of I s, can be seen in Fig.4.2. FSR, FWHM and

modulation depth for this specific example are also shown in the figure.

4.1.2 Double Bus System

The above treatment can be easily extended to a ring structure coupled to two
bus ring structure as shown in Fig.4.3. When there is a second bus, there will
be a second coupling region allowing for the out coupling of trapped light in the

ring. The expression for transmitted power at through port is exactly the same
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Figure 4.3: Schematic representation of a double bus racetrack resonator and the
relevant propagating field amplitudes.

as in the single bus system apart from a change in the loss term to account for
the coupled power to the second bus. The new loss term becomes

Qor = —In (1 — k)2 + % (4.13)

Therefore, the transmitted intensity at the throughput port of double bus system
is given by
V1 —k —exp(—(ess +i¢))

Lip—thr = L Eq? 4.14
db=th |1 —V1—k exp (—(ters +i9)) i ( )

which can be simplified to

V1I—r1 — 1 —roexp(—(ar/2+ig)) Eal?
1= /(1= 51)(1 — ks exp (—(ar/2 +i¢))
To calculate the power at the drop port, the field, E,g in the output port can be

(4.15)

Lap—thr = |

defined in terms of E,, as

Eos = iv/fz Bosexp (~3 (3T +i0)) (4.16)
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Figure 4.4: Phase dependence of transmitted power at the throughput port of
single bus system.

By taking square F,g, the optical power at drop port can be calculated to be

\/ F1k2 €XP <_(a7T +Z¢)) Eil‘z (4_17)
1— /(1= k1) (1 — k2) exp(—(% +i9))

[dbfdrp = ‘

The phase dependence of Ig_sn and Ig—grp can be seen in Fig.4.4 FSR,
FWHM and crosstalk (an other important characteristic of double bus system
and defined as the difference between measured intensities at throughput and

drop ports at a resonance) are also shown in the figure.

In above equations, k1 and ko is the fraction of power coupled between the
resonator and the first and the second buses, respectively. In most cases k; =
ke = k. However, analyzing the resonances and imposing that there is no reflected
power , i.e. Iz e = 0, gives the critical coupling condition for the double bus

system as,

VI—r1=vI— ks exp (—%) (4.18)
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or

Ko =1—(1—ky)exp (ar) (4.19)

This condition defines an asymmetrically coupled resonator. x; should be large
enough to account for both resonator attenuation and coupling to the second
bus. It should be noted that the through port power is minimized and crosstalk

is maximized when this condition is satisfied.

4.1.3 Characteristics of Resonators

The basic characteristics of resonators are bandwidth (FWHM), free spectral
range (FSR), finesse, Q-factor and modulation depth can be extracted from their
responses. On the other hand, an analytical estimation can also be made for
these characteristics. An relation can be derived for FWHM from its definition,
the full width at half maximum ( Iy_gp=1/2 L;,). Such a relation is ([70])

2 (1—exp(—°L)\/(1—r
FWHM = Ay = 20 ( P (VI ) (4.20)
mLnegs\Jexp (—%)(1 — k)
This relation reduces to
2
FWHM = A) — 20" (4.21)
WLneff

when optical loss is negligible [71]. This relation suggests that smaller coupling
factors leads to narrower bandwidths. Furthermore, the accumulated phase of one
particular resonance (\g) is 2rm and that of the successive resonance (Ag+FSR)

is 2 (m+1). The definition of accumulated phase can be used to calculate FSR

as
FSR= —20__ (4.22)
N Lneff — /\0 '
which can be approximated as
A
FSR=—— (4.23)
Lneff

for large resonator circumferences. We can conclude from the above equation
that smaller resonators have larger FSR’s. From known FWHM and FSR one
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can easily calculate finesse and Q-factor as

FSR

Fi = —— 4.24

inesse = s (4.24)
and \
_ 0

Q= TWEM (4.25)

;respectively. Physical meanings of finesse and Q-factor can be understood as
follows. The finesse equals to (to a factor of 27) the number of round trips made
by light before the power in the resonator reduces to 1/e of the initial value.
Similarly, Q-factor is the number of field oscillations before field decreases to 1/e
of its initial value. Finally, the expected modulation depth (M.D.) of a resonator
can be calculated in the units of dB using resonance optical intensity at through

port as
[sbfthr()\ = )\0)

Iinp

M.D. = 101log( ) (4.26)

Apart from mentioned resonator characteristics, intensity enhancement in a res-
onator can be found interesting. Constructive interference occurred in a resonator
leads intensity to build up in the resonator. This feature of resonator is found
very helpful in nonlinear optics experiments in which high optical intensities are
required. For resonators with a single bus (all-pass configuration) the intensity

enhancement (I.E.) factor is given by ([71])

_1—1—\/1—/@
C1-V1—k&

when resonator loss is negligible. The less coupling to a resonator leads more

I.E. (4.27)

intensity building up in the resonator.

4.2 Design of SOI Racetrack Resonators

The design of SOI resonators starts by determining the largest waveguide dimen-
sions that satisfy single mode condition. After a preliminary estimation using ef-
fective index methods, exact dimensions of the waveguides have been determined
after extensive numerical simulations using the three dimensional beam propa-

gation method (BPM). The waveguide has the same dimension of the waveguide
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Figure 4.5: (a) 3D to 2D reduction using effective index method for analytical
bending loss calculation for TE polarization. (b) 20° section of a bend defined
for numerical bending loss calculation using BPM.

used in polarization splitter design (Fig. 3.2). This is followed by the estimation of
the expected propagation losses which is critical in the design of high-Q waveguide
resonators. Measurements on straight waveguides designed and fabricated with
dimensions obtained in the simulation step, were performed to determine the up-
per limit on the expected propagation losses. In most Si rib waveguide devices,
quasi single mode waveguides with large cross sections are preferred to minimize
insertion losses. Design of ring resonators using SOI rib waveguides with typical
widths and heights of 3 um or larger, however, leads to rings with radii larger
than 10 mm due to radiation losses at smaller radii. This would lead to poor free
spectral range. To obtain compact devices suitable for higher integration that
have larger free spectral range, ring resonators with curvatures of submillimeter
radii, are needed. Thus, smaller waveguide dimensions are essential for compact

ring resonators.
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Figure 4.6: Simulated and analytically calculated bending losses for 1 pm SOI
waveguide.

4.2.1 Bending Loss Calculation

A major issue in the design of ring resonators is the estimation of bending loss.
We first calculated the bending loss using a two dimensional analysis based on
Marcuse’s equation for bending slab waveguides. The details of the analysis
can be found in [72]. Briefly, in this approach, the 3-D waveguide structure
is reduced to 2-D (See Fig.4.5 (a)) using the effective index method, and the
resulting analysis leads to bending loss in dB’s for a given angular section Af (in

radians) of radius R as

LosSpena = —1010g (exp (—pend AOR)) (4.28)

where apeng is the optical bending loss coefficient and is given by

o? k2 —203
Y Y YR 4.29
(1 + 0, ) (0 — ) P L) o e (429)

Qpend =

The other variables are defined as

Qy = ko(ne - nel)1/2 (430)
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Figure 4.7: SOI waveguide mode fields for TE (a) and TM (b) polarizations after
a propagation of 20° in a bend waveguide of 150 um radius.

and
by = holnZ, — n)2 (4.31)

with ko = 27/ Ao.

Alternatively, we also made use of 3D-BPM under wide angle approximation
conditions to simulate the bending loss by defining a 20° section of a bend shown
in Fig.4.5 (b) and calculating the bending loss by launching the computed mode
field of the straight waveguide into the curved section as explained in [72]. We
approximate the total bending loss for 90° by scaling the loss simulated for 20°.
Both analytically calculated (Eq.4.28) and BPM simulated bending losses are
shown in Fig.4.6 for TE and TM polarizations. The results of both analysis show
that the bending losses drastically decrease for radii larger than 250 ym and 120
pm for TE and TM polarizations respectively. For a better visualization of light
propagating in an SOI bend waveguide, we show BPM calculated TE and TM
mode profiles after a propagation in a 20° bend of 150 pm radius in Fig. 4.7.
It is seen that after a 20° propagation a significant amount of TE mode field is
outside the rib of the waveguide. On the other hand, TM mode still propagating
under the rib. These results brings a more comprehensive explanation to the very

different bending losses for TE and TM polarizations.
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4.2.2 Coupling Factor Calculation

Following the determination of the range of radii that can be used in the design of
ring resonators, the coupled power factor from the bus waveguide to an adjacent
waveguide bend has to be calculated. 3D BPM simulations are also employed for
this purpose. A straight waveguide is placed close to a bent waveguide similar
to the one used to simulate the bending losses. The optical power launched
into the straight waveguide is monitored at the output of the bent waveguide
(inset of Fig.4.9). The minimum coupling gap is determined by the limits of
optical photolithography which, in our case, is 0.7 um. This value limits the gap
coupling factor between the bus waveguide and the bent waveguide. To overcome
this problem and increase coupling factor for critical coupling, straight waveguide
sections are inserted into the bent waveguide sections in the coupling region next
to the bus waveguide. This transforms our design to a racetrack resonator. With
a coupling gap of 0.7-0.8 um, the need for a racetrack shape becomes inevitable
as the ring radii gets smaller, since coupling factor is too small for smaller radii.
Output graphes of an coupling simulation is seen in Fig. 4.8. In the part (a)
of the figure, X7 contour map shows optical field in the coupling region of a
racetrack resonator. While the (b) part plots waveguide mode power as function
of propagation distance. The calculated coupling factors for a number of radius
as function of straight section length is given in Fig.4.9 for TE polarization. A
similar calculation was performed for TM polarized light input and the results are
plotted in Fig.4.10. A quick comparison shows that the TE coupling factors are
much more higher than those calculated for TM polarization for the same same
geometry. This is due to difference in the TE and TM mode profiles, which is also

responsible for the difference in calculated bending losses for both polarizations.

Using equations computed in previous section for optical intensities (Eqs.4.12,
4.15 and 4.17), and estimating total optical loss in the resonators, one can find the
necessary coupling factor. BPM results were used to find the gap and straight sec-
tion length that provide necessary coupling factor. The total optical loss includes
both bending and propagation losses. Bending loss is determined through analytic

calculation and BPM simulations as mentioned earlier, while the propagation loss
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Figure 4.10: Power coupled from bus waveguide to racetracks with various radii
for TM polarization as a function of straight section length for gap of 0.8 pm.

is experimentally measured on waveguides fabricated with same dimensions used
for the bus waveguides of the ring resonator system. We find the upper limit for

propagation loss to be 5.5 dB/cm (see Chapter 2).

Analytical results of the resonator analysis are used to write Mathcad pro-
grams to estimate the response of ring resonators. The programs let you to match
resonator loss with a coupling factor, iteratively. This is needed, since to match a
resonator loss with a coupling factor means increasing the straight section which
means an increase in resonator length and loss. Resonator characteristics of de-
signed resonator can also be extracted from the programs. A careful analysis is
made to match these values. The gap between bus and ring which is 0.8 pm is
large enough to print by photolithography and small enough to have reasonable
straight resonator section lengths. The designed resonators have bends with radii
ranging from 150 to 500 pm and racetrack shapes to increase coupled power from

bus waveguide.

The second gap for double bus ring resonator is calculated by matching two

coupling factors and the resonator loss which may be a greater deal. You may
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simply use the same value for the second gap (on drop port side) but a carefully
chosen asymmetric gap may result in better resonator responses. 1 chose the

second option in design of double bus resonators.

To increase the the coupling efficiency from single mode fibers to bus
waveguide we implemented tapers at the beginning and end of the bus waveguides.
The optimum taper design was obtained after a number of BPM simulations Fig.
4.11. According to simulations, a taper length of 200 um is enough for optimum

coupling. We implemented a length of 1000 pm in the designed mask.

We included all the resonators designed in a mask. The L-edit software [73]
was used to draw the mask. Various values for bending radius and racetrack
straight section lengths and coupling gaps were included. The overview of the

drown mask is given in Fig.4.12.

4.3 Micro-Ring Resonators as Displacement

Sensors

(The work reported in this section was performed in collaboration with Mr. C.
Kocabas as a part of his Ms. Thesis [74].) During the design of the ring resonators,
potential applications were also considered. As a part of this effort, integration
of micro-ring resonators on micromachined cantilevers for displacement sensing
purpose was proposed and analyzed. These designed sensors may be used for

scanning probe microscopies [75].

Many scanning probe microscopies require the measurement of displacement
with high sensitivity. A good example is atomic force microscope (AFM) [76] ,
based upon the principle of sensing the forces between a tip and a surface. These
forces induce the displacement of the tip mounted on a cantilever. There is a
great need to determine the displacement of the cantilever with high sensitivity
to work out the attractive and repulsive forces between surface and the tip. There

are many methods to determine the tip displacement; these are tunnelling [76]
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Figure 4.13: A schematic illustration of the operational principle for the inte-
grated micro-ring resonator displacement sensor, (a and ¢) shows the cantilever
for unbend and bend condition, (b and d) shows the field distribution on the ring
resonator on the cantilever.

, optical lever [77] , interferometry [78] , piezo-resistive [79] and piezoelectric
detections [80] and interdigital detection [81] techniques. Integrated optical de-
tection method has many advantages over the others. First, an integrated sensor
does not require any alignment during the scanning of the surface and it is pos-
sible to scan large areas. Second, integrated sensors are suitable for cantilever
arrays due to their compactness, simplicity and potential for mass production.
It should also be mentioned that integrated sensors such as piezo-resistive ones
have less sensitivity than the external sensors such as optical levers. Using an
integrated optical sensor, it is expect to achieve as high sensitivity as external sen-
sors. Integrated optical devices can be inexpensive and they can be used in harsh
environments such as UHV systems and electromagnetically active environments.
Recently there have been many studies on the integrated optic pressure sensors,
bio-sensors, temperature sensors and strain sensors. These sensors consist of an
integrated optical device such as Mach-Zehnder interferometer [82] , directional
couplers [83] , ring-resonators [84] , whose transmission characteristics change

due to external effects.
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Here, a new integrated optical sensor for scanning probe microscopes is pro-
posed (see Fig. 4.13). In this design, an optical waveguide coupled to a high
finesse micro-ring resonator integrated with a cantilever is used as a strain sensor
to deduce displacement. Basically, stress due to displacement of the cantilever
changes the local refractive index on the ring resonator through the photo-elastic
effect , and index change cause modifications in the transmission characteristics
of the optical waveguide coupled ring resonator. Monitoring the intensity modu-
lation trough the optical waveguide, it is possible to determine the cantilever dis-
placement with high accuracy. Finite Element Method (FEM) simulations were
carried out to get optimum sensor design and Finite Difference Time Domain
simulations (FDTD) are used to get the transmission characteristics of optical
waveguide coupled ring resonators. To achieve high sensitivity, different types of

ring resonators have been studied.

4.3.1 Physical Analysis

In the method employed in this work [85], a micro-ring resonator integrated on a
cantilever is used to measure displacement. The atomic forces make the cantilever
deflect from equilibrium and this deflection produces stress on the cantilever
surface. Index change on the ring due to the stress causes a shift in the resonant
wavelength. The stress reaches its maximum value at the supporting point of the
cantilever and it decreases linearly along the cantilever. Maximum stress on the
surface of the base of the cantilever as a function of tip displacement, z, can be
written as;

Omax = ?jgtz (4.32)
where E is the Young’s modulus of the cantilever material, ¢ is the thickness, and
[ is the length of the cantilever. Due to the photo-elastic effect, effective index

changes due to the stress and through the equation,
Nefr = No + Z CiUi (433)

where, C; is the stress optic constant of waveguide and o; is the local stress.

For GaAs longitudinal and transverse stress optic coefficients are 1.7210~! Pa~!
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12107 Pa™', respectively [86]. Longitudinal stress is much larger than the
transverse stress, which can be neglected, so that

3C Bt

A maz — C = 0
n 107 212

(4.34)

Change in refractive index can also be written as function of the force applied on
the tip. From Hooke’s law, force on the rectangular cantilever can be expressed

as
wEt3

413
where k denotes the spring constant of the cantilever, then change in refractive

F=kz=

z (4.35)

index can be written as,

Anmaz = 7F (436)
w

From Eq. 4.35 and 4.36, the refractive index change depends on the geometry of
cantilever and photo-elastic constant of the material. As the stress induced index
change is not uniform on the ring total accumulated round trip phase on the ring

can be written as,

A= T [ Ap = TG

)\ ring )\ ring

o dl (4.37)

where A is the wavelength. In order to achieve large phase shifts, total length of
the ring must be kept large and the cantilever material with a large elasto-optic
coefficient must be chosen. A schematic illustration of the operational principle
for the integrated micro-ring resonator displacement sensor extracted from Finite

Difference Time Domain(FDTD) simulation is given in Fig. 4.13.

4.3.2 Waveguide Design

Although, it is possible to design the sensor for other material systems, we de-
sign and analyze ring resonators on GaAs/AlGaAs platform. The waveguides
designed are deeply etched to achieve strong confinement [87] , which is essential
to minimize waveguide bending losses. The general waveguide structure is seen
in Fig. 4.14(a). The fraction of Al, z, and the geometry of the waveguide are
chosen so that single mode propagation is assured. The basic limitation to the

resonator and therefore to the waveguide design is the need to propagate light
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Figure 4.14: Single mode waveguide structure (a), and its mode distribution (b).

in a small radius of curvature of less than 25 ym with minimum loss, since a
typical cantilever width is about 50 um. A few trials of BPM simulations with
different Al mole fraction and waveguide width, w, and height, H led us to a sin-
gle mode waveguide structure which can be fabricated using optical lithography.
This structure has 0.6 as «, 1 and 0.75 ym as w and H respectively. ngys is 3.192
for TE polarization which is found by mode calculation using a commercial BPM
program (see Fig. 4.14(b)). Performed bending loss analysis (as done in previous
section for SOI waveguides) suggested that it would be safe to use an R value of

20 pm for the ring.

4.3.3 Ring Resonator as Displacement Sensor

For the purpose of sensing displacement, we are mainly interested in modulation
applications of ring resonators. It should be possible to obtain a large modulation
in transmitted optical power by small variations of the refractive index. This
kind of modulation is useful only if the resonance wavelength shift remains in
the bandwidth of the resonator. Such shifts can only be achieved through a
controllable change in optical path length of resonators, which is a function of
resonator physical length and effective refractive index. Here, stress induced
refractive index change is employed. When the ring resonator is designed to have

a high-Q factor, the modulation is dramatic due to steep fall of the transmission
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Figure 4.15: Longitudinal stress distribution on the cantilevers with a ring (a) and
a race-track (b) shape resonator. Long straight arms in the race-track resonators
are useful for increasing the accumulated phase shift.

dip. Transmission dips would be more stepper when resonators are designed to

work at the critical coupling regime.

As the operational principle of the ring resonator coupled waveguide sensor
depends on the stress distribution along the cantilever, we have calculated the 3-D
stress distribution using Finite Element Method (FEM) simulations, for which;
Young’s Modulus of 0.86 x10' N/m?  and Poisson’s ratio of 0.31 were used.
Static stress analysis was performed using ANSYS [88] software. The mesh was
increased in the region where ring resonator was placed. The analysis performed
here uses the stress at the surface. The local stress on the top surface decreases
along the z direction and becomes negative on the opposite surface. Fig. 4.15
(a) shows the stress contours on the the ring resonator obtained from the FEM
simulation. Maximum stress occurs at the supporting point of the cantilever and
decreases linearly along the cantilever. From the figure, it is clearly observed that
large stress occurs on the two sides of the ring which are parallel with the major

symmetry axis of the cantilever. Calculated total accumulated phase on the ring
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with a radius of 20 pm is 5 x 10~* rad for 100 A deflection of the cantilever.
In order to increase the accumulated phase shift, the parallel sides may be kept
longer. The optimum design is a race-track shaped resonator, because of its two
long parallel sides where stress is much larger than the curved sides. Fig.4.15
shows the stress contours on the race-track resonator. Stress distribution reaches
to its maximum value on the surface of the waveguide and decreases linearly
along its thickness. For the sensitivity calculations, we averaged stress along the
thickness of the waveguide. Average value of the stress is equal to the stress in
the middle of the waveguide where the intensity of the guided light is maximum.
As the stress distribution is calculated with the waveguides on the surface of
the cantilever, stress also varies along the width of the waveguides in the curved
sections of the devices. We neglected the variation of stress in the curved sections
and used the value of the stress in the middle of the waveguide in the calculations.

Phase shift can be approximated as;

37 EtLy,

AP~ (4.38)

where L,; is the length of the race-track resonator. From the equation, it is
observed that the phase shift is linearly proportional to the cantilever deflection
and it is related to the cantilever geometry and mechanical properties of the
cantilever material. For higher sensitivity, total length of the ring and the elasto-
optic coefficient of the material must be large. Phase shift can also be written as

a function of force applied on the tip so that,

-~ 67TCllLrt

AP~ =0 (4.39)

where F'is the applied force, w is the width of the cantilever. In order to increase
the phase shift due to the applied force we have to keep the length long and the
thickness of the cantilever small which results in a trade-off between force and
displacement sensitivity. It is not possible to achieve high displacement sensitivity
as well as high force sensitivity. We can conclude that short and thick cantilever is
sensitive to displacement measurements whereas long and thin cantilevers is more
sensitive for force detection. One interesting result which is seen from Eq. 4.39
is that the phase shift does not depend on the Young’s modulus of the cantilever.

For small displacements, output intensity is a linear function of displacement.
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Figure 4.16: Transmission spectrum of single bus and double bus race-track res-
onators for both with (SB., and DB,,) and without (SB and DB) critical coupling
condition, respectively. The increase in slope of the resonance when critical cou-
pling is achieved is clearly observed.

4.3.4 Cantilever Design and Sensitivity Analysis

Fundamental mechanical parameters of an AFM cantilever are its spring con-
stant and resonant frequency. The optimal values of these parameters depend
on the mode of the operations, namely contact mode, non-contact mode, and
intermittent contact mode. GaAs has a large photo-elastic constant which makes
it a suitable material for fabrication of integrated optical devices and cantilever
(89, 90, 91]. Other materials such as Si3N, and Si can also be used with varying
sensitivities. Our design is based on rectangular cantilevers which are compatible
with well established micromechanical fabrication technology. Typical microma-
chined cantilevers for AFM have lengths of 100 pm to 400 pm, widths of 20 pum to
50 pm and thicknesses of 0.4 ym to 10 pm. A large spring constant is preferable
for non-contact mode and intermittent mode operations. On the other hand, low
force constant is preferable for contact mode operations. The resonant frequency

is required to be a few kHz in order to minimize the external effects [92] .
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The sensitivity of displacement sensors is the essential property of the atomic
force microscopies. The minimum detectable force and the displacement depend
on the sensitivity of the sensor and the noise of the system. Integrated sensors
have less sensitivity than external ones. There have been several studies to in-
crease the sensitivity of the integrated sensor, but the best sensitivity achieved
so far is ~107% A=1 [89] , which is two orders of magnitude less than the sen-
sitivity of the interferometric detection [78]. Force sensitivity can be defined as
the variation of the current on the detector per unit force applied on the tip and
with the same logic, displacement sensitivity can be defined as the variation of
the current on the detector per unit displacement of the cantilever. The current
on the detector is proportional to the light falling on it,

ol

— 4.4
i o (4.40)

where 7 is the quantum efficiency of the photo detector, I is the incident optical

power, v is the frequency of the light. Therefore,

?ol = ?01 (4.41)
The detected power, I, depends on the transmission characteristics of the ring
resonator coupled waveguide. Transmission of the single and double bus ring
resonators are given in the Eq. 4.12 and Eq. 4.15, respectively. In Fig. 4.16,
we plot the transmission spectrum for a single bus and double bus resonators
with and without critical coupling condition. Achieving the critical coupling
condition, it is possible to have very high modulation depth and very narrow

spectral response. QOutput intensity variation with cantilever displacement is

given in Fig. 4.17. We can write displacement and force sensitivities as

AL 1dl,dé
- = e 4.42
Az 1o do dz (442)

Sa

and AL, 1dl, dé
t t
= =t v 4.4
ILAF — 1o dp dF (4.43)

St

In Table 4.1, we compare the calculated sensitivities of the ring resonators for
single bus and double bus configurations with and without critical coupling con-

dition. The highest sensitivities are achieved under critical coupling conditions.
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Figure 4.17: Transmitted intensity variation with cantilever displacement for
single and double bus race-track resonator with (SB.., DB, ) and without (SB,
DB) critical coupling condition achieved. The best results are obtained under
critical coupling condition.

The sensitivity of the ring resonator is wavelength dependent. Fig. 4.18 shows
the wavelength dependence of the race-track ring resonator. The most sensitive
operation can be achieved at the wavelength for which the output intensity has
the steepest slope. The calculated sensitivities are promising and it should be
possible to achieve sensitivities as high as the sensitivity of the interferometric de-
tection. Sensitivity of the detector depends mainly on the design of the resonator
and the waveguide. Considering the round trip losses, we design the resonator
to accomplish the critical coupling condition. To achieve critical coupling, gap
between straight waveguide and ring should be precisely controlled. In our de-
sign we estimate propagation loss to be on the order of 10 dB/cm for waveguides.
Under this condition, gap size for critical coupling should be lower than 0.1 pym
which can be defined by e-beam but not optical lithography. The solution for
optical lithographic fabrication would be to vertically couple the ring resonator
and the bus waveguide [45], for which coupling gap can be controlled precisely
through standard deposition or epitaxial growth techniques. But even if critical

coupling is not achieved, the calculated sensitivities are still very good, especially
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Figure 4.18: Sensitivity vs wavelength for single bus race-track case with critical
coupling achieved.

for the double bus structure. In the double bus structure, the second bus can be

placed next to the ring but opposite to the first waveguide.

Device SB SB., DB DB,,
Sensitivity (A‘l) 3.37 10 3.39107* 1.37107* 233107

Table 4.1: Calculated displacement sensitivities for single and double bus ring
resonator with (SB.., DB, ) and without (SB, DB) critical coupling condition
achieved.

In summary, a novel integrated ring resonator displacement sensor was pro-
posed for scanning probe microscopies. We design and analyze the feasibility of
the integrated optical sensor. The concept based on elasto-optic effect is dis-
cussed. The design of the ring resonator was described and theoretical investi-
gation of the force and displacement sensitivity was presented. The design of
GaAs based cantilever with integrated ring and race-track resonator have been
described in detail. We find that integrated optical sensor is attractive because
of its high sensitivity and simplicity. We introduce a new application area for

integrated optics. This design is a good alternative for piezoresistive cantilevers
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especially in electromagnetically active environments. Integrated sensors are suit-
able for cantilever arrays due to their compactness, simplicity and compatibility
with mass production. No need for alignment, compactness, and high sensitivity

are the main advantages of this method.



Chapter 5

SOI Racetrack Resonators:

Fabrication and Results

This chapter is devoted to realization of the resonators designed in previous chap-
ter and their characterization. There is no difference between resonators discussed
in following 3 sections in terms of fabrication. They are realized on SOI chips
following a fabrication sequence of optical photolithography (PL1), RIE (RIE1
or RIE2), SiO, deposition in PECVD and silicon substrata thinning for better
cleavage as explained in Chapter 2. Fig. 5.1 summarizes the fabrication proce-

dure.

The chips were mounted in our integrated optics measurement setup. The
input optical signal was obtained from an external cavity tunable laser with a
resolution of 1 pm coupled to the straight bus waveguides using a tapered and
lensed fiber with a spot size of 2 um. The polarization of the input light was
controlled by a fiber polarization controller before being coupled to the chip. An
infrared camera is used to align the fiber and the input facet. The light at the
output of the bus waveguide was collected with a microscope objective and passed
through a polarizer of high extinction ratio before reaching a Ge photodetector.

The transmitted optical powers were obtained as a function of wavelength.
The results for resonators and details of further fabrication processes if any

72
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are given in the following sections along with detailed analysis.

5.1 High-Q Racetrack Resonators

The resonators results of which are given in this subsection are based on single
mode SOI waveguides of 0.42 pm rib height. The chip had a length of 7 mm
after cleavage. Optical micrograph showing one of the fabricated racetrack res-
onators is displayed in Fig.5.2. Single bus racetrack resonators of bending radii
ranging from 150 to 500 um are characterized for both TE and TM polariza-
tions. The measured TE transmission spectra of some of fabricated resonators
are shown in Fig.5.3 for various bending radii measured at the throughput port of
the ring resonator system. A sample of spectra for TM polarization can be seen in
Fig.5.4. In addition to the sharp dips in the throughput spectrum, small ampli-
tude oscillations due to Fabry-Perot resonances between the ends of the straight
bus waveguide are clearly observed. The optical (including free spectral range
(FSR), full width at half maximum (FWHM), finesse, Q-factor and modulation
depth(M.D.)) as well as some physical characteristics of the resonators shown
in Fig.5.3 and Fig.5.4 are summarized in Table.5.1 and Table.5.2, respectively.
Q-factors of as high as 119000 were observed for both polarizations.

Racetrack resonators of bending radius smaller than 150 p were also fabricated
with etch depth of 0.42 pum, to test level of validation of our bending loss esti-
mation. A set of measured spectra is given in Fig.5.5. The resonance dips smear
out for the resonators with R=120 pum bends for TE while resonance dips are ob-
served even for resonators with R=60 pum bends for TM polarization. We should
note that the resonator losses increase drastically for resonators with R=150 pm
and smaller radius for both polarizations. However, the increase is larger in the
case of the TE polarization. This should be a result of larger bending loss for TE

polarization in small radii bends.

To compare resonator round trip losses, one can curve fit Eq.4.12 to measured

spectra. I performed the fitting analysis for resonators of bending radii from
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Figure 5.1: SOI rib waveguide racetrack resonator fabrication steps. Top and
cross-sectional views are given. (al,a2) Photolithography is used to transfer pat-
terns to photoresist (PR), (b1,b2) Si layer is etched using RIE and remaining PR
cleaned, (c1,c2) SiO, is deposited using PECVD.
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Figure 5.2: Optical micrograph of one of the fabricated racetrack resonators.
Inset shows the coupling region.

2] v WAL M,
-4 (a) R=500 um ]
6 ]
8] ' ' ]

T T T r

. AR R SO, e ]

-6 (b) R=350 um V 7

9 _ _
T T T T T T

T T T T T _.

3] i ]
6 (c) R=200 m ]

Normalized Intensity (dB)

-6 (d) R=150 ym .

T T T T T T T
1549.0 1549.5 1550.0 1550.5 1551.0

Wavelength (nm)

Figure 5.3: Measured TE transmission spectra of the fabricated silicon-on-
insulator rib waveguide racetrack resonators for radii of 500, 350, 200 and 150
pm for the same span of wavelengths.
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Figure 5.4: Measured TM transmission spectra of the fabricated silicon-on-
insulator rib waveguide racetrack resonators for radii of 300, 200, and 150 pm
for the same span of wavelengths.

50 to 500 pm using Mathcad programs mentioned earlier. Such a analysis can
provide resonator loss and coupling factor between bus waveguide and racetrack.
The Eq.4.12 is an interchangeable equation in terms of loss and coupling terms.
That is, two different pairs of loss and coupling factor values may fit a set of
measurement data. Therefore, in fitting process, one should start with good
initial values in order to not to the get wrong fitting parameters. We have chosen
to rely on the coupling factors from BPM calculations and use them as the starting
value in fitting process. The best fit to data can be obtained by small iterations

in coupling factor and resonator loss.

In Fig.5.6, two representative examples of fitting results are displayed. The
extracted values from the analysis that is coupling factors and resonator losses
are summarized in Table.5.3 for TE polarization and in Table.5.4 for TM polar-
ization. In the tables, BPM calculated coupling factors for both coupling gaps in
design and coupling gaps narrower than the design values by 0.1 ym are also in-
cluded. The latter values (for narrower gaps) show much better agreement with

the extracted coupling factors. This observation suggests that the fabrication
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R L. | FSR FWHM | Fin. Q-F. | M.D.
(um) || (pm) | nm pm (dB)
200 2 0.205 13 15.8 119000 | 7.8
350 32 | 0.290 13 22.3 119000 | 10.4
200 26 | 0.490 17 28.8 91000 | 12.2
150 38 1 0.630 35 18.0 44000 | 10.8
120 78 | 0.799 350 2.3 4430 7.4
100 72 | 1.070 315 3.4 4920 | 11.7
80 66 | 1.190 480 25 3230 | 54
60 62 | 1.510 652 2.3 2380 4.6

Table 5.1: Characteristics of resonators for which measured TE spectra are given
in Fig.5.3 and Fig.5.5

R L. FSR  FWHM | Fin. Q-F. | M.D.
(pm) || (pm) | nm__ pm (dB)
300 110 | 0.300 13 23.1 119000 | 11.2
200 92 | 0.445 15 29.7 103000 | 14.8
150 88 | 0.570 13 43.8 119000 | 6.7
120 78 | 0.782 123 6.4 12600 | 7.7
100 72 | 0.945 164 5.8 9150 | 10.2
80 66 | 1.170 158 74 9810 8.5
60 62 | 1.500 234 6.4 6620 | 10.7
20 68 | 1.730 643 2.7 2410 9.7
40 74 | 1.980 875 2.3 1770 9.5

Table 5.2: Characteristics of resonators for which measured TM spectra are given
in Fig.5.4 and Fig.5.5

procedure leads to narrower gaps than those in the design.

The extracted resonator round trip losses,ar . are plotted as a function of
resonator radius in Fig. 5.7(a). We can compare ag . shown in Fig. 5.7(a) with
calculated and simulated bending losses in Fig. 4.6. But, two notes should be
pointed out. One is that ag . is total loss in a resonator including bending and
scattering and material (if any) losses and the other one is that the calculated
bending losses in Fig. 4.6 are given for 90° bends. Keeping these points in
mind, one can easily realize the good agreement between the Fig. 5.7(a) and Fig.
4.6. The increase in a g, for smaller radii should be due to increase in bending

loss. Therefore, resonators with radii larger than 200 ym for TE and larger than
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Figure 5.5: Measured TM and TE transmission spectra of the fabricated silicon-
on-insulator rib waveguide racetrack resonators for radii of 40 to 120 pm.
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Figure 5.6: (a) Curve fit to measured TE transmission spectra for R=200 pm (b)
Curve fit to measured TM transmission spectra for R=200 pm.

R Le g | KBPM—g Kppy_g Kfit  Ke | QRT. a
(pm) || (pm) (pm) (dB) (dB/cm)
500 2 0.8 0.08 0.12 0.11 0.26 | 1.29 4.1
350 32 0.8 0.21 0.31 0.31 0.18 | 0.86 3.8
200 26 0.8 0.12 0.19 0.18 0.11 | 0.52 4.0
150 38 0.8 0.16 0.25 0.21 0.35| 1.88 18.5
120 78 0.7 0.58 0.78 0.77 096 | 13.5 148.0
100 72 0.7 0.51 0.71 0.71 0.85]| 8.2 106.0
80 66 0.7 0.44 0.62 0.62 092 11.1 175.0
60 62 0.7 0.38 0.56 099 1.0 | 51.1 1020

Table 5.3: Extracted values from curve fitting analysis of resonators for which
measured TE spectra are given in Fig.5.3 and Fig.5.5. Results of BPM calcula-
tions for coupling factors are also included. (¢ = g — 0.1 um)
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R L 9 | KBpM—g Kppy-g Kfit  Ke | QRT. «
(pm) || (pm) (pm) (dB) (dB/cm)
300 110 0.8 0.18 0.32 0.25 0.16 | 0.74 3.5
200 922 0.8 0.13 0.24  0.18 0.14 | 0.65 4.5
150 88 0.8 0.12 0.22 0.22 0.09 | 0.39 3.5
120 78 0.7 0.17 0.33 0.28 0.55| 3.5 38.5
100 72 0.7 0.15 0.28 0.34 054 | 34 44.1
80 66 0.7 0.12 0.23 0.26 049 2.9 48.1
60 62 0.7 0.10 0.20 0.35 0.52| 3.2 64.4
50 68 0.7 0.11 0.22 066 084 | 7.9 175.6
40 74 0.7 0.13 0.25 0.91 0.97 ] 15.6 390.0

Table 5.4: Extracted values from curve fitting analysis of resonators for which
measured TM spectra are given in Fig.5.4 and Fig.5.5. Results of BPM calcula-
tions for coupling factors are also included. (¢ = g — 0.1 um)

150 pm for TM are bending loss free as we predicted during the design. Also
the extracted resonator loss graph proves our prediction of larger bending losses
for TE polarization at smaller radii to be correct. Another observation with
extracted ag. values is that resonators with lower a g values have the higher

finesse value. This feature is shown in Fig. 5.7(a) and (b).

In the Table. 5.3 and 5.4, calculated coupling factors, . that would be nec-
essary to achieve critical coupling for characterized resonators are also tabulated.
k. was calculated by Eq. 4.11 using extracted resonator losses from the fitting
analysis. As a function of resonator radius, calculated k.’s are plotted in Fig.
5.8. k. and Ky values are most close at radius of 200 pm for both polarizations.
That is for 200 pm resonators are closer to critical coupling condition than other
resonator. This conclusion can also be verified by a look at measured modulation
depths in Table 5.1 and 5.2. The highest modulation depths are 12.2 dB for TE

and 14.8 for TM polarizations which are measured for R=200 pm resonators.

As a conclusion for this section, we demonstrated resonators with quality
factors as high as 119000 for both polarizations. Furthermore, resonators have
finesse values larger than 28 for TE polarization and larger than 43 for TM
polarization. Using standard optical photolithography technology, the quality

factor values reported here are the highest (Q values achieved in the SOI platform,
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Figure 5.8: The extracted coupling factors from fitting analysis and coupling fac-
tors necessary to meet the critical coupling for TM (a) and TE (b) polarizations.
The lines are to guide the eye.

excluding submicron Si wire resonators [93, 94]. It is clear that we do not achieve
perfect critical coupling which would result in lower than maximum Q-factor [50],
while low coupling factor results in low extinction ratio. Our results show that
we reach a good compromise between good extinction ratios and high quality

factors.

5.2 Compact Racetrack Resonators

The realization of high-Q waveguide resonators were achieved as explained in
previous section. However, resonators with radii smaller than 120 pgm showed
relatively poor characteristics. Therefore, we studied the possibility of fabrica-
tion of these compact resonators with better resonance characteristics. For this
purpose, very high bending losses for bends of smaller radii had to be reduced.
We attained this goal by increasing the rib height of SM waveguide from 0.42
pm to 0.5 pm. The analytic bend loss calculation results show that the bending
losses drastically decrease for radii larger than 30 ym and 80 pm for TM and
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Figure 5.9: Analytically calculated bending loss for a 90° bend as a function of
bending radius. The waveguide has dimensions of w and H are 1.0 gum and h is
0.5 pm. The calculated TE and TM mode profiles for the SOI waveguide is also
included.

TE modes, respectively (Fig.5.9). The relatively small bending loss for TM when
compared to TE is due to stronger lateral confinement of the TM mode. Mode
profiles showing this feature can be seen in the inset of the figure. The effective
refractive indices are calculated to be 3.3546 and 3.3402 for TE and TM modes,

respectively.

A number of resonators of bending radii ranging from 10 pgm to 120 um were
characterized for both polarizations. The measured TE and TM transmission
spectra are given in Fig.5.10 and Fig.5.11, respectively. The resonance charac-
teristics are summarized in Table.5.5 for TE and in Table.5.6 for TM. The free
spectral range of 0.7 nm at 120 pum radius increases to 3.0 nm for 20 pm devices
for TM polarization. Resonances for resonators are washed out due to excessive
radiation loss with radius of 10 ym or smaller for TM polarization, while this

takes place for resonators with radius of 40 pm or smaller for TE polarization.
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Figure 5.10: Measured TE transmission spectra of the characterized resonators.
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Figure 5.11: Measured TM transmission spectra of the characterized resonators.
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R L. FSR FWHM | Fin. Q-F. | M.D.
() | () | nm  pm (dB)
120 52 0.754 47 16.0 32980 | 54
100 26 0.953 55 17.3 28180 | 7.0
80 42 1.089 75 14.5 20670 | 7.6
60 36 1.449 262 5.5 5910 9.5
50 48 1.575 370 4.3 4190 7.2
40 46 1.848 866 2.1 1790 0.9

Table 5.5: Characteristics of resonators for which measured TE spectra are given
in Fig.5.10.

R L. FSR FWHM | Fin. Q-F. | M.D.
(pm) || (pm) | nm__ pm (dB)
120 78 | 0.703 79 8.9 19620 | 10.8
100 48 | 0.885 83 10.7 18675 | 1.5
80 34 | 1.118 97 11.5 15980 | 3.2
60 36 | 1.430 78 18.3 19870 | 7.2
50 68 | 1.444 117 12.3 13250 | 10.7
40 74 | 1.614 154 10.5 10065 | 6.5
30 50 | 2.214 350 6.3 4430 | 2.8
20 44 | 2.966 467 6.4 3320 1.8
10 34 12392 1093 2.2 1420 | 09

Table 5.6: Characteristics of resonators for which measured TM spectra are given
in Fig.5.11.
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Figure 5.12: (a) Curve fit to measured TE transmission spectra for R=60 pm (b)
Curve fit to measured TM transmission spectra for R=50 pm.

Curve fitting method was again applied to the measured spectra to get cou-

pling factors and resonator losses using the method explained in previous section.

A pair of examples fitted spectra is given in Fig. 5.12. All the extracted results

from the analysis and the BPM calculated coupling factors used for fitting are
tabulated in Table 5.7 and Table 5.8 for TE spectra given in Fig. 5.10 and TM

spectra given in Fig. 5.11, respectively.

The extracted resonator round trip, effective propagation losses tabulated are

R L. g KBPM—g Kppy—g  Kfit K¢ | ORT. a
(jam) || (pm) (o) (dB) (dB/cm)
120 52 0.8 0.06 0.10 0.12 0.35| 1.89 22.0
100 20 0.8 0.02 0.04 0.10 0.23 | 1.16 17.0
80 42 0.8 0.03 0.06 0.13 0.28 | 1.41 24.0
60 36 0.7 0.05 0.08 0.30 0.52 | 3.14 70.0
50 48 0.7 0.06 0.12 0.38 0.70 | 5.29 129.0
40 46 0.8 0.03 0.06 0.10 0.88 | 9.27 270.0

Table 5.7: Extracted values from curve fitting analysis of resonators for which
measured TE spectra are given in Fig.5.10. Results of BPM calculations for

coupling factors are also included. (¢° = g — 0.1 pm)
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R L 9 | KBpM—g Kppy-g Kfit  Ke | QRT. «
(pm) || (pm) (pm) (dB) (dB/cm)
120 78 0.7 0.02 0.06 0.20 0.33 | 1.73 19.0
100 48 0.8 0.01 0.02 0.02 0.26 | 1.30 18.0
80 34 0.7 0.01 0.02 0.07 0.33 ]| 1.77 31.0
60 36 0.7 0.01 0.02 0.09 0.21 | 1.12 25.0
50 68 0.7 0.02 0.04 0.16 0.27 | 1.35 30.0
40 74 0.7 0.02 0.05 0.18 0.42 | 2.36 59.0
30 50 0.7 0.01 0.04 0.12 0.55 | 3.46 120.0
20 44 0.7 0.01 0.03 0.09 0.60 | 3.95 185.0
10 34 0.7 0.01 0.02 0.04 0.60 | 3.99 305.0

Table 5.8: Extracted values from curve fitting analysis of resonators for which
measured TM spectra are given in Fig.5.11. Results of BPM calculations for
coupling factors are also included.

plotted as a function of resonator radius in Fig. 5.13 (a) and (b). Extracted
resonator losses for TM polarization decrease dramatically for resonator of 50
pm radius and follow a horizontal line with increasing resonator radius. However,
resonator losses for TE polarization are high for radius smaller than 80 pm. The
difference between TE and TM resonator losses of radius smaller than 80 pum seen
in Fig. 5.13 (a) and (b) is due to higher bending losses applied to TE mode of
the SOI curved waveguide for small radii. This explanation agrees very well with
our analytical calculation for bending loss of the SOI waveguide with 0.5 pym rib
height given in Fig. 5.9. Furthermore, we plotted measured finesse values for
both polarizations in Fig. 5.13 (¢). Comparison with resonator round trip loss
plot shows that the finesse values increase rapidly as resonator losses decrease.
Poor finesse values for TE polarization at smaller radius reach values higher than
15 for radius larger than 80 um. The decrease in resonator losses shows itself also

as increase in Q-factors of the resonators for both polarizations.

In summary to this section, we demonstrated that it is possible to realize
SOI rib waveguide based racetrack resonators with radius as small as 20 pm
resonating TM polarized light [95]. We also showed TE polarized light resonances
in resonators with radius as small as 50 pm. Free spectral ranges of 3.0 nm, finesse
values of 18.3 and Q-factors of 32980 have been observed. This more compact SOI

resonators can become key components for silicon based integrated optical devices
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and even can be more easily integrated with MEMS structures (diaphragms and

cantilevers etc.) for sensor applications.

5.3 Thermo-optical Tuning of SOI Resonators

Ring resonators are distinguished from other integrated optics components with
their high wavelength selectivity, a key issue for many device applications rang-
ing from wavelength multiplexers [45] to modulators [96]. Recently, high-Q res-
onator based modulators with significantly lower switching powers have become
an important alternative to Mach-Zehnder (M-Z) modulators. Ability to tune
the output wavelength is the first step to the development of devices for applica-
tions such as optical modulators and switches. Wavelength tuning capability is
also required to fine tune to the desired wavelength when the target wavelength
is not met during the fabrication process due to imperfections or material non-
uniformity. Electro-optical [96], thermo-optical [10] and all-optical [97] tuning are
the most commonly used mechanisms in device applications. Although electro-
optical effect can be implemented for fast tuning and switching on compound
semiconductors, due to inversion symmetry crystal silicon lacks an electro optic
coefficient and is, therefore does not lend itself to this mechanism. On the other
hand, silicon is known for its large thermo-optic coefficient [11]. Use of thermo-
optic effect in silicon devices is a simple, straightforward and cost-effective way

for applications requiring moderate modulation speeds.

In this section, we concentrate on thermo-optical tuning of high-Q racetrack
resonators on SOI rib waveguide of 1 um size and their operations as low-power

optical switch.

Fig. 5.14 (a) shows schematic top view of the designed SOI resonator with
the metal heater and contact pads. Cross-sectional detail of the SOI waveguide
is shown in Fig. 5.14 (b). This SOI waveguide geometry optimized by beam
propagation method simulations have been experimentally proved to be single

mode. These low loss single mode rib waveguides have already been used in the
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Figure 5.14: Schematic views showing critical dimensions. (a) Top view of the
SOI resonator and (b) cross-sectional view of SOI rib waveguide.

demonstration of polarization splitters and high-Q racetrack resonators [68, 94].

All pattern definitions throughout the fabrication of SOI resonators and their
thermo-optical tuning elements were done with optical photolithography. Res-
onator patterns were defined on an SOI wafer which had a 1.00 gm top Si and
a 1.00 pm oxide layers on a 625 pum thick substrate. The patterns were trans-
ferred to silicon layer by an amount of 0.42 ym using an RIE process resulting in
smooth sidewalls [94]. The etch was followed by deposition of about 0.3 ym SiO,
passivation layer on the wafer using plasma enhanced chemical vapor deposition
at 250 C°. The 0.12 pm thick nickel heaters and contact pads were then defined
through a process sequence comprising photolithography, metal sputtering and
lift-off steps. The optical micrographs of a finished resonator and its overlaying

metal heater are shown in Fig. 5.15.

We cleaved the wafer to a chip of 8 mm length. The measured transmission
spectrum of the resonator with radius of 400 pum, straight coupling section of 48
pm and coupling gap of 0.8 pum is given in Fig. 5.16. The simulated spectrum of
the resonator using Eq.4.12 is also plotted in the figure. We used BPM calculated
coupling factors as initial values in the simulation. After a few iterations coupling
factor of 0.45 and resonator loss of 1.57 dB was obtained. This is to be expected

since we have already shown in [94] that SOI rib bend waveguides with radius of
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Figure 5.15: (a) Optical micrographs showing top view of a fabricated racetrack
resonator and overlaying metal heater.

300 pm or larger do not suffer from radiation loss due to curvature. Scattering
from imperfections due to fabrication is estimated to be the source of the resonator
loss. The free spectral range can be determined to be 248 pm from the figure.
The resonator shows a good modulation depth of larger than 11 dB. The full
width at half maximum (bandwidth) can be extracted from the curve fit to be 40
pm. Using this value with resonance wavelength and free spectral range of the

resonator, we calculated a Q-factor of 38000 and a finesse value of 6.2.

The resonance wavelengths of a resonator are determined through the phase
term, ¢ of Eq. 4.12 and can be tuned by either changing the resonator circum-
ference, L or the effective index, n.. Silicon is known for its large thermo-optical
coefficient of 1.84x107%1/C° which have been employed to realize modulators
on SOI wafers [11]. Thermo-optical modulation of effective refractive index is at-
tained by placing a metal heater electrode near the waveguide. High-Q resonators
have narrow bandwidths and can be tuned to off-resonance with lower electrical
powers [10]. After passive characterization of the resonator, we applied electrical
power to the contact pads using micro-probes. The heater is a 0.12 um thick
and 3 pum wide nickel layer in the shape of a circular bend to assure maximum
overlapping of heat flow with optical field in the resonator. It is just above the rib
of the waveguide with only a 0.3 pm thick SiO, in between (Fig. 5.14 (b)). The
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Figure 5.16: Measured and simulated TE transmission spectrum of the fabricated
SOI rib waveguide racetrack resonator.

bend shaped heater spans an angle of 60°. The 100 ym wide nickel contact pads
were also designed in circular shape. They are well separated from the heater
(Fig. 5.14(a) and Fig. 5.15). The pads and heater combination was measured to
have a resistance of 170 €2s. The measured transmission spectra of the resonator
under applied power are shown for four different applied power values in Fig.
5.17(a). There is an obvious tuning of resonance wavelength with applied power.
We also plot the resonance wavelength shift as a function of applied electrical
power in Fig. 5.17(b). It can be deduced from the figure that a total of 57 mW of

electrical power is sufficient to scan the resonator over its full free spectral range.

In order to relate the effective index change, An.s¢ required to shift a specific
resonance by A\ the following argument can employed. The resonance condition

requires that the round trip phase, ¢ should be an integer multiple of 27, that is
¢ = (2m/Xo)nefr L = m2m (5.1)

If the effective index changes so does the resonance wavelength. If we follow the

same resonance m does not change. Therefore for two different effective indices
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Figure 5.17: (a) Measured TE transmission spectrum as electrical power applied
to the metal heater. (b) Shift in resonance wavelength as a function of applied
power.

we get two different resonance wavelengths such that
m2m = (27 /Xo)ness L = (2 /Xo)ngs L (5.2)

This equation can be rewritten as

n/
2 L(—neff -

N N )=0 (5.3)
which leads to
neff)‘zJ = n/eff/\() (5.4)

One can define Ag = Ao + A\ and n'eff = Nefp + Anggy so that
Nep(Ao + AN) = (neps + Anepp) Ao (5.5)

or

Ancpr = (AN Xo)nes s (5.6)
If we set AN = FWHM, we get

Aneff = (FWHM/)\())TLeff = neff/Q (57)
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where Q) is the Q-factor of the resonator. This equation suggests that the required
effective index change for a FWHM shift in a resonance is inversely proportional
to Q-factor. This relation explains why higher Q-factors lead to lower tuning and

switching powers.

In our case, the heater does not have the same length as circumference of
resonator, L. Therefore we should modify Eq. 5.7, by defining L = L, + Lg. We

can start with rewriting Eq. 5.2 as
m2m = (27 /Xo)ness L1+ (21 /Xo)ness Lir = (27 /XoYness L1+ (21 /Ag)ng s L (5.8)

which simplifies to

1 1 n, n
e Li(———)=1L eff - = 5.9
Neff 1()\0 )\0) 1 ( T ) (5.9)
This equation can even be more simplified when )\E) = X + AX and n;ff =

Ness + Anesp are introduced. The resulting equation relating change in effective

index to the measured change in resonance wavelength for our case is
Anepr = (AN Ao)ness(L/Lu) (5.10)

From Fig. 5.17(b), we find that, 17 mW of electrical power resulting in a shift
of 57 pm in the spectrum is sufficient to switch the resonator from OFF (at
resonance wavelength) to ON (at off-resonance wavelengths) state. Substituting
n.;r=3.3637 in Eq. 5.10, An.;;=7.71x10"* is calculated for switching from OFF
to ON state at a given wavelength. We can express Angsp = (dnesr/dT)AT. Al-
though, dn.s;/dT is a waveguide-geometry dependent term, we can calculate the

minimum change in local temperature to be 4.19 C° by approximating dn.¢/dT

To observe the frequency response of the switch, applied power was modulated
by a small signal sinusoidal driving voltage. The optical signal was monitored
with an InGaAs photodetector of 70 MHz bandwidth. Normalized modulation
depth versus driving voltage frequency for the switch is plotted in Fig. 5.18. A
relatively high 3 dB cutoff frequency of 210 kHz was found for the device. To the
best of our knowledge, this device is the fastest SOI thermo-optical switch up to
date with no differential control [98, 37, 99].
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Figure 5.18: Measured modulation response to frequency change of a small-signal
sinusoidal driving voltage.

As a summary to the current section, a silicon-on-insulator optical rib
waveguide resonator is fabricated through single etch step and characterized to
show high Q-factor of 38000. This resonator shows thermo-optical tunability and
operates as a wavelength selective optical switch with low-power consumption of
17 mW. The device was tested to function as a switch at frequencies up to 210
kHz.

5.4 Asymmetrically Coupled SOI Resonators as
Add/Drop Filters

So far, we gave results on single bus SOI resonators. Double bus resonators with
its additional drop port have some important differences. These resonators can
function as wavelength add and drop filters in addition to all properties of single

bus resonators. We have designed a set of double bus resonators as discussed
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Figure 5.19: Optical micrograph of one of the fabricated add/drop filter. Inset
shows the coupling region.

in previous chapter. These are designed as asymmetrically coupled resonators in
order to get better filter characteristics [100]. The fabrication of these resonator
has no difference with respect to single bus ones. Optical micrograph of one of
the fabricated resonator are shown in Fig. 5.19. The output light at both through

and drop ports of resonator are monitored with a photodetector separately.

We characterized a number of resonators with both TE and TM polarized light
at input ports. The optical intensity at drop ports are normalized with respect
to intensity at through ports. Transmission and drop spectra for TE polarization
of characterized resonators are shown in Fig.5.20. Small amplitude oscillations
due to Fabry-Perot resonances between the ends of the straight bus waveguide
are observed even for drop spectra. The measured spectra for TM polarized light
from through and drop ports of the resonator with R=200 pym and L.=74 pm is

also given in Fig.5.21. The geometrical and spectral characteristics of the double
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R | L. & g | FSR FWHM | Fin. QF. | MD. MD. C.Talk

(pm) | (pm) (pm) (pm) | (nm)  (pm) thr(dB) drp(dB)  (dB)
150 | 64 0.8 09 |0607 148 | 41 10470 10.2 5.0

200 [ 72 07 09 [0461 88 | 52 17610 | 24 11.6 -3
200 | 48 08 09 |[0468 81 | 52 19130 | 12.3 12.1 -10
250 | 42 08 09 [038 56 | 6.9 27680 | 5.0 5.2

400 | 30 08 1.0 | 0250 30 | 83 51660 | 5.9 6.7

500 | 46 08 1.0 [0210 30 | 7.8 51660 | 8.2 11.1 2.2
200 | 72 0.7 09 |0467 118 | 40 13130 | 6.8 8.8 7.5

Table 5.9: Characteristics of add/drop filters for which measured TE spectra are
given in Fig.5.20. Results for the filter TM spectra of which is shown in Fig. 5.21
is also included at the last row of the table.

bus resonators shown in Fig.5.20 and 5.21 are tabulated for convenience in Table
5.9.

A better understanding of the filter characteristics can obtained through an-
alyzing the spectra by curve fitting the measured responses to the expected re-
sponses given in Eq. 4.15 and Eq. 4.17. As representative examples, we applied
this analysis two filters that were shown in Fig. 5.20 (c¢) and (f) with radii of
200 and 500 pm respectively. The filters are referred as filter 1 and filter 2 in the
rest of this section. Such an analysis yields coupling factors and resonator loss
values, as observed in previous sections. Coupling factors numerically calculated
using BPM were used as starting values for curve fitting. The results of the mea-
surements as well as the fit curves using the design equations are given in Fig.
5.22. We give coupling factors and resonator losses extracted from this analysis
in Table 5.10. Results of BPM calculations using the designed coupling gaps are
also included for comparison. The results displayed in the table suggests that
simulated and extracted coupling coefficients for 1 and 0.9 um gap are very close.
However, the difference between simulated and extracted coefficients increase for
gaps of 0.8 pm. To understand this difference we performed BPM simulations for
coupling gaps narrower than the design values by 0.1 pum, which showed much
better agreement with the extracted values. This suggests that the fabrication

procedure leads to narrower gaps than expected as the gaps get smaller.

Greater resonator loss for filter 1 is estimated to be mostly due to higher
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Figure 5.20: Measured TE transmission and drop spectra of the characterized
double bus resonators.



CHAPTER 5. SOIRACETRACK RESONATORS: FABRICATION AND RESULTS100

Normalized Intensity (dB)

-10 T T T T T T T T
1549.4 1549.6 1549.8 1550.0 1550.2
Wavelength (nm)

Figure 5.21: Measured TM transmission and drop spectra of the double bus
resonator with R=200 pm and L.=72 pm.
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the analytic functions in Eq.3 and Eq.4.
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Ri1—extracted KW1-BPM | K2—extracted HK2—-BPM | QR.T.

(dB)

Filter 1 0.43 0.25 0.20 0.17 0.54
Filter 2 0.45 0.35 0.17 0.15 0.23

Table 5.10: Coupling factors which are numerically (BPM) calculated and ex-
tracted from fit to measured data (Fig. 5.22)

radiation loss for 200 pum. Scattering loss should also have a considerable contri-
bution to round trip loss of filter 1 because the propagating light in the resonator
is affected by waveguide sidewall roughness more as the waveguide curvature de-
creases. In the light of the fitting analysis and critical coupling condition, we
should note that resonator losses were overestimated for both device in the filter
design. The analytical model that we used for calculation of radiation loss may
not be precise enough, but its simplicity makes it a very useful tool for the design
of waveguide resonators. The crosstalk was determined to be -10.0 dB for filter 1
and -1.9 dB for filter 2. The better crosstalk of filter 1 shows that it is much closer
to critical coupling. We verified this conclusion by substituting extracted filter
characteristics into the critical coupling relation. Even more reduced crosstalks
can be achieved with a better fulfillment of the critical coupling condition. This
can be achieved with larger k5 (a narrower gap) for both filters. Crosstalk of a

filter shows separation level of ports of the filter.

In summary to this section, wavelength add/drop filters based on asymmet-
rically coupled silicon-on-insulator high-(QQ racetrack resonators are fabricated,
characterized and analyzed. The resonators are realized using single mode large
cross-section SOI rib waveguides having bending radii ranging from 150 to 500
pm.  The resulting filters show Q-factors as high as 51000 and relatively low
crosstalks of -10.0 dB which can be reduced even further by a better match of

critical coupling condition [101].



Chapter 6

Hybrid and Layer Transferred
SOI Devices

We discuss the use of a layer transfer method for SOI wafers and a set of de-
vices realized with this method in this chapter. First, the transfer of SM SOI
waveguides is studied in the first section. Then in the second section, the method
is applied to SOI M-Z interferometers to test the method further. Finally, asym-
metric vertical couplers (AVC) and their realization using a hybrid technology is

discussed.

6.1 Layer Transferred SOI Waveguides

In this section, the feasibility of the silicon layer transfer process of SOI for in-
tegrated optical purposes is tested. Two waveguide chips were prepared. Layer
transfer process is applied to one of the chip, while the other is labelled as con-

ventional and used for comparison purposes.

102
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Figure 6.1: Cross-sectional schematic view for (a) conventional SOI waveguide
(b) Si-polymer waveguide

6.1.1 Waveguide Fabrication and Si Layer Transfer

The optical waveguides reported in this section (Fig. 6.1) were fabricated on a
SOI wafer with silicon layer thickness, H, of 5 ym and buried oxide layer thickness
of 1 ym. Waveguides are designed to be single mode with a width, w, of 5 ym
and slab height, h, of 2.5 ym. The initial fabrication process is the same for
both conventional and substrate removed waveguides. We cleave two pieces with
dimensions of about 1.5 cm x 1.5 cm from the SOI wafer. The term conventional
is used in the text for no applied substrate remove process. After the samples are
degreased by three solvent cleaning process a 2000 SizNy layer is deposited using
plasma enhanced chemical vapor deposition (PECVD) at 250 °C. Photoresist
is used as the mask during optical lithography (PL2) defining the waveguide
patterns which are then transferred to the SisNy layer by a dilute HF etch. After
removing the photoresist mask in acetone, the samples become ready for wet
chemical etching in 33 percent potassium hydroxide (KOH) at 40 °C. We add
isopropyl alcohol to the solution to get smoother side walls at a ratio of 1:3 [54].
After the KOH etch, fabrication of conventional SOI waveguides is finalized by
the deposition of a 1 um upper cladding layer of PECVD grown SiOs, whereas,
the fabrication process for the waveguide sample to be transferred continues. The

SEM micrographs of fabricated SOI waveguides is given in Fig. 6.2.
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Figure 6.2: Sem images of KOH fabricated conventional SOI single mode large
cross-section waveguides. The detailed inset image shows the smooth side walls
and deposited SiO, layer.

A piece of silicon wafer slightly larger than that of the waveguide, which is
to be used as transfer substrate, and the sample with the waveguides are both
deposited with a very thin (about 500 121) PECVD oxide layer at 250 °C. This oxide
layer promotes adhesion between silicon and benzocyclobutane (BCB) polymer.
First, BCB polymer is spun onto the waveguide sample and left in an oven at 210
°C under nitrogen environment until the polymer is partially cured, which takes
about 30 minutes. This first polymer spin is done to planarize the sample surface.
The edge accumulation of the polymer on the planarized sample during spin
process is removed by cleaving the edges of the wafer. This is followed by coating
the transfer substrate also with BCB and placing it on a hot plate set at 165 °C.
The polymer shows low viscosity and flows at this temperature. The planarized
waveguide sample is placed on the transfer substrate with the waveguides facing
the polymer surface. The sample can be easily moved on the transfer substrate
to align the crystallographic axes of the two substrates. The resulting stack is
put into the oven at 250 °C for 2 hours under nitrogen atmosphere to fully cure
the BCB [102].
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Figure 6.3: Schematic representation of the layer transfer process. a) Planariza-
tion of waveguide sample with partially cured BCB. b) BCB coating of transfer
substrate. ¢) Stacking of waveguide sample and transfer substrate with full cure
of BCB. d) Substrate and oxide removal for waveguide sample.

After the full cure, the stack is bonded to a handle wafer and all surfaces of
the stack except the backside of the waveguide sample are covered with blackwax.
The new stack is placed in a KOH solution at a ratio of 1:3 at 50 °C and left
there until the Si substrate of the waveguide sample is totally etched away. Buried
oxide layer acts as an etch stop layer and is removed after the KOH etch by a
dilute HF solution. The silicon layer transfer is schematically summarized in Fig.
6.3. A polished flat silicon surface remains after oxide removal. After cleaning
the blackwax and detaching the handle substrate, fabrication of the Si-polymer

waveguides is over.

6.1.2 Waveguide Characterization

Both the conventional and the substrate removed (Si-polymer) waveguides are
optically cleaved and analyzed on an optical test setup using an external cavity
tuneable laser. The input light polarization state is controlled by a fibre polar-

ization controller. TE and TM measurements are made separately. Near field
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Figure 6.4: A representative Fabry-Perot oscillation. Insets show a SEM view of
Si-polymer waveguide facet and a far field image of Si-polymer waveguide mode.

image of guided modes are viewed on an IR camera. We tested the waveguides
for single mode guiding and conclude that both waveguides are single mode. The
waveguides are then tested for their propagation losses and compared. For this
purpose, we employ the Fabry-Perot interference method. The light at output
waveguide facet is monitored with a Ge photodetector. The wavelength of the
input light is scanned over a Inm range around 1550 nm in steps of 5 pm. This
measurement process is performed for both polarization states. The output power
through the waveguide is plotted as a function of wavelength. These plots show
Fabry-Perot oscillations (Fig. 6.4). Using the minima and maxima of the oscilla-
tions with the reflectivity of Si, the propagation losses are calculated for both TE
and TM polarizations. The calculated average TE and TM propagation losses for
both the conventional SOI waveguides and the Si-polymer waveguides are given
in Table 6.1. Higher than expected losses are due to assumption of perfect facets,
which is very hard to get for silicon waveguides of this thickness [103] by cleaving.
In this study, we emphasize the comparison of losses between the conventional
waveguides and the transferred rather than the absolute values which can be

improved by chemo-mechanical polishing.
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TE Propagation Loss | TM Propagation Loss
(dB/cm) (dB/cm) )
SOI Waveguides 3.6 £ 1.1 3.5 +1.2
Si-Polymer Waveguides 3.9 +1.2 3.9+ 1.7

Table 6.1: Measured TE and TM propagation losses for SOI and Si-polymer
waveguide.

The comparison of modal and loss characteristics of the both waveguides
clearly proves the feasibility of the silicon layer transfer process of SOI for in-
tegrated optical purposes. The use of a polymer as the bonding agent makes
the bonding of a processed (i.e. having thickness variations) surface to another
wafer possible by planarizing it. Finally, this process prepares the backsides of
the waveguides for further processing. The quality of the backside surface is
so high that many micro fabrication processes including photolithography, met-
allization and etching, can easily be performed. We believe that such a layer
transfer process is a promising way of high-level hybrid integration of waveguide

devices.

6.2 Layer Transferred Mach-Zehnder Ther-

mooptic Modulator

In this section we further test the layer transfer method by applying on a Mach-
Zehnder (M-Z) modulator fabricated on a chip of 30x20 mm. This process is
very difficult when compared to what was done with straight waveguides. The
M-Z had thin metal layers of 20 ym wide, which makes the layer transfer more

challenging.

There have been a lot of research to develop thermooptic modulators and
switches on SOI platform. This is mainly due to lack of electrooptic effect in
Si. Additionally, large thermooptic coefficient of silicon makes realization of cost-
effective modulators operating on SOI posiible. The devices realized operated

with switching powers on the order of a few hundred mW depending on device
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Figure 6.5: Schematic top view of a M-Z modulator. The dimensions are for the
structure used in fabrication.

and heater length. Apart from being an extreme demonstration of layer transfer
method, we expect that use of layer transfer method on SOI M-Z modulators

should decrease the switching powers drastically.

6.2.1 Modulator Design

Waveguide M-Z interferometer is one of the basic integrated optic devices. The
device has a junction that equally separates the input light into two arms. These
are called 3-dB junctions. A top view of an M-Z interferometer with a Y-junction
is given in Fig. 6.5. The geometrical dimensions shown in the figure is those of the
modulator that we used in fabrication. This was an already available modulator
mask. We thank Nadir Dagli for providing us with that mask. The Y-junction
section has s-bends having radius of 5 cm and the M-Z arms are separated from
each other by 50 pm. These arms combine on a second junction. The light signals
at the arms interfere at the second junction. Phase of one or both the signals can
be altered through physical mechanisms such as thermooptic effect. Therefore
the output light shows an interferometric feature. The time dependence of input
field can be given by

Ein = Epcos(wt) (6.1)

where w is defined as 2mc/A in terms of free space wavelength. The optical field

at each arm is E;, /2. If phase of one of the arms is changed by an amount of Ag,
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the electric field at the output port becomes
Ey
E,u = ?[cos(wt + A¢) + cos(wt)] (6.2)
Then, the optical intensity at the output becomes
Lout = |Eou|® = E§ cos*(A¢) = Iy cos®(Ag) (6.3)

The optical intensity changes sinusoidally between a maximum and a minimum,
if the phase difference changes continuously. Therefore, M-Z interferometers can
be used as modulators or optical switches. The phase difference in a M-Z arm
is obtained through the use of a physical effect to locally change the effective
refractive index of the waveguide mode. The effects mostly used are electrooptic
and thermooptic as we discussed in the previous chapter. Here, we concentrate on
the use of thermooptic effect to modulate a M-Z interferometer. To employ this
effect, a thin metal heater of length Ly is placed on one arm of the interferometer.
The phase change corresponding to the change (An.yy) in effective index is defined
as

A¢p = (2m/Xo)AnesrLy (6.4)

In this equation, An.ys is given as dn.ss/dTAT in terms of thermooptical coef-

ficient of the material and the change in local temperature.

6.2.2 Fabrication and Results

The M-Z modulators were fabricated on the same SOI wafers used in previous
section (Si-polymer waveguides). We used an RIE process to define ribs on the
wafer instead of anisotropic KOH etching. This is due to S-bends used in M-Z
design. Nickel was used as a mask in the etch process. The Ni M-Z waveguide
interferometer patterns were formed on the wafer using an image reversal pho-
tolithography (PL3) followed by Ni sputter and lift-off processes. An amount of
2.35 um was etched on the top silicon layer using SFg and O, gases (RIE2). This
is followed by a PECVD growth to deposit 0.3 um SiO, passivation layer on the
etched patterns. The Ni heaters and connections to contact pads were formed

with another Ni sputtering and liftoff after the second photolithographic step.
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Figure 6.6: Schematic fabrication steps of layer transferred SOI M-Z modulator.
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Figure 6.7: Optical micrographies taken during the fabrication of M-Z
modulator:(a)Y-junction after first photolithography (b) Ni heaters defined on
each arm (c¢) After planarization using BCB (d) Y-junction seen from backside
after layer transfer. (e) Openings for electrical contact (f) Input waveguide facet
after cleavage.

The substrate removal process is the same as explained in the previous sec-
tion. After 525 pm thick substrate was removed, another 0.3 pm SiO, layer was
deposited on the newly revealed backside of the top silicon layer. Large rec-
tangular holes were opened on the backside to form pads and connect them to
previously fabricated heaters. This process was done by successive RIE etches
of a SiOy (RIE4), a Si (RIE3) and another SiOy (RIE4) layer after a third pho-
tolithography (PL5). During, this process trenches of 10 um wide were also
opened between arms of M-Z structures. A final photolithography (PL2) and
metal sputtering steps were performed to form Ni contact pads and finalized the
fabrication of substrate removed SOI M-Z modulators. The fabrication steps
are schematically summarized in Fig. 6.6. The optical microscope photos taken

during the fabrication process are given in Fig. 6.7.

The fabricated chip was cleaved and mounted on the experimental setup.
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Figure 6.8: Temporal response of the layer transferred M-Z modulator to a square
drive voltage.

Light with wavelength of 1550 nm was launched into the input facet of M-Z
modulator. The light outcoupled from the output facet was monitored with a Ge
detector. The device showed an insertion loss of 11 dB. This value is expected
for SOI devices of 5x3 pum? facets. Then, we touched the contact pads with
microprobes and applied electrical power. The pad and heater combination was
measured to have a resistance of 400 2. The modulation observed with a square
driving voltage with amplitude of 3.8 V and frequency of 100 Hz is given in
Fig. 6.8. Although, the modulator does not show perfect switching (30 %), it
has a significantly reduced P, as compared to usual SOI M-Z modulators. We
calculated a P, value of 36 mW which is five times lower than an modulator

fabricated by our group with the similar geometries [104].

We also tested the M-Z for its modulation speed. We increased the frequency
of the driving voltage and measured the modulation depth of the optical signal.
The measured data is plotted as a function of frequency in Fig. 6.9. The 3-dB

cutoff frequency of 65 kHz was observed. This value is expectable for an SOI
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Figure 6.9: Measured modulation response to frequency change of driving voltage.

M-Z modulator of that geometry [104, 9]. The modulation speed of SOI M-Z

modulator is not lowered by the layer transfer.

To summarize, we have applied a layer transfer method to an SOI M-Z modu-
lator successfully. The resulting chip is an demonstration of an hybrid technology.
The layer transferred SOI M-Z modulators was tested and observed to have simi-
lar temporal responses as ordinary SOI M-Z modulators with significantly reduced
P,. We should not that this is the first attempt demonstration of the feasibil-
ity of this approach. This method can be applied to M-Z modulators based on
SOI nanowires for flexible integrated optics circuitry. Such an application would

result in submiliwatt P, values [37].
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6.3 Silicon-polymer Asymmetric Vertical Cou-

pler

6.3.1 Coupler Theory and Design

Whenever two optical waveguides are close enough, light may leak from one to the
other through the coupling mechanism which is one of the mostly used physical
effects in integrated optical devices, such as couplers, splitters, modulators and
switches. The coupling between waveguides is generally analyzed by the coupled
mode theory, predictions of which agrees extremely well with experimental results.
In coupled mode theory, it is assumed that coupling changes the field amplitudes

of modes, while their propagation constants remain unchanged.

Consider two slab waveguides in Fig. 6.10. The guiding regions have different
refractive indices of n; and nsy while all cladding regions are with index of n..
This is an example for non-degenerate or asymmetric vertical coupler. We apply
the coupled mode theory to this structure. We will not derive coupled mode
equations and just make use of them. Derivations for these well known equations
can be found in many introductory optoelectronics books [5, 6]. The coupled

equations that relate the field amplitudes of the waveguide modes are

dA . .
= —inyeap(jAG2) As(2) (6:5)
and "
= Reap(jAB2) Ai(2) (6.:6)
here, the difference between propagation constants is given as
AB =i — Do (6.7)

and it is the measure of the phase mismatch. Also, k, and k,, are coupling

coefficients and are

1 k2 rhotg+hi
i = 5B =) [T ey (6.8)
1 Jhatg
and
L N
s = 50t =) [ eaw)a )y (6.9)
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Figure 6.10: Two slab waveguides with different refractive index

for the mode fields 1 and €5. The energy conservation of the system requires that

the coupling coefficients should be equal. Thus for the waveguide mode fields

K, = Ky, = K (6.10)

Applying the initial conditions, ie. A;(0) = 1 and A,(0) = 0, the equations
can be solved to give two oscillating solutions for A;(z) and Ay(z). Then, the
optical powers are calculated by taking absolute square of the field amplitudes

and found to be
A3

Pi(2) = cos*(yz) + (z)Qsinz(vz) (6.11)
and )
Py(z) = (%)sm%z) (6.12)
where A
P (P (0.13

is the modified coupling coefficient when there is a phase mismatch.

The optical power exchanges between waveguides with the period 7/v. The
phase matching condition is achieved when the waveguides are identical, that is
A = 0. The distance required for full power exchange under phase matching
condition is

T

Ly=— .14
07 9k (6 )
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Figure 6.11: Power transferred as function of phase mismatch

However, the power transferred has very interesting behavior at the distance
Lo = 5 when there is a phase mismatch between waveguide modes. It shows a
diffraction like behavior and can be calculated using (6.12) and (6.13) to be

1 ABL
Py(Lg) = (z)2sz’n02{7[1 + (ﬁf]lﬂ} (6.15)
2 2 7T
where sinc(x) = sin(nz)/(rz) and the transmitted power is Py(Lg) = 1 — Py(Lyo).
The transferred power can be understood better by drawing (6.15) as a function
of ABLg (Fig. 6.11). Phase mismatch, A{ can also be written in terms of effective

index difference and free space wavelength as

Aﬁ = Q;TAneff (616)

The coupled mode theory can be applied to a structure made of a low index
waveguide on SOI substrate. It has been shown that such devices are highly
wavelength selective [105]. In that case, ni, ny and n. becomes indices of silicon
(~ 3.5), a low index material (~ 1.5), and SiOy (~ 1.46) respectively. If the

low index waveguide is single mode but silicon slab has several modes, which can
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Figure 6.12: Effective TE refractive index change with free space wavelength for
highest order mode (m = 6) of Si slab with SiO, and air as lower cladding and
SM BCB waveguide

be achieved by choosing h; and hy appropriately, it can be clearly seen that the
fundamental modes of silicon slab and the low index waveguide are never phase
matched. Therefore, no significant power coupling happens between fundamental
modes. However, the dispersion of the highest order mode of the silicon slab
waveguide (see Fig. 6.12 for the transverse electric (TE) mode) can be used
to phase match them with low index waveguide mode. A simple mode analysis
shows that fundamental mode has negligible dispersion compared to higher order
modes. Thus effective index, ng,, of single mode low index waveguide can be
treated as constant. On the other hand, (Fig. 6.12) the highest order mode shows
a nearly linear behavior between two cut-off wavelengths and this dispersion can

be written as
n(A) = ny,,;, +mA (6.17)

where n) is the effective index at smaller cut off wavelength and m is the

of f1
associated slope in Fig. 3. Then, the effective index difference becomes An.ss =
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n(\) — ngy, while phase mismatch is rewritten as

[Ny 50 T MA = N 27

A

AB = (6.18)

Therefore, transferred power (6.15) can be analyzed in the wavelength domain
using (6.18).

What happens if a SM rib low index waveguide is placed instead of a slab
waveguide to take advantage of butt coupling with a SM fiber? The solution is
straight forward, mode analysis shows that mode dispersion of such a waveguide
is also nearly constant. Thus the modified transferred power equations (Eq. 6.15

with Eq. 6.18) can be used but n,, becomes effective index of the rib waveguide.

6.3.2 Fabrication and Results

We demonstrate an asymmetric vertical coupler by a hybrid integration of BCB
waveguides with Si slabs on the same wafer. We propose two integration schemes.
First is to define BCB waveguide on an SOI wafer through reactive ion etching of
BCB polymer. The other one uses channels opened in a thick SiOs layer on a Si
wafer as waveguide templates for BCB and Si layer transfer. Although the first
scheme is simpler, the second one gives the opportunity of further processing of
the Si layer and would be useful for novel device applications. The summary of
the fabrication of asymmetric vertical coupler through the first scheme is shown
in Fig.6.13. A Si0; layer of 2 pym was grown on a SOI wafer of 1.5 um Si top
layer. BCB was spin coated to form a 6 pm thick layer. Then, the wafer was put
to the oven to cure the BCB. Straight PR strips of 6 pm width was patterned over
BCB layer using photolithography (PL2) and etched down (RIE5) to form a BCB
rib of 3 pm in height. A thick SiO, cladding deposition ended the fabrication of

asymmetric couplers.

The fabricated wafer is cleaved to a chip of 10 mm in length and mounted
in the experimental setup. The input light from the tunable laser is scanned
from 1500 nm to 1580 nm an the light from output port of BCB waveguide is

monitored with Ge photodetector. The measured spectrum is given in Fig. 6.14.
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Figure 6.13: AVC fabrication steps first scheme (a) A SiO; layer is deposited on
an SOI wafer of 1.5 ym top Si layer. (b) A BCB layer of 6 pm is spin coated on
the wafer. (c) Waveguide strips are photolithographically defined to PR. (d) The
unprotected BCB is etched down to define a rib. Finally a SiO, cap cladding
layer covers the rib.
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Figure 6.14: The measured spectrum of asymmetric vertical coupler fabricated
through first scheme. The inset shows the drop in more detail.

The more detailed spectrum of the drop is given in the inset. An analysis of
the figure produces a bandwidth of 1.34 nm and an modulation depth of 13.2
dB. The analytic calculations and BPM simulations estimated bandwidths in
the order of 0.34 nm for a gap of 2 um. The discrepancy can be explained as
follows. These calculations assumed perfect thickness uniformity. However, the
SOI wafer we used in fabrication has a Si layer with + 20 nm thickness uniformity.
Strong dependence of the response of the coupler on the Si layer thickness and

its uniformity explains the increase in bandwidth.

Further BPM simulations showed that an decrease of 5 nm in thickness of Si
layer resulted in a blue-shift of nearly 5 nm in drop wavelength of the spectrum.
Therefore, the drop spectrum can be tuned by decreasing the silicon layer thick-
ness. We made use of this fact to realize a multi channel wavelength drop filter.
To realize such a device, we need to define and etch some parts of the Si layer.
This further process is impossible with the first fabrication scheme. However,

the second fabrication scheme which uses layer transfer method is appropriate
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Figure 6.15: The measured spectrum of asymmetric vertical coupler fabricated
through second scheme. The inset shows the drops in more detail.

for the process. Once the Si layer is transferred, backside of the layer is ready
for pattern definition and etching. We start with preparation of templates for
BCB waveguides on a thick Si0, overlaying a handle Si wafer. These are channel
openings. Straight strips of 5 um were defined with PR through image reversal
photolithography. A thin Ni layer was sputtered on the wafer. A liftoff process
leaded 5 pm openings on Ni layer. Then, Ni was used as the mask for the 3 pym
etching of Si0s in a RIE process (RIE4). After Ni removal using piranha etch

the templates are ready.

A BCB layer of 3 um was spun on the handle wafer. This process filled the
openings and resulted in a upside down rib waveguide. Meanwhile, a piece of
an SOI wafer of 1.5 um top Si layer was deposited with SiOs layer of 2 pm
thickness. The SOI chip was bonded to the handle wafer after the BCB spin
coating as explained in first section. The bonded wafers were put to an oven to
cure BCB. The some parts of the stuck of wafers were covered with black wax

and put in a KOH solution to remove substrate of SOI wafer. The more details of
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BCB curing and substrate removing is explained in first section. The transferred
Si layer was successively patterned to three parts and etched. A staircase like
pattern was resulted with 5-10 nm steps. A PECVD grown S0, layer finished
the fabrication process. The spectrum obtained from an AVC fabricated with
layer transfer method is shown in Fig. 6.15. Three independent drops are seen
in the spectrum as expected. However, the exact positions of dips are different
than the expected. The channels may not be fully filled with BCB. Remaining
air bubbles in the channel may change the effective index of the waveguide and

the position of dips.

In this section, we explained the physical principles behind operation of asym-
metric vertical couplers and fabricated and measured Si-BCB couplers with two
different fabrication schemes. These couplers may be used as wavelength filters,
detectors and sensors [105, 106]



Chapter 7

Conclusions and Suggestions

Silicon photonics which is a novel research field and getting more attraction among
researchers at both academic and industrial institutions is the main topic of this
thesis work. We have designed, fabricated and characterized a number of both
monolithic and hybrid integrated optical devices using silicon-on-insulator (SOI)
wafers. The devices were designed using both analytical calculation and numerical

simulations (beam propagation method, BPM).

So far researchers in the field of silicon integrated optics have been interested
on either large cross-section SOI or nanowire waveguides. Formers are good for
efficient coupling of light from a single mode fiber. Latter promise realization
of very compact devices needed for a dense integration on a single chip. Hov-
erer, SOI rib waveguides having dimensions of the order of 1 ym have become a
new branch of optical SOI waveguides [107]. These waveguides have sizes smaller
than the conventional large cross-section SOI waveguides (>3 pm) but larger
than those of SOI nanowires (<0.4 pum). Their geometrically controllable bire-
fringence may be very helpful for polarization diversity in SOI integrated optical
devices. We have used these waveguides to realize polarization splitters [68]. A
polarization-independent racetrack resonator [93] has also been realized using SOT
rib waveguides. Finally, we showed that dimensions not larger than 1 ym make

fabrication of high-Q resonators with radii as small as 20 pm possible [94, 95].

123
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An SOI rib waveguide becomes more birefringent as its size is reduced. We
used this idea to design and fabricate a directional coupler polarization split-
ter based on geometrical birefringence. The device uses 1 pum sized silicon-on-
insulator waveguides. The length of the device is about 2500 pm for gap of 1.4
pm but is drastically shortened to about 120 pm for gap of 0.7 pum. The polar-
ization splitter is the first realized SOI integrated optical device that splits light
to its TE and TM parts [68].

We have carried an in depth analysis of optical waveguide ring and racetrack
resonators. Expected responses from one and two bus coupled resonators were
driven. Issues that should be considered during the design of resonators were
identified. We apply the analysis and design one and two bus coupled racetrack
resonators on SOI rib waveguides. The geometry of the waveguide was similar to
ones used in the design of polarization splitters. The bending losses and coupling
factors are the most important points when designing waveguide resonators. The
SOI rib waveguides used in the design were optimized for low bending losses. The

racetrack shape was preferred for better control of the coupling factor.

We have proposed a novel integrated ring resonator displacement sensor for
scanning probe microscopies. We designed and analyzed the feasibility of the
integrated optical sensor. The concept based on elasto-optic effect is discussed.
The design of the ring resonator was described and theoretical investigation of
the force and displacement sensitivity was presented. The design of GaAs based
cantilever with integrated ring and race-track resonator have been described in
detail. We find that integrated optical sensor is attractive because of its high
sensitivity and simplicity. We introduce a new application area for integrated
optics. This design is a good alternative for piezoresistive cantilevers especially
in electromagnetically active environments. Integrated sensors are suitable for
cantilever arrays due to their compactness, simplicity and compatibility with

mass production.

We have designed and fabricated SOI racetrack resonators and characterized
them. Resonators with quality factors as high as 119000 were demonstrated for

both polarizations. Furthermore, resonators have finesse values larger than 28
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for TE polarization and larger than 43 for TM polarization. Using standard
optical photolithography technology, the quality factor values reported here are
the highest QQ values achieved in the SOI platform, excluding submicron Si wire
resonators. The response of resonators were analyzed by fitting the analytical
functions. Resonator losses and coupling factors were extracted from the fitting
process. Losses increases as resonator radius decrease in accordance with expecta-
tions. Extracted coupling factors were compared with those obtained from BPM
simulations for various waveguide resonator gaps. Comparisons suggest that the
fabrication procedure emmployed in this study leads narrower gaps than those in
the mask. These high-Q resonators are suitable for applications such as quantum

optics.

We investigated the resonators using SOI rib waveguides further and a
waveguide structure with stronger light confinement was designed. We demon-
strated that it is possible to realize SOI rib waveguide based racetrack resonators
with radii as small as 20 and 40 pm for TM and TE polarized light, respectively.
Free spectral ranges of 3.0 nm, finesse values of 18.3 and Q-factors of 33000 have
been observed with the resonators based on new waveguide structure. This more
compact SOI resonators can become key components for silicon based integrated
optical devices and can even be easily integrated with MEMS structures (di-
aphragms and cantilevers etc.) for sensor applications. A good application for
these resonators is the realization of displacement sensosr that we proposed in
chapter 4. We have designed a mask and the fabrication of the sensor will be

done by a member of our research group in the near future.

We have studied the thermooptical tunability of resonators that we fabri-
cated. We also investigate possible use of such resonators as a wavelength selective
switch. Our measurements show that resonators show thermo-optical tunability
and operates as wavelength selective optical switches with low-power consump-
tion of 17 mW. The devices were tested to function as switches at frequencies up
to 210 kHz, the highest modulation frequency observed for SOI thermo-optical

devices to the best of our knowledge.

Two bus coupled resonators were also fabricated and characterized. They were
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asymmetrically coupled to get better characteristics. These resonators functions
as wavelength add/drop filters, a key element for WDM systems. Their Q-factors
are limited by the coupling to the second bus waveguide. The resonators with
bending radii ranging from 150 to 500 pum were fabricated and characterized.
The resulting add/drop filters show Q-factors as high as 51000 and relatively low
crosstalks of -10.0 dB. The crosstalk value can be reduced even further by a better

match of critical coupling condition.

We have applied for the first time a layer transfer method to SOI wafers
for integrated optical applications. The transfer method was previously used in
GaAs/AlGaAs material system. To demonstrate the feasibility of the technique
we fabricated straight waveguides, Mach-Zehnder modulators, asymmetric ver-
tical couplers and hybrid silicon disk resonators. We optimized layer transfer
method for SOI wafers. In particular, wafer preparation, bonding, protection
during wet etching of silicon and the etching process were the steps that are

handled for optimization.

We have fabricated and compared SOI waveguides on two chips. One was
saved for comparison and the other was further processed for layer transfer. The
comparison of modal and loss characteristics of the both waveguides clearly proves
the feasibility of the silicon layer transfer process of SOI for integrated optical
purposes. The use of a polymer as the bonding agent makes the bonding of a
processed (i.e. having thickness variations) surface to another wafer possible by
planarizing it. Finally, this process prepares the backsides of the waveguides for
further processing. The quality of the backside surface is so high that many micro
fabrication processes including photolithography, metallization and etching, can
easily be performed. We believe that such a layer transfer process is a promising

way of high-level hybrid integration of waveguide devices.

Furthermore, we have applied the layer transfer method to an SOI M-Z mod-
ulator. This process differs from the one for SOI waveguides on two points. These
points makes the process even more challenging. First the area of transferred sili-
con layer is much larger and the the second the transfer layer have patterned thin

metal parts on the surface. The resulting chip was an demonstration of an hybrid
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technology. The layer transferred SOI M-Z modulators was tested and observed
to have similar temporal responses as ordinary SOI M-Z modulators and with
significantly reduced P, electrical power required for a phase difference of .. It
is also believed that integration of a thick layer of material having large thermal
conductivity (such as copper) may lead the device to operate at higher frequen-
cies. This method can be applied to M-Z modulators based on SOI nanowires.

Such an application would result in submiliwatt P, values.

We also analyzed asymmetric vertical couplers and their potential applica-
tions. These couplers include a low index single mode waveguide in close proxim-
ity of a high index multimode waveguide. The coupling generally occurs between
fundamental mode of the low index waveguide and the highest order mode of the
high index one. The fundamental modes show no dispersion while the higher or-
der modes does. The couplers are highly wavelength selective devices due to this
difference between the dispersion of the waveguides and their response strongly
depends on thickness of the layer with high refractive index. We fabricated and
measured Si-BCB couplers with two different fabrication schemes. These couplers

may be used as wavelength filters, detectors or sensors.

Finally, the research presented in this PhD thesis have resulted in five pub-
lished or accepted journal papers, three submitted papers and seven published

proceedings in technical conferences (see Appendix).
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