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Abstract

Meandering Loop Mirrors (MLMs) and resonators based on MLMs are designed, fabricated,
and analyzed using silicon integrated photonics circuit (Si-PIC) technology for operation in the
standard near-infrared (near-IR) telecommunication band. Optical waveguides, directional
couplers (DCs), MLMs, meandering resonators (MRs), antisymmetric meandering resonators
(AMRs), and symmetric meandering resonators (SMRs) with symmetric and antisymmetric
DCs were designed, fabricated, and analyzed as a function of the DC length to scan the desired

near-IR telecommunication band.

A silicon on insulator (SOI) platform is used to realize strip waveguides in transverse electric
(TE) mode polarized single mode configuration. The structures’ design is based on numerical
simulations using a photonics design kit and resulting geometry of the structures were
incorporated into the photonics layout for fabrication by e-beam lithography. After the writing
of the silicon strip waveguide, and before oxide deposition, the photonic structures were
imaged with scanning electron microscopy (SEM) to physically characterize the fabricated

devices.

Surface gratings are used to couple in and out of these photonic structures with single mode
optical fibers. The excitation source for the spectral measurement of the device transmission is
a tunable laser operating in the 1500 — 1600 nm wavelength range. The transmission signals in
logarithmic (dB) scale are detected in the same experimental region using calibrated near-IR

photodetectors. The data is acquired by a control and data acquisition computer.

The experimentally measured transmission spectra are compared with the numerically
simulated transmission spectra. The normalized linear scale is used to make the peaks more
prominent, whereas the logarithmic (dB) scale is used to make the dips more prominent. To

make the results more reader friendly, the spectra are color coded: the normalized transmission



intensity (excluding grating couplers) are plotted in brown, the transmission intensity in
logarithmic (dB) scale (excluding grating couplers) are plotted in red, the transmission intensity
logarithmic (dB) scale (including grating couplers) are plotted in blue, whereas the
transmission intensity (including grating couplers) are plotted in green. The free spectral range
(FSR), finesse (F), quality factor (Q-factor), and extinction ratio (ER) are deduced from both
the experimentally measured, and the numerically simulated transmission spectra, and were

found to be in good agreement.

To understand the actual spectral response, we first analyze the simulated spectra, for the device
under test. Since the input and outputs of the devices had to be connected to the grating couplers,
to couple in and out from the optical fibers, the measurement responses are always modulated
by the grating coupler responses, and thus cannot be directly compared to the numerical
simulations. To make our simulation spectra comparable to the measurement spectra, we also

simulated the transmission spectra of the devices including the grating couplers.

First we analyze the wavelength dependence of a DC, one of the basic elements used in our
designs. We look at the coupled and the transmitted port intensities, and compare them with
the measurement results. Then we look at the MLM spectral response, which incorporates a
DC. After developing the understanding of DC and the MLM, we move to the analysis of the

spectral responses of more complex structures, e.g., MR, AMR, SMR.

The general response of a tunable mirror is observed for the MLMs. MRs show the typical
Fabry-Perot response. The AMRs show the typical spectra similar to the coupled resonator
induced transparency (CRIT), the analogue of the electromagnetically induced transparency
(EIT) spectral responses. Whereas the SMRs show the mode split Fano resonance spectral

responses.



All in all, MLMs and resonators based on MLMs show promise as a novel integrated photonics

platform for Si-PIC elements for optical communication, computation, and sensing.



Ozet

Kivrimlt halka yansiticilar1 ve kivrimli halka yansitici tabanli ¢inlaglarin tasarimi, tiretimi ve
incelemesi, yakin kizilalt1 telekomiinikasyon bandindaki islemler icin, silikon tiimlesik fotonik
devre teknolojisi kullanilarak yapilmistir. Optik dalgakilavuzlari, yonlii baglastiricilar, kivrimli
halka yansiticilar, kivrimli ¢inlaglar, simetrik olmayan kivrimli ¢inlaglar, ayrica simetrik ve
simetrik olmayan yonlii baglastiricilar ile birlikte simetrik kivrimli ¢inlaglar tasarlanmais,
iretilmis, ve yonlii baglastiricilarin uzunluguna bagl taranarak istenen yakin kizilalti

dalgaboylarinda incelenmistir.

Bir yalitkan isti silisyum diizlemi kullanilarak elde edilen serit dalgakilavuzlarinin enine
elektrik kutbunda, ve tekil dalga kipinde c¢alisan yapis1 gozlemlenmistir. Yapilar, bir fotonik
tasarim yazilimi yardimi ile sayisal benzesimler kullanilarak tasarlanmig ve elde edilen yap1
bigimleri bir fotonik taslak ¢izimine doniistiiriilerek elektron 111 151k yazimina hazir hale
getirilmistir. Serit silisyum dalgakilavuzu yazilimindan sonra, ve oksit ¢okeltmesinden dnceki
fotonik yapilar, liretilen aygitlarin tanimlanmasi i¢in taramali elektron mikroskobu yardimai ile

goriintiilenmistir.

Tek kipli optik lifler ylizey 1zgaralar1 kullanilarak bu fotonik yapilara baglastirilmistir. Aygit
gecirgenliklerinin izge Olgiimleri i¢in uyarma kaynagi olarak 1500-1600 nm dalgaboylari
arasinda calisan bir ayarlanabilir lazer kullanilmistir. Logaritmik (dB) ol¢ekteki gecirgenlik
sinyalleri ayni deneysel bdlgede Olgeklendirilmis yakin kizilalti fotoalgilayicilar ile

Ol¢iilmiistiir. Veriler bir denetleme ve veri edinim bilgisayar: tarafindan saglanmistir.

Deneysel olarak olgiilen gegirgenlik izgeleri ile sayisal benzestirilmis gecirgenlik izgeleri
karsilastirilmigtir. Tepeleri 6ne ¢ikarmak i¢in Olciitlendirilmis dogrusal 6l¢ek kullanilmastir,
ancak cukurlar1 6ne ¢ikarmak i¢in logaritmik (dB) 6l¢ek kullanilmistir. Sonuglar1 okuyucuya

daha iyl sunmak icin, izgelerde bir renk kodlamasi kullanilmistir. Bu kodlamada

Vi



oOl¢iitlendirilmis gecirgenlik siddeti (1zgara baglastiricilar harici) kahverengi ile, logaritmik (dB)
olgekteki gegirgenlik siddeti (1zgara baglastiricilar harici) kirmizi ile, logaritmik (dB) 6l¢ekteki
gecirgenlik siddeti (1zgara baglastiricilar dahil) mavi ile, ve gecirgenlik siddeti (1zgara
baglastiricilar dahil) ise yesil ile gosterilmistir. Gerek deneysel sonucglar gerekse sayisal
benzestirilmis gecirgenlik izgeleri kullanilarak bos izge araligi, incelik, nitelik katsayisi, ve
sondiirme oranm1 (dB) Olglilmiis, ve karsilastirilarak birbirleri ile uyumlu oldugu

gozlemlenmistir.

Asil izge sonuglarmi anlamak i¢in, Oncelikle denenen aygitin benzestirilmis izgeleri
incelenmistir. Uretilen aygitlarin giris ve ¢ikislar1 1zgara baglastiricilara bagli olduklarindan,
ve Olciilen sonuglar, 1zgara baglastiricilarin yanitlar1 tarafindan siirekli kiplendirildiklerinden
dolay1, gecirgenlik izgelerinin benzestirilmis sonuglart ile dogrudan karsilastirilamaz. Bu
karsilastirmay1 saglayabilmek icin benzestirilmeler 1zgara baglastiricilart eklenmis aygitlar ile

gerceklestirilmistir.

Ik olarak, yonlii baglastiricilarin dalgaboyu ile iligkisi incelenmistir, ¢iinkii yonlii
baglastiricilar tasarimlarda kullanilan en temel unsurlardan biridir. Baglasmis ve iletilmis kap1
siddetleri incelenmis, ve Ol¢iim sonuglart ile karsilastirilmistir. Daha sonra, bir yonli
baglastiricidan olusan kivrilan halka yansiticisinin izge yanitina bakilmistir. Yonlii baglastirici,
ve kivrimli halka yansiticilart igin bir anlayis edinildikten sonra, kivrimli ¢inlag, simetrik

olmayan kivrimli ¢inlag, ve simetrik kivrimli ¢inlag gibi yapilar incelenmistir.

Kivrimli halka yansiticilar i¢in ayarlanabilir aynalarin genel yanitlar1 gozlemlenmistir.
Kivrimli ¢inlaclar siradan Fabry-Pérot yanit1 gostermistir. Simetrik olmayan kivrimli ¢inlaglar
ise baglasmis cinlag etkisiyle saydamliga benzeyen bir izge gostermistir. Bu durum
elektromanyetik etkisiyle saydamligin ortaya cikarttigi izgenin bir benzesimidir. Simetrik

kivrimli ¢inlaglar ise Kip ayrikli Fano ¢inlamasi igeren izgeler sergiler.

Vil



Sonug olarak, kivrimli halka yansiticilar, ve kivrimli halka yansitict tabanli ¢inlaglar, yeni ve
gelecek vaat eden silikon tiimlesik fotonik devre unsurlari i¢in bir tiimlesik fotonik diizlemi

olarak optik iletisim, hesaplama, ve algilama uygulamalari i¢in kullanilabilir.
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Chapter 1: Introduction

1 Introduction

1.1 Photonics

Photonics is virtually used by everyone today. The invention of the fiber optic cable [1], which
uses optical signals to transmit data rather than electrical signals, had been one of the most
distinctive developments of optics and photonics. In recent years photonics has found its way

in other applications such as sensing [2], and data center communication [3].

Integrated circuits (ICs) until recently were based on electronic components only. In the past,
with the advancement in the complementary metal oxide semiconductor (CMQOS) technology
the size of the electronic components had been decreasing, hence the industry was able to keep
up with the demand of providing higher processing capabilities in a smaller chip area. However
since the information carriers in the CMOS technology are electrons, which, due to their
inherent properties, cannot keep up with the future demands of ultra-high-speed data transfer
between multiple devices and chips. The increase in the communication bandwidth requires
that, the next generation communication systems be shifted from copper wire to optical
waveguides to match the market demands, a comparison between the two technologies has
been presented [4]. Optical components have potential benefits in achieving high data rates,
energy efficiency, and high interconnect density. Photonic components, such as wavelength
splitters, are developed to couple the signal into the optical fibers for long range
communications. Dense waveguides are critical for on board or on-chip, optical waveguiding

purposes.
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1.2 Integrated photonics

Optical waveguides and devices, are suitable candidates for ultrahigh speed data transfer
applications. However, optical devices are not as good as CMOS electronic devices, when it
comes to data processing, so the solution lies somewhere in between the electronics and
photonics. In the integrated photonic circuits, the idea is to use photons to transmit and receive
information instead of electrons. Since photons can travel extremely fast and have no mass,
when compared to electrons, the idea of integrating photonic components into electronic chips
have opened up the door to a new era of ultrahigh speed data processing and transmission. In
future chips, further scaling of interconnect capacity may be achieved by advancements in

optics [5].

1.2.1 Integrated photonics over fiber optics

Integrated silicon photonics offers advantages over fiber optics such as monolithic integration,
smaller dimensions of devices with similar functionality and performance. The compatibility
with well-established silicon CMOS technology of highly controllable silicon wafers,
developed for the microelectronics industry, is a huge benefit to for photonics industry [6],
providing a high index contrast, and low power consumption with respect to bulk components
in telecommunication and signal processing [7]. Integrated silicon photonic platforms and
devices are thus seen as promising building blocks for realizing silicon photonic integrated

circuits (Si-PICs) and devices [8, 9].

Another key advantage of Si-PICs is that, integrated photonic waveguide geometries can be

used for waveguide based lasers, channels, signal processors, photodetectors, as well as sensors.

A number of photonic resonator structures have been investigated analytically, numerically,

and experimentally, as these structures can be applied for a range of components in Si-PICs.
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Integrated photonics offers a two-dimensional or three-dimensional platform solution to the
one-dimensional solution of fiber optics. Integrated photonics is the analogue of integrated
electronics, whereas fiber optics is the analogue of electronic circuits assembled from discrete

electronics components.

1.2.2 Integrated photonics Platforms

1.2.2.1 Silicon On Insulator (SOI)

Silica (SiO) is the most abundant mineral in Earth's crust. It has vast importance in many
technological areas. SiO> exist in form of a linear molecule in the gas phase. SiO has positive
electron affinity. The molecule is very stable [10]. SiOz belongs to the family of metalloid
oxides. These inorganic compounds contain the oxygen atom in oxidation state of -2, in which
the heaviest atom bonded to the oxygen is a metalloid, therefore it is non-toxic and non-
hazardous (I11-V’s can be poisonous/expensive/integration issues), and the integration with

CMOS industry is relatively easy.

1.2.2.2 Silicon Nitride (SiN)

Silicon Nitride (SisNs) is not as abundantly present in Earth’s crust compared to vast
availability of silica. SisN4 is a non-oxide man-made material synthesized by the nitridation of
silicon in N2 atmosphere furnaces. Like other high tech materials, recent advances in super fine
powder processing, and controlled atmosphere kilns have led to a commercial revival in the

manufacturing, and use of this long known, but little used material. [11]

1.2.2.3 Gallium Arsenide (GaAs)

Gallium arsenide (GaAs) is also produced artificially via Czochralski or Horizontal Bridgeman
technique. Itis very problematic to obtain high purity single GaAs crystals, except under tightly
controlled environmental conditions using Czochralski technique. Whereas, in Horizontal

Bridgeman technique, GaAs is obtained by means of a self-limiting reaction, which hinders the
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growth of large crystals. Also, in this latter technique, the process produces single crystals only

under rigidly controlled conditions.

Most noticeable disadvantages of this method are as follows: alkyls of the group Il1 elements
are pyrophoric, whereas group V hydrides such as ASH, are extremely toxic. There are
potential environmental, safety, and health hazards of handling these reagents. The high
reactivity of these compounds makes them difficult to purify and handle. After purification,
they are susceptible to reaction with their storage containers, thus introducing new
contaminants. Problems include carbon incorporation, and the difficulty in maintaining the

desired film stoichiometry, when growing ternary and quaternary compounds.[12]

1.3 Si-Photonic Integrated Circuits (Si-PIC)

In recent years, silicon photonic integrated circuits (Si-PICs) have become one of the most
promising and fastest-improving photonics platforms [13]. With monolithic integration and
silicon photonics, one can reduce the cost per telecommunication bandwidth, the chip power
consumption per transmitted bit, and the component footprint. The improvement of silicon
photonics can be attributed to the significant cost reductions in telecommunication and sensing
devices by monolithic integration and mass manufacturing, well-developed and standardized
silicon CMOS processing methods, well-established Si-CMOS microelectronic fabrication
facilities, stable SiO», and highly reproducible dopant profiles in high-quality silicon wafers,

as well as high-index contrast between silicon and air (or silica (SiOz)).

Moreover, the existing CMOS technology facilities are another reason for the huge
improvement over the several decades, and the microelectronics fabrication facilities, which
are already used in CMOS technology, allows the photonic circuit elements to be produced

with not much effort [14].
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1.3.1 Photonic Components

Waveguides are vastly used as connection structures on silicon-on-insulator (SOI) platforms
are composed of a silicon core (with nsi= 3.47 near 1550 nm), a bottom layer of native silicon
dioxide (SiO2) (nsio2= 1.44 near 1550 nm), and a lower index top cladding (air or silicon oxide),
as they help confine the waveguide eigenmodes in the transverse and lateral coordinates [13].
However, having a top layer composed of SiO- is desirable, because the SiO2/Si/SiO- structure

enables a symmetric mode profile, and lower loss due to substrate leakage.

The high refractive index contrast of silicon-on-insulator (SOI) photonics enables tight
confinement of light in sub-micrometer waveguides, and sharp waveguide bends; making SOI
promising for developing Si-PICs with high integration densities. In applications such as
wavelength division multiplexing (WDM), Si-PICs often require precise matching of the
central wavelength and the waveguide propagation constant between the components on a chip,

such as ring resonators, and other optical filter structures. [15]

Si-PICs using a CMOS process for monolithic photonic and electronic integration have
already been demonstrated for communication applications [16]. Also, WDM systems are one
of the most efficient building structures in optical fiber communications [17] and integrated

photonics [18], to expand the channel capacity, and increase the data transmission rates.

1.3.2 Advancements in Si photonics

Coupled resonator optical waveguides (CROWS) [19] are taking a lot of attention in recent
years due to their potentials to be used in application areas such as optical filtering [20], high
ordered filters [21], optical switching [22], nonlinear optics [23, 24], dispersion compensation

[24], and optical buffering [23].

In WDM systems, optical interleavers are the fundamental building blocks to multiplex and

demultiplex the signal both at the transmitter and the receiver sides [25, 26]. Due to its low



Chapter 1: Introduction

power consumption, compact, and broadband qualities a silicon photonics interleaver is
necessary in all kinds of interleavers [27], and it is seen as one of the key structures in the future
WDM applications. For multiplexing and demultiplexing the signals in the communication
channels, different devices such as arrayed waveguide gratings (AWGS) [28], and Bragg
gratings [29] are used. In many applications, an individual device operates in a limited
wavelength range (< 30 nm). Also, in WDM systems, standard channel spacing is either
100 GHz (0.8 nm) or 200 GHz (1.6 nm), which requires a relatively small FSR. Also, high
performance devices such as AWGs [8], waveguide crossing [30], high speed modulators [31],
and photodetectors [32] are realized on SOI platforms. As the devices in the SOI platform
increase in terms of quality and quantity, many platforms do not provide an integrated laser
source [29]. A suitable way to implement mirrors on integrated chips is to use distributed Bragg
reflectors (DBRs) [33]. Due to the high index contrast between silicon (Si) and silicon dioxide
(Si0Oy), narrow gratings on submicron waveguides require a size of less than 50 nm, beyond
the current lithography technology, which works down to 100 nm. These structures are very

sensitive to fabrication errors.

1.3.3 Applications and future of silicon photonics

As Si-PIC follows the development trajectory of microelectronics, and offers significantly
wider bandwidth, and lower cost per flop and transmitted bit, one may expect highly-promising
applications to emerge out of Si-PIC research in the next few decades in the fields of sensing,

data communication, security, and medical technology.

The proposal to use optical interconnects instead of electronic vias [34] lays out the future of
optical connectivity in the data center [3]. The fundamental limit for optical components [35],
and device requirements for optical interconnects to silicon chips [5] have been studied. A

review of recent Si photonics [36], and the appearance of high bandwidth on-chip Si-photonic
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interleavers [37] herald that, silicon photonics based optical communication, computation, and

sensing will develop at an ever increasing speed.

1.4 Grating couplers

-~/
Grating

Figure 1.1: Coupling of light signal from an optical fiber to a grating coupler.

To couple the signal to and from an optical fiber, we used grating couplers. Figure 1.1 shows
the illustration of the optical fiber to grating coupler. The grating couplers can be optimized for
coupling a certain waveguide mode. In our designs, we used grating couplers optimized for the

TE mode [38].

A diffraction angle is defined as the angle between the normal of the grating, and the diffraction
direction of the light wave. The incident angle of the sub-wavelength grating coupler is
determined by the diffraction angle of the grating. The optimized subwavelength grating
coupler for the TEoo mode has a 593 nm grating period, a 237 nm grating width, and a 74 nm

subwavelength grating width.

1.5 Waveguides
The high refractive index contrast of silicon-on-insulator (SOI) photonics enables tight
confinement of light in submicron waveguides, and sharp waveguide bends, making SOI

promising for developing Si-PICs with high integration densities. In applications such as WDM,
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PICs often require precise matching of the central wavelength and the waveguide propagation

constant between components on a chip, such as ring modulators, and optical filters [15].

1.5.1 Waveguide Types

Cladding oxide or air Cladding oxide or air
N |2 ] | | ¢ 0

Buried Oxide (BOX) Buried Oxide (BOX)

Figure 1.2: 2D cross section of strip (left) and rib (right) waveguides on an SOI platform.

In an SOI platform, the most commonly used waveguides are strip and rib waveguides, the 2D

cross sections of these waveguides are shown in Figure 1.2.

Strip waveguides are suitable for use in passive devices, these waveguides can accommodate
tight bends, and can be useful in making small footprint devices. The disadvantage is that, these
waveguides are sensitive to side wall variations, so the fabrication process has to be precise.

Comparison between rib and strip waveguides in SOI is well studied [39].

1.6 Optical Resonators

An optical resonator, is an arrangement of reflectors, which forms a standing wave cavity for
light waves. Optical resonators are key components in developing active components such as
lasers, as they surround the gain medium, and provide feedback of these devices. Resonators
are also used in optical parametric oscillators (OPOs), interferometers [40], optical switching

[41], feedback control and on-chip transparent monitoring [42].
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1.6.1 Optical resonators

1.6.1.1 Fabry—Pérot resonator

Frequency—>

Reflected Intensity
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Figure 1.3: Block diagram of a Fabry—Pérot etalon with the reflection and transmission spectra.
Consider a Fabry—Pérot etalon with a slab thickness d, and refractive index n, as shown in
Figure 1.3 (a). Transmittance of an ideal Fabry—Pérot resonator with equal reflectance R for

both mirrors, are given by the following equations [43].

T = a-rr (1.1)
T 1—2rcosé + 12 '

R=1-T (1.2)
where r is the reflectivity of the mirrors and & is the phase difference between the two
successive transmitted waves. The transmission and reflection for a Fabry—Pérot etalon are

plotted in Figure 1.3 (b), when light is launched into the resonator under normal incidence.

1.6.1.2 Spherical resonators
The microsphere resonator is the three dimensional analogue of the Fabry-Pérot resonator, and

can be used as a channel dropping filter [44]. Figure 1.4 shows the schematic of a channel
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dropping filter realized with a microsphere resonator. With spherical geometries, much higher
Q-factors can be achieved. Since spherical resonators are three dimensional structures, they
can accommodate extra Eigen modes not accessible in planar resonators. Fabrication of such

structures with current lithographic process remains a challenge though.

Scattering

Input + —-- Transmission

Figure 1.4: Channel dropping filter realized with a microsphere resonator.

1.6.1.3 Ring resonators

Figure 1.5 shows a ring resonator coupled to an optical waveguide. The relations for coupling

of optical powers between the waveguide and the ring are studied in [45]. The transmission

Input + -h"' Transmission

Figure 1.5: A channel-dropping filter realized with a ring resonator.

spectra of the waveguide coupled to a ring looks similar to the reflection spectra of the FP

resonator as shown in Figure 1.3 (b).

1.6.2 Meandering Resonators

Meandering resonators are based on meandering loop mirror (MLM) or the Sagnac loop mirror.

1.6.2.1 Meandering Loop Mirrors (MLM)
Meandering loop mirror (MLM) works on the principle of interference. The incoming beam is

split into clockwise (CW) and counterclockwise (CCW) paths, these beams are brought

10
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together at the coupling points, due to the different phases accumulated by the
counterpropagating beams the interference can be either constructive or destructive, leading to

different reflected and transmitted intensities.

Clockwise resonance path Counterclockwise resonance path
(CW) (ccw)

Reflection

Transmission
Input

Figure 1.6: MLM interferometer with CW and CCW beams interfering at the
coupling point.

Meandering loop mirror (MLM) structures can be produced on SOI platforms [46]. SOI loop
mirrors have several applications as sensors [47], thermo-optical switches [48], and laser
cavities [29]. In this doctorate thesis, several SOl MLMs are investigated with different
coupling lengths and structures. Experimental spectra are analyzed in comparison with the
theoretical, and numerical simulation spectra. The MLM transmission is analyzed in the near-
IR C-band from 1500 nm to 1580 nm for the experimental spectra, and 1500 nm to 1600 nm

for the simulation spectra.

1.6.2.2 Meandering Resonators (MR)

Meandering Resonators (MR) can be considered as one of a building block for integrated Si-

PICs. These resonators are integrated photonic waveguide structures, which consist of two

11
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cascaded meandering loop mirrors (MLMs) [46, 49]. In a configuration of two cascaded
MLM’s, each MLM behaves as a mirror, and the path adjoining the two MLMs is the thickness
of the cavity, with resonance modes traveling in both CW and CCW directions as shown in
Figure 1.7. Such a resonator have an added advantage over the conventional resonator systems

in terms of feedback, which is inherent property of an MLM.

Two cascaded MLMs behave like a Fabry-Peérot cavity [43]. MRs have been previously used
as resonating structures in optical circuits to produce tunable lasers, [50] and filters [51] in
optical fibers. MRs in optical fiber form were also studied for their optical bistability,
instabilities, and power limiting behavior [52]. In addition to MLMs behaving as mirrors in
MRs, MRs can also function as two interferometers coupled together to form a resonating

structure [53].

Clockwise resonance path Counterclockwise resonance path

(CW) (CCW)

Reflection

Input o= Transmission

Figure 1.7: MR diagram with CW and CCW resonance paths.

By coupling two interferometers, one can extend the free spectral range (FSR) of the overall
structure by using the Vernier effect, which provides more capabilities for enhancing the
dynamic range, and sensitivity of MLM-based sensors, as applied in optical fibers [54]. MRs

have been utilized in SOI platform to realize optical comb filters [53, 55, 56].

12
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In this doctorate thesis, we propose MR based structures, which can be used to design
integrated lasers, filters, and sensors on SOI platform with extended dynamic range and
sensitivity. We design and investigate various MR structures with both symmetric and
asymmetric MLMs to achieve different coupling coefficients. Our analyses are based on an

SOl platform within the 1500-1600 nm wavelength range.

1.6.2.3 Antisymmetric Meandering Resonators (AMR)

4—.--"’ *

Clockwise resonance path Counterclockwise resonance path
(CW) (ccw)

Transmission

Input
Reriection
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o’ %
et

Figure 1.8: AMR with CW and CCW resonance paths.

Antisymmetric Meandering Resonators (AMR) can be realized by cascading a half MLM
section after a full MLM, in such a way that, two coupling points are created at the top and the
bottom, as shown in Figure 1.8. Coupled mode theory analysis for mode splitting in a coupled
cavity system was performed [46, 57], cascaded SCOW structures were analyzed [58] and two
stage cascaded SCOW were demonstrated [59]. AMR structures have been also been

investigated for coupling tuning the transmission spectra [60], and for high-speed fourth-order

13
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photonic differentiator [61]. On-chip all-optical analogue to electromagnetically induced
transparency [62] has been demonstrated by using coupled ring resonator structures. Later on,

the same effect was demonstrated on the AMR/SCOW structure [63] with a smaller footprint.

1.6.2.4 Symmetric Meandering Resonators (SMR)

Symmetric Meandering Resonators (SMR) have been proposed and analyzed [64] as an
alternative SCOW structure with additional spectral properties. SMRs have been also proposed
and analyzed as a special case of the distributed meandering waveguide (DMW) structures [46].
The SMR can be tuned to exhibit a mode split [65] of both Lorentzian and Fano resonance

lineshapes, which can be useful for spectral filtering applications.

Reflection <= Transmissi
- Transmission
Input

Figure 1.9: Symmetric Meandering Resonators (SMR) structure.

1.6.2.5 Distributed Meandering Waveguide (DMW) structures

SMDFB was proposed [66] and recently used as interleavers [67] in WDM odd / even channel
separation. The simpler version of the SMDFB, the MDFB (cascaded MRs) were proposed [26]
and analyzed [68] for integrated photonic devices. The MDFB is basically a one-dimensional

photonic crystal structure composed of MLMs, exhibiting photonic bandgaps (PBGS).

1.7 Transfer Matrix Method (TMM)
The transfer matrix method (TMM) allows the multiplication of cascaded multiport device

responses, if their scattering matrix (input / output responses) are known. For each device port,

14
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there is an additional dimension added to the transfer matrix, i.e., a 2 port device requires a
2 X 2 matrix, a 6 port device requires a 6 X 6 matrix. This technique is fast and efficient in
calculating the response of a cascaded system. TMM has been used to calculate the
transmission equations for the distributed feedback (DFB) structures of MR, AMR, and SMR
[46]. TMM approach provides an exact answer for one-dimensional structures such as thin-
film reflectors, and distributed Bragg reflectors (DBRS). The use of TMM approach in Si-PICs
requires an approximation of the structure as being one-dimensional, such as a Bragg grating,
where the structure is assumed to have a varying index of refraction in the direction of

propagation, but where the transverse geometry does not change.

1.8 Figures of Merit

Frequency—>
Z’i 1
Reflection g S 1'g
S Transmission = 12
—> i '3
I= 18
Input & SE 1
— £ A A A A i

-— Wavelength

Figure 1.10: Block diagram of a Fabry—Pérot etalon with the reflection and transmission spectra.

To characterize our photonic devices, we have used the figures of merit described in the
subsequent sections, with respect to the Fabry—Pérot resonator [43]. Consider a Fabry—Pérot
etalon with a slab thickness d, and refractive index n, as shown in Figure 1.10. The transmission

and reflection for Fabry—Pérot etalon are also plotted in Figure 1.10.
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1.8.1 Quality Factor (Q)
The Q-factor is a parameter that relates the stored and dissipated energies of an oscillatory

system, mathematically

Vm
ov

Q (1.3)

where v,,, is the resonant frequency of the m™ mode, §v also known as the linewidth, is the
frequency band around which, the transmission intensity value drops to half compared to its

peak value.
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Figure 1.11: Transmission spectrum of a Fabry—Pérot etalon plotted with respect to wavelength.

For very high Q factor values, it is also approximated by the following relation.

Q="+ (14)

where A,,the resonant wavelength of the m'™ mode, 61 also known as the full-width-half-
maximum (FWHM) is the wavelength band around the resonant wavelength, 4,,,, where the
transmission intensity value drops to half compared to its peak value. In a Fabry-Pérot etalon,
a peak is observed in the transmission intensity, and a dip is observed in the reflection intensity

at A,,,condition.
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The sharper the dip becomes, the higher the Q factor value is achieved. For most applications,

a higher the Q factor value is desirable.

1.8.2 Free spectral range (FSR)

The free spectral range (FSR) is an important parameter of a resonator device. It is a measure

of the optical bandwidth between two successive resonant conditions

>
§ I SV
c 2
|
|
Vm
Frequency

Figure 1.12: Transmission spectrum of a Fabry—Pérot etalon plotted with respect to frequency.

FSR = Av = ¢ 2
=Av = opl T (1.5)
opl=nlL (1.6)

where, c is the speed of light in vacuum, n the refractive index of the material, op! the optical
path length of the resonator, and L the total length of the resonator, which is 2d for the Fabry-
Pérot resonator in Figure 1.10. Round trip time Tk, is the inverse of FSR. Alternatively, the

FSR can be approximated to the following formula in terms of wavelength.

2

A
FSR=M~ — .
S y) ] 1.7)

In an optical sensor application, the dynamic range of the sensor is generally limited due to the

FSR, so a higher value can be desirable for certain applications. To study, how the FSR is
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effected in our devices, we have considered structures with both constant and varying optical

path lengths.

1.8.3 Finesse (F)

The finesse relates the A1 (FSR) to the 64 (FWHM) by the following expression:

A

F=—
oA

(1.8)

In a communication system, F is the total number of usable channels in one FSR.

1.8.4 Extinction ratio (ER)
In an optical system, the extinction ratio (ER) is the ratio of two optical power levels. For the
case of Fabry-Pérot resonator, ER can be defined as the peak transmission intensity (on

resonance condition) to the minimum transmission intensity (off resonance condition).

I
ER = =2

(1.9)

Imin
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2 Methods for Simulation, Design, Fabrication, &

Characterization

2.1 Numerical Simulations
For simulation of our structures, we used a Finite Difference (FD) technique. The FD technique
is particularly well suited for Si-PIC, since it has high refractive index contrast structures, and

has the benefit that, the cubic mesh is compatible with the finite difference time domain (FDTD)

technique.

The structures were divided into small reusable components, and the FDTD simulations were
used to calculate the s-parameters of each component. Eventually, the device response was

calculated by combining the s-parameters of each component in the desired order.

2.1.1 Optical Waveguides

2.8

Effective Index

1.2 . .
200 300 400 500 600 700 800

‘Waveguide width (nm)

Figure 2.1: Higher order modes cut off for an SOI strip waveguide with varying width and fixed height of 220
nm.
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The standard height of a SOI wafer used in the industry is 220 nm, so we have the option to
adjust the width of the waveguide to get minimal losses, while remaining in the single mode
regime. Figure 2.1 shows the simulated effective indices for various widths of a strip
waveguide. The cutoff for four waveguide modes are plotted in the figure. Since we desire to

operate at a single mode, we pick the waveguide width to be equal to 500 pms.

2.1.1.1 2D mode profile calculations

|Ex| Ey|
1000 1000 1000
500 500 al 500 ch
o~ -~ v -
0 0 0
y
200 600 200 600 200 600
|Hx| |Hy| |Hz|
X
1000 1000 1000 .
=
500 [ 500 500
0 0 0
200 600 200 600 200 600

Figure 2.2: E and H field components for the fundamental TE mode of the right half of a strip waveguide (axes
are labeled in nm).

In our analysis, we used only the first order quasi-TE mode. To observe the E and H-fields, we
perform accurate calculations for the mode profile for the 2D cross-section of the waveguide,
by drawing the waveguide, defining the simulation parameters, and solving for the mode
solution using the fully vectorial method implemented in Lumerical Mode solutions. We define
the width and height of the waveguide to be 500 nm and 220 nm, respectively. The components
of E and H fields for the fundamental TE mode are shown in Figure 2.2 (The color scale for
Ey, Ez, Hx and Hz fields components are magnified 10 time to make them visible). It is evident
that, the mode is not strictly a TE mode, where only the Ex component would be present, but

rather is a three-dimensional vectorial field profile. The cross section of a TE mode profile for
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a straight strip waveguide with a width of 500 nm and a height of 220 nm on an SOI platform

is shown in Figure 2.3.

|E|

1000

500

Height (nm)

-500 0 500
Width (nm)
Figure 2.3: Cross section of a strip waveguide showing the total E-field of the fundamental TE mode.

Since the refractive index changes with a change in operating wavelength, the effective
refractive index of the 1% order TE mode in the strip waveguide between the wavelength range
of 1500 nm to 1600 nm, and with a width x height of 500 x 220 nm, is shown in Figure 2.4.
The propagation speed of a pulse is described by the group index as in Eq. (2.1).

C
vg(A) = n 2.1)

X

2.5 T T T T T T T 1.16

= real(neff)
imag(neff)

=108

real(Effective Index)
mag(Effective Index)

41.06 =

= 1.04

238 L 1 L L L L L L ) 1.02
1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
Wavelength (nm)

Figure 2.4: The effective refractive index of the 1% order TE mode in a SOI strip waveguide.

21



Chapter 2: Methods for Simulation, Design, Fabrication, & Characterization

Where v, is the group velocity of the pulse propagating in the waveguide, ngis the group index
and c is the speed of light in vacuum. The group index ngand the effective index n. s, can be

related by Eq. (2.2).

dneff
dA

ng W = neff(A) -2 (2.2)

The group index is the quantity, which determines the speed of the pulse propagating in the
waveguide, and this group index is to be used in the calculations for the parameters of

resonators, e.g., FSR and optical path lengths.
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Figure 2.5: The simulated group index of the 1% order TE mode in a SOI strip waveguide.
2.1.1.2 Bends in waveguides:
The mode mismatch loss is the loss in an optical waveguide caused by the mismatch of modes
traveling in a bend and a straight waveguide at each transition. The example of a miss matched

mode are shown in Figure 2.6 and Figure 2.7.

Figure 2.8 shows the total losses present in a waveguide. These numerical simulations were
performed to find the waveguide bending radius, which would produce the minimum loss. As
the figure depicts, for bend radii smaller than 5 um, the mode mismatch loss is the dominating

factor, but when the bending radii are greater than 10 pums, the 2 dB/cm propagation losses
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surpass the mode mismatch losses, and become the major loss factor. 2 dB/cm propagation

losses are plotted for a quarter circle length.

7
x10

Height (m)

Width (m)

Figure 2.6: Simulated TE mode profile for a straight SOI waveguide with a width of 500 nm and a height of 220
nm.

B d
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-0.2 0.1 04
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Figure 2.7: Simulated TE mode profile for a bend (towards right side) SOl waveguide with a bend radius of 3
pum width of 500 nm and a height of 220 nm.
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Figure 2.8: Various individual losses and total losses, experienced by the mode traveling in a bend strip
waveguide with bending radii from 2 to 50 um.
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2.1.2 Directional coupler (DC)

We used directional couplers (DCs) in designing the MLMs and resonators. In designing DCs,
there are two factors, which need to be addressed to achieve the desired coupling. The first
factor is the gap between the waveguides, which are to be coupled. The second factor is the
interaction length. The power in a DC oscillates between the two waveguides as a function of
the coupling length/interaction length, if the gap between the waveguides is constant. For the
DCs studied in this research, the gap between the waveguides was keep constant and equal to
200 nm, as shown in Figure 2.9. This value is limited by the resolution of the fabrication process.
Numerical simulation results for the DCs with coupling length between 5 um to 35 um, and

the gap of 200 nm, were calculated for the range of 1500 to 1600 nm.

SiO2 Cladding

Isolated port
Si Wavequide

-

e Cross coﬁpled port
Through port

Figure 2.9: Directional coupler (DC) design with a coupling length Lc and a gap g.
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Figure 2.10: Simulation result for a directional coupler of L¢c = 17 pm and g = 200 nm.

24



Chapter 2: Methods for Simulation, Design, Fabrication, & Characterization

A typical response of a DC is shown in Figure 2.10. Since the nes is a function of wavelength,
the coupling is also tuned, when the wavelength is tuned from 1500 nm to 1600 nm. At any
instance the total power would be the sum of intensities at all three ports. The isolated port
remains zero in numerical simulations, but in a fabricated device the isolated port value is
greater than zero, since some of the energy in the DC is scattered to the isolated port through

the roughness of the side walls.

Through Port

1
08 | *T

0.2

Normalized Transmission

Coupling Length Lc (um)

Figure 2.11: Power coupling to the through port of the directional coupler as a function of coupling length Lc.
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Figure 2.12: Power coupling to the through port of the directional coupler as a function of coupling length Lc.
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The power transmitted to the through port and cross coupled ports are shown in Figure 2.11
and Figure 2.12 respectively, at the wavelength of 1550 nm. The error bars show the tuning of
coupling for the wavelength range from 1500 nm to 1600 nm. These DCs were chosen for
designing the meandering elements because the wavelength sweep would correspond to the

tuning due to coupling of the devices.

2.2 Layout Design

2.2.1 Layout versus Schematic

Once a photonic circuit is designed, the designer uses the schematic to layout the photonic
components in a physical mask layout using a variety of design aids. This is followed by the
verification, including the manufacturing design rule checking (DRC), and the layout versus

schematic checking (LVS).

The layouts for this work were designed in Klayout and stored in a graphic data system (GDS)
format. [69] A typical schematic-driven design flow includes a schematic, a circuit simulation,
a layout, and a verification [6]. The approach taken here is Layout-driven, followed by

verification, then a schematic (via a netlist extraction), and simulations [69, 70].

Electrical Optical
(Analytical Models) S e (e (Simulated Structures

Circuit Simulations
e Design Intent
e Schematic

Layout design (Physical)
e Schematic Driven Layout
e Routing and Placement

Verification
o Design Rule Check R Testing and
e Layout Vs Schematic Packaging

e Lithographic Simulations

Figure 2.13. Workflow of a typical Si-PIC system design.
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2.3 Layout for the devices

2.3.1 De-embedding structure

To calibrate the device under test, we used the de-embedding structure shown in Figure 2.14
to record the overall background response of the system without including the device. The
device is placed in the subsequent designs, and eventually the spectrum of the de-embedding

structure is decoupled from the measured spectra using signal processing techniques.

Input 0
= : utput =
< Grating coupler Grating coupler§

127 pm

Ve
- f

Figure 2.14: Layout design of a de-embedding structure with a grating separation of 127 pym.

The input fiber is brought above the input grating coupler, and the TE mode is coupled from
the optical fiber to the SOI waveguide. The beam, after passing through the waveguide, gets
coupled to the optical fiber above the output grating coupler, which is then connected to a

photodetector to record the transmission measurement.

2.3.2 Meandering loop mirror (MLM)
The optical path length (perimeter) of a meandering loop mirror (MLM), shown in Figure 2.15,

can be given as:

opl = (MLM Lc) X ng (2.3)

MLM Lc =2[R(m+ 1) + 2Lc] + g (2.4)
where opl is the optical path length of the device, g = 200 nm the gap between the DC
waveguides, R is the bend radius, and n, the group index of the waveguide for the first order

TE mode.
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Figure 2.15: Layout of a meandering loop mirror (MLM) with Lc = 10 pm.
2.3.3 Meandering Resonator (MR)

We investigated MRs for the cases, when Lcl = Lc2 (Symmetric MR) and Lcl # Lc2

(Asymmetric MR). The geometric path length (perimeter) of a MR is given by (2.5):

MR Lclvs Lc2 = MLM Lc1 + MLM Lc2 + 2(nR + L) (2.5)
where g = 200 nm is the gap between the DC waveguides, and L = 25 pum is the waveguide

length connecting the two cascaded MLMSs as shown in Figure 2.16.

Lc2
% Lcl I %
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Figure 2.16: Layout design of a MR with Lcl = 10 um, Lc2 = 20 um, L =25 pm, and R = 10 pm.
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2.3.4 Antisymmetric Meandering Resonator (AMR)

Transmission
:;\ _*
10 um Lc2
Input =~ 20 pm
— 1 10 um

—g— Lel
Reflection 1owm

Figure 2.17: Layout design of an AMR with Lcl = 10 pm, Lc2 =20 ym and R = 10 pm.

Antisymmetric Meandering Resonator (AMR) is a compact design among the others, as it uses
only the footprint of an MLM, with two coupling points, as shown in Figure 2.17. The

geometric path length of such a structure is given by:

AMR Lclvs Lc2 = 2((r+ 2)R + Lcl + Lc2 + g) (2.6)

We investigated AMR for the cases when Lc1 = Lc2 and Lc1l # Lc2.

2.3.5 Symmetric Meandering Resonator (SMR)

Lc2
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e

Lecl
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—
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Figure 2.18: Layout design of a SMR with Lc1 =10 um, Lc2 =20 um and R = 10 um.
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Figure 2.18 shows a layout of a symmetric meandering resonator (SMR), where, Lcl and Lc2
are the coupling lengths of the DCs. R are the bending radii, which for our case are equal to 10
um. SMR can be treated as a higher order AMR. We have investigated SMR for the cases,

when Lcl = Lc2 and Lcl # Lc2. A sample layout is shown in Figure 2.19.

Figure 2.19: An area of 605 X 410 pm? on the chip with AMR variations and two de-embedding structures.

2.4 Fabrication
For fabricating our devices, we used e-beam lithography. Since the chips were manufactured
by two different foundries, the specifications and processes details for each are provided in the

following section.

2.4.1 General e-beam process steps
We used Soitec UNIBOND 6” Prime grade SOI wafers, with a silicon thickness of 220 nm,
with a 6 sigma of 22.3 nm, and buried oxide (BOX) thickness of 3.017 um, with a 6 sigma of

6 nm.
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Figure 2.20 shows the general process steps involved in e-beam lithography.

Photoresist 1. Spin resist; bake

substrate

A ﬁ 2. Expose using e-beam lithography
% ﬁ 3. Develop resist

% 4. Plasma etch the silicon Rinse resist

Figure 2.20: General process steps involved in e-beam lithography and fabrication.

The following are the optional steps and can vary per application requirements.
e SEM mid-process imaging,
e Deposition of oxide to cover the waveguide,
e Dicing and packaging of the chips,
e Testing.
Chips were fabricated at two foundries:
e Applied Nanotools (ANT), Inc.
e University of Washington (UW), Washington Nanofabrication Facility (WNF).
The following are the process descriptions. The details of the fabrication process, and the steps
involved by the foundries involved in fabricating the devices are mentioned in the following

sections.

2.4.2 Applied Nanotools (ANT), Inc. NanoSOl process:

The photonic devices were fabricated using the NanoSOI MPW fabrication process by Applied
Nanotools Inc. [71], which is based on direct-write 100 keV e-beam lithography technology.
Silicon-on-insulator (SOI) wafers of 200 mm diameter, 220 nm device thickness, and 2 um

buffer oxide thickness are used as the base material for the fabrication. The wafer was prediced
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into square substrates with dimensions of 25 mm x 25 mm, and lines were scribed into the
substrate backsides to facilitate easy separation into smaller chips once the fabrication was
complete. After an initial wafer clean using piranha solution (3:1 H2SO4:H20>) for 15 minutes
and water/isopropyl alcohol (IPA) rinse, hydrogen silsesquioxane (HSQ) resist was spin-coated
onto the substrate and heated to evaporate the solvent. The photonic devices were patterned
using a Raith EBPG 5000+ e-beam instrument using a raster step size of 5 nm. The exposure
dosage of the design was corrected for proximity effects, which result from the backscatter of
electrons from exposure of nearby features. Shape writing order was optimized for efficient
patterning and minimal beam drift. After the e-beam exposure, and subsequent development
with a tetramethylammonium sulfate (TMAH) solution, the devices were inspected optically
for residues and/or defects. The chips were then mounted on a 4” handle wafer and underwent
an anisotropic inductively coupled plasma-reactive ion etching (ICP-RIE) process using
chlorine after qualification of the etch rate. The resist was removed from the surface of the
devices using a 10:1 buffer oxide wet etch, and the devices were inspected using a scanning
electron microscope (SEM) to verify patterning and etch quality. A 2.2 um oxide cladding was
deposited using a plasma-enhanced chemical vapour deposition (PECVD) process based on
tetraethyl orthosilicate (TEOS) at 300°C. Reflectrometry measurements were performed
throughout the process, to verify the device layer, buffer oxide, and cladding thicknesses,

before delivery.

2.4.3 University of Washington (UW), Washington Nanofabrication Facility (WNF) silicon
photonics process:

The devices were fabricated using 100 keV e-beam lithography [72, 73]. The fabrication used

an SOI wafer with a 220 nm thick silicon on 3 pum thick silicon dioxide. The substrates were

25 mm x 25 mm squares diced from 150 mm wafers. After a solvent rinse, and hot-plate

dehydration bake, hydrogen silsesquioxane resist (HSQ, Dow-Corning XP-1541-006) was

32



Chapter 2: Methods for Simulation, Design, Fabrication, & Characterization

spin-coated at 4000 rpm, then hotplate baked at 80 °C for 4 minutes. E-beam lithography was
performed using a JEOL JBX-6300FS system operated at 100 keV energy, 8 nA beam current,
and 500 pm exposure field size. The machine grid used for shape placement was 1 nm, while
the beam stepping grid, the spacing between dwell points during the shape writing, was 6 nm.
An exposure dose of 2800 pC/cm? was used. The resist was developed by immersion in 25%
tetramethylammonium hydroxide (TMAH) for 4 minutes, followed by a flowing deionized
water rinse for 60 s, an isopropanol (IPA) rinse for 10 s, and then blown dry with nitrogen. The
silicon was removed from unexposed areas using inductively coupled plasma (ICP) etching in
an Oxford Plasmalab System 100, with a chlorine gas flow of 20 sccm, pressure of 12 mT, ICP
power of 800 W, bias power of 40 W, and a platen temperature of 20 °C, resulting in a bias
voltage of 185 V. During etching, chips were mounted on a 100 mm silicon carrier wafer using
perfluoropolyether vacuum oil. The cladding oxide was deposited using plasma enhanced
chemical vapor deposition (PECVD) in an Oxford Plasmalab System 100 with a silane (SiH4)
flow of 13.0 sccm, nitrous oxide (N20) flow of 1000.0 sccm, high-purity nitrogen (N2) flow
of 500.0 sccm, pressure at 1400 mT, high-frequency RF power of 120 W, and a platen
temperature of 350 °C. During deposition, the chips rest directly on a silicon carrier wafer, and
are buffered by silicon pieces on all sides to aid uniformity. After the lithography process we
were able to achieve a sidewall angle 82° for the waveguides and a minimum isolated feature

size of 60 nm.
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2.4.4 Scanning electron microscopy (SEM)
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Figure 2.21: Fabrication characterization patterns from ANT-2 (left) and UW-1 (right) chips.

Dummy patterns are etched on the wafer to characterize the fabrication process and see the
minimum resolvable feature sizes during a fabrication run. Figure 2.21 shows the SEMs of
such patterned structures on the chips fabricated by ANT and UW. ANT has a better resolution

as compared to UW process, as it is able to resolve smaller feature sizes.

Figure 2.22: DC waveguide bend SEMs fabricated in ANT.
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Figure 2.23: DC SEMs.

Figure 2.24: (a) MLM SEM (b) MR SEM.

Figure 2.25: (a) AMR SEM (b) SMR SEM.

2.4.5 \Variations in Fabrication
Since the optical systems are prone to fabrication variations, in our analysis, we accommodated

for the following variations.
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e Intra-Chip (device replicas developed on the same chip)

e Inter-Fab (multiple devices developed in the same Fab. on multiple chips)

e Intra Fab (same layouts developed in different Fab)

e Temperature variations (Recorded same device spectra at different temperatures)

To study the thermal response of the devices manufactured on an SOI, we recorded the

measurements at different temperatures.
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Figure 2.26: Spectral variations of a de-embedding structure due to fabrication imperfections and thermal
variations.

Figure 2.26 captures the deviations in the spectrum of a waveguide coupled to a grating shown

in Figure 2.27 due to fabrication imperfections and thermal drifts. The spectral responses can
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vary significantly, which can affect the yield of the Si-PIC process. To overcome these

variations, we need to increase the resolution of the fabrication processes.

2.5 Near-Infrared Spectral Measurements

2.5.1 Measurement Setup:

To characterize the devices, a custom-built automated spectroscopy setup [6, 74] with
automated control software written in Python was used [75]. An Agilent 81600B tunable laser
was used as the input source, and an Agilent 81635A optical power sensor as the output
photodetector. The wavelength was swept from 1500 nm to 1600 nm in 10 pm steps.
Polarization-maintaining (PM) optical fiber technology was used to maintain the polarization
state of the light, to couple in TE polarization into the grating couplers [38]. A polarization

maintaining fiber array was used to couple light in/out of the photonic chip [76].

2.6 General Analysis steps
2.6.1 Characterization

2.6.1.1 Grating background removal

This is an alternative approach, we used to extract the figures of merits for our devices. First
step to remove the background was to fit a lower, e.g., 5" order polynomial to the spectrum.
The fitted polynomial was then subtracted from the device spectra, finally the DC offset is
removed. This process is relatively easy, and fast and was used initially to extract the general

behavior of the devices. For calibration, we used the process explained in the next section.

2.6.1.2 Near-IR Spectrum calibration

To calibrate the device under test, we used the de-embedding structure shown in Figure 2.14
to record the overall background response of the system without including the device. The
device is placed in the subsequent designs, and eventually the spectrum of the de-embedding

structure is decoupled from the measured spectra using signal processing techniques.
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Figure 2.27: Layout design of a de-embedding structure with a grating separation of 127 pm.

Figure 2.28 SEM of the grating structure with a grating separation of 127 pum.

2.6.2  Figures of merit

To characterize our photonic devices, we have used the figures of merit described in the
subsequent sections, with respect to the Fabry—Pérot resonator [43]. Consider a Fabry—Pérot
etalon with a slab thickness d, and refractive index n, as shown in Figure 2.29. The transmission

and reflection for Fabry—Pérot etalon are also plotted in Figure 2.29.
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Figure 2.29: Block diagram of a Fabry—Pérot etalon with the reflection and transmission spectra.
2.6.2.1 Quality Factor
The Q-factor is a parameter that relates the stored and dissipated energies of an oscillatory

system.
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Figure 2.30: Transmission spectrum of a Fabry—Pérot etalon plotted with respect to wavelength.
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where 1,,the resonant wavelength of the m™ mode, 51 also known as the full-width-half-
maximum (FWHM) is the wavelength band around the resonant wavelength, 4,,, where the

transmission intensity value drops to half compared to its peak value. In a Fabry-Pérot etalon,
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a peak is observed in the transmission intensity, and a dip is observed in the reflection intensity

at A,,condition.

2.6.2.2 Free spectral range (FSR)
The free spectral range (FSR) is an important parameter of a resonator device. It is a measure

of the optical bandwidth between two successive resonant conditions

2

A
FSR = Al ~ — .
= (2.8)

opl=nlL (2.9)
where, c is the speed of light in vacuum, n the refractive index of the material, op! the optical
path length of the resonator, and L the total length of the resonator, which is 2d for the Fabry-
Pérot resonator in Figure 2.29. Round trip time Tk, is the inverse of FSR. Alternatively, the

FSR can be approximated to the following formula in terms of wavelength.

2.6.2.3 Finesse (F)

The finesse relates the A1 (FSR) to the 61 (FWHM) by the following expression:

F—M 2.10
=31 (2.10)

2.6.2.4 Extinction ratio
In an optical system, the extinction ratio (ER) is the ratio of two optical power levels. For the
case of Fabry-Pérot resonator, ER can be defined as the peak transmission intensity (on

resonance condition) to the minimum transmission intensity (off resonance condition).

I
ER = 2

(2.11)

Imin
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3 Near-IR Spectral Response and Structural Analysis

In this section, we present our measurement spectra and compare them with the simulations, to

account for the variations, which may have occurred due to the fabrication imperfections.

First, we analyze the wavelength dependence of a directional coupler (DC), since the DC is
one of the basic elements used in our designs. We look at the coupled and the transmitted port

intensities of the DC and compare them with the spectral measurement results.

Then, we look at the meandering loop mirror (MLM) response, which is composed of a DC,

and study the effects of such a mirror under varying wavelengths.

After developing the basic understanding of DC and the MLM, we move to the next step and

analyze the spectral responses of more complex structures, e.g., MR, AMR, and SMR.

To understand the actual spectral response, we first analyze the simulated spectra, for the device
under test. Since the input and outputs of the devices had to be connected to the grating couplers,
to couple in and out from the optical fibers, the measurement responses are always modulated
by the coupler responses, and thus cannot be directly compared to the simulations. To make
our simulation spectra comparable to the measurement spectra, we also simulated the

transmission spectra of the devices including the grating couplers.

To make the results more reader friendly all the spectra are color coded: the normalized
transmission intensity (excluding grating couplers) are plotted in brown, the transmission

intensity in logarithmic scale (dB) (excluding grating couplers) are plotted in red, the
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transmission intensity in logarithmic scale (dB) (including grating couplers) are plotted in blue,

whereas the transmission intensity (including grating couplers) are plotted in green.

3.1 Meandering loop mirror (MLM)

<
ILC
ILC
Input
+
Reflection Transmission

Figure 3.1: MLM consisting of a coupler of length Lc and bending radii of R.

200nm

Figure 3.2: MLM SEM.

Figure 3.1 and Figure 3.2 show a schematic diagram and the SEM of a meandering loop mirror
MLM Lc structure respectively, where Lc is the coupling length of the directional coupler, R
the bending radius of the waveguide, in our designs we kept R as 10 um. We studied the effects
of variations of the DCs coupling lengths on the transmission spectra of the MLM, whereas the
gap between the coupling waveguides was kept constant at 200 nm. We simulated and

fabricated the MLMs with coupling lengths from O um to 40 um with a step size of 1 um.
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The optical path length (perimeter) of such an MLM can be given as

MLM Lc = 2[R(r+ 1) + 2Lc] + g (3.1)
Figure 3.3 show the simulation results of de-embedding structure with input and output grating
couplers and MLM 10 with and without input and output grating couplers, respectively. The
resonance observed in the simulated de-embedding structure is due to the FP effect created by
the reflections from the input and the output grating couplers. The free spectral range (FSR)
for the simulated structure is 1.88 nm, which matches with the theoretical FSR value of 1.9 nm

for a waveguide length of 160 um with a group index of 4.

The interference in MLM 10 (excluding grating) structure creates a pattern with a simulated
FSR of 4.3 nm. Since the dynamic range of the interference is small compared to the FP effect,
the change produced by this effect is not making a significantly visible modulation in the

spectrum.

The FP effect in MLM 10 (with gratings) with a smaller FSR of 1.6 nm is due to the reflections
from the gratings. The FSR is smaller than the de-embedding structure’s FSR of 1.8 nm,

because of longer optical path length introduced by the MLM 10 itself.

The larger FSR modulated on top of the smaller FSR in MLM 10 (with grating) is due to the
FP effect created by the reflections by the grating coupler and the MLM itself. The simulated
FSR value is around 9 nm which corresponds to a theoretical FSR created by an optical path
length of approximately 70 um, which corresponds to the a physical distance of the MLM

placed in between the input and the output grating couplers.
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45 Simulation Results

De-embedding structure

1545 1550 1555 1560

MLM 10 excluding grating couplers 3

_7 '} B
1545 1550 1555 1560
-10 ML1;/[ 10 Simulation Wiﬂ.l grating couplers

-11

Normalized Transmission Intensity (dB)

-12

1545 1550 1555 1560
Wavelength (nm)

Figure 3.3: Simulation results of de-embedding structure with input and output grating couplers and MLM 10
with and without input and output grating couplers respectively.

The plots in Figure 3.4 and Figure 3.5 show the simulation results for the transmission
intensities in normalized and decibel (dB) scales, for the MLM structures with coupling lengths
from 10 um to 20 um. The dB scale is used to make the dips more prominent as is the case in
the Figure 3.5. The general response of a tunable mirror is observed, where the dip corresponds
to the maximum reflectivity of the mirror. The dotted red line indicates the shift of the dip
position, when the coupling length is varied. The wavelength range of 1500 nm to 1600 nm

was used in our analysis.
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Normalized Transmission Intensity

Simulation excluding grating
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Figure 3.4: Simulation: Normalized transmission intensities of meandering loop mirrors with coupling lengths

varying from 10 pm to 20 pm.
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Simulation excluding grating
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Figure 3.5: Simulation: Normalized transmission intensities in decibel scale (dB) of meandering loop mirrors
with coupling lengths varying from 10 pm to 20 um.
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Since the fabricated devices were connected to the grating couplers to couple the light, in and
out of the waveguide, the device response was modulated with a grating response. Figure 3.6
shows the modulated device response with the grating couplers. The grating response is shown

in Figure 2.26.

We located the dip position moving from 1610 nm in MLM 12 to around 1510 nm in MLM 20.
At this dip, the reflectance of the MLM reaches the maximum value, and only a small portion
of the input beam is propagated through to the output port. We compared the simulation results
in Figure 3.6 to the measurement results in Figure 3.7. The position of the dip can be located
at 1610 nm in MLM 12 and moves to 1510 nm in MLM 20. These results correspond well with

the simulated results.

In Figure 3.8 and Figure 3.9, we plotted the normalized transmission intensities for the
simulated case, and the received transmission intensities for the fabricated case, respectively.
The dips can be located in both the cases and are indicated with a dashed red line. The slope of
the mentioned line indicates that the dip is moving to the lower wavelengths (blue shifting) as

the coupling length is increased from 10 pm to 20 pm.

Figure 3.10 and Figure 3.11, show the normalized transmission intensities, and transmission
intensities in dB scale respectively, of the MLM with the coupling lengths varying from 10 um
to 40 um. The peaks in MLM 25 to MLM 40 correspond to the region, where the MLM has the
minimum reflectance. Contrary to the dips, the peaks are more prominent in the normalized
transmission intensities, and are indicated by a dashed green line. The two different slopes, i.e.,
the dashed red line, and the dashed green line, indicate that, the coupler is mismatched and the
chirp is observed in the coupling [77]. The coupling will oscillate faster, if the couplers length

are increased further.
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Simulation including grating

Normalized Transmission Intensity (dB)
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Figure 3.6: Simulation: Normalized transmission intensities in decibel scale (dB) of meandering loop mirrors
with coupling lengths varying from 10 pm to 20 pm, modulated with grating couplers.
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Measurement

Transmission Intensity (dBm)

MLM 20 ANT-2 25°C

1500 1520 1540 1560 1580 1600
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Figure 3.7: Measurement: Normalized transmission intensities in decibel scale (dBm) of meandering loop
mirrors with coupling lengths varying from 10 pm to 20 pm, modulated with grating couplers.
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Normalized Transmission Intensity

Simulation including grating
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Figure 3.8: Simulation: Normalized transmission intensities of meandering loop mirrors with coupling lengths

varying from 10 pm to 20 pm, modulated with grating couplers.
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Measurement
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Figure 3.9: Measurement: Transmission intensities (mW) of meandering loop mirrors with coupling lengths
varying from 10 pm to 20 um, modulated with grating couplers.
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Normalized Transmission Intensity

Simulation excluding grating
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Figure 3.10: Simulation: Normalized transmission intensities of meandering loop mirrors with coupling lengths
varying from 10 um to 40 um.
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Simulation excluding grating
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Figure 3.11: Simulation: Normalized transmission intensities in decibel scale (dB) of meandering loop mirrors
with coupling lengths varying from 10 um to 40 pum.
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3.2 Meandering Resonator (MR)
After developing the basic understanding for the behavior of a single MLM, we investigate two
cascaded MLMs. Since two cascaded MLMs form a Fabry-Pérot resonator, we call the

cascaded MLM structures meandering resonators (MRS).
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Lel 3

_ / ch?.
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Input - -
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Reflection Transmission

Figure 3.12: MR consisting of two MLMs with coupling lengths of Lc1 and Lc2 respectively.

10um

200nm

Figure 3.13: SEM of an MR consisting of two MLMs with same coupling lengths.

Figure 3.12 and Figure 3.13 show a layout and an SEM of a MR, respectively. Lcl and Lc2 are

the coupling lengths of the two DCs, R is the bending radii.
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The response of an MR is similar to a Fabry-Pérot resonator as the reflectance tuning of the

Fabry-Pérot mirrors is analogous to the coupling tuning in an MLM.

We investigated MRs for the cases, when Lcl = Lc2 (symmetric MR) and Lcl # Lc2

(asymmetric MR). Optical path length (perimeter) of an MR can be given as

MR Lcl vs Lc2 = MLM Lcl + MLM Lc2 + 2(nR + L) (3.2)
Spectra in Figure 3.14 and Figure 3.15 show the simulation results for the transmission
intensities in normalized and dB scales, respectively, for the MR structures with coupling
lengths from 10 um to 20 um. A Fabry-Pérot like behavior is observed. At the maximum

reflectivity points of the MLM, the energy stored in the MR is reduced, while the Q-factor rises.

Since the MLM is highly reflective at a wavelength of 1610 nm in MLM 12 to around 1510
nm in MLM 20. At these wavelengths, we expect to see the maximum Q-factor of the MR. We
compared the simulation results in Figure 3.16 to the measurement results in Figure 3.17. The
measured spectra are plotted for the chip-1 fabricated by ANT. These spectra were scanned for
the wavelength range of 1480 nm to 1580 nm, whereas the simulation range is from 1500 nm
to 1600 nm. In the overlap region between the simulated and measured spectra, the results

correspond well to each other.

In Figure 3.18 and Figure 3.19, we plotted the normalized transmission intensities for the
simulated, and the measured transmission intensities for the fabricated case, respectively. The
dips can be located in both cases, and are indicated with a dashed red line. The slope of the
mentioned red line indicates that, the high Q-factor peaks are moving to the lower wavelengths

(blue shifting) as the coupling length is increased from 10 um to 20 um.
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Simulation excluding grating
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Figure 3.14: Simulation: Normalized transmission intensities of MR Lc, with coupling lengths Lc varying from
10 pm to 20 um.
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Simulation excluding grating
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Figure 3.15: Simulation: Normalized transmission intensities in decibel scale (dB) of MR Lc, with coupling
lengths Lc, varying from 10 pm to 20 pm.

57



Chapter 3: Near-IR Spectral Response and Structural Analysis

Simulation including grating
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Figure 3.16: Simulation: Normalized transmission intensities in decibel scale (dB) of MR Lc, with coupling
lengths Lc varying from 10 pm to 20 pm, modulated with grating couplers.
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Measurement
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Figure 3.17: Measurement: Normalized transmission intensities in decibel scale (dBm) of MR Lc, with coupling
lengths Lc, varying from 10 um to 20 pm, modulated with grating couplers.
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Normalized Transmission Intensity

Simulation including grating
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Figure 3.18: Simulation: Normalized transmission intensities of MR Lc, with coupling lengths Lc varying from

10 pum to 20 pm, modulated with grating couplers.
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Figure 3.19: Measurement: Transmission intensities (mW) of MR Lc, with coupling lengths Lc varying from 10

pum to 20 um, modulated with grating couplers.
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Figure 3.20: Figures of Merit for Simulated and Measured, MR Lc structures, with Lc varying from 10 pm to 20

pm
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Figure 3.20, captures the overall performance of the MRs. Maximum Q-factor of around 5x10*
was observed in MR 16. Finesse increases from 5 to 30 in MR 10 to 16, then returns back to
around a value of 10 in MR 20. Extinction ratios (ERs) are sensitive to the reflectance of the
MLMs, and become worse at the high reflectance values of the mirror. FSR ranges from 1.25

nmto 1.7 nm.

3.3 MR with Asymmetric MLMs

[0 m

Figure 3.21: SEM of an MR consisting of two MLMs with different coupling lengths.

Simulation: Normalized transmission intensities in decibel scale (dB) of an MR with
asymmetric MLMs, with coupling lengths Lc1 O pm and Lc2 varying from 15 pm to 40 pm,

modulated with grating couplers.

Measurement: Normalized transmission intensities in decibel scale (dB) of an MR with
asymmetric MLMs, with coupling lengths Lcl O um and Lc2 varying from 15 pm to 40 um,

modulated with grating couplers.
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Normalized Transmission Intensity (dB)

Simulation excluding grating

— MR.0V520 -

== MR 0VS25 i

MR 0VS30 -

MR 0VS35

— MR 0VS40

1500

1520 1540 1560 1580 1600

Wavelength (nm)

Figure 3.22: Simulation: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 O um and Lc2 varying from 15 um to 40 um, modulated with grating

couplers.
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Measurement
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Figure 3.23: Measurement: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 0 pm and Lc2 varying from 15 um to 40 um, modulated with grating
couplers.
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Simulation excluding grating
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Figure 3.24: Simulation: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 5 pm and Lc2 varying from 15 um to 40 um, modulated with grating
couplers.
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Measurement
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Figure 3.25: Measurement: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 5 pm and Lc2 varying from 15 um to 40 um, modulated with grating
couplers.

67



Chapter 3: Near-IR Spectral Response and Structural Analysis

Simulation excluding grating
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Figure 3.26: Simulation: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 10 um and Lc2 varying from 15 pm to 40 pm, modulated with grating
couplers.
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Measurement
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Figure 3.27: Measurement: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 10 um and Lc2 varying from 15 pm to 40 pm, modulated with grating
couplers.
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Simulation excluding grating
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Figure 3.28: Simulation: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 15 pm and Le2 varying from 15 pm to 40 pm, modulated with grating

couplers.
Measurement
-20 MR 15vs20 ANT-125°C i

E

&= 40

2

. -60

b~

2 _80 'l 2 'l Il

3

=

[

=

=]

2 20 |

g -

£ 40

s -

Tt

=

-60

MR 15vs25 ANT-1 25°C

-80 .
1480 1500 1520 1540 1560 1580

Wavelength (nm)

Figure 3.29: Measurement: Normalized transmission intensities in decibel scale (dB) of an MR with asymmetric
MLMs, with coupling lengths Lc1 15 pm and Lc2 varying from 15 pm to 40 pm, modulated with grating
couplers.
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3.4 Antisymmetric meandering resonator (AMR)

Transmission
= \ *

Lc2

g

Input
B ‘ﬂ
— Lel

Reflection

Figure 3.30: AMR consisting of two couplers of lengths of Lcl and Lc2.
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Figure 3.31: SEM of an AMR consisting of two couplers of similar lengths.

Figure 3.30 and Figure 3.31 shows a layout and an SEM of an AMR, respectively. Lc1 vs Lc2
are the coupling lengths of the two DCs, and R is the bending radii. AMR Lc denotes the case,

when all the coupling lengths are equal, i.e., Lcl = Lc2.
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We have investigated AMRs for the cases when Lcl = Lc2 (symmetric AMR) and Lcl # Lc2

(asymmetric AMR).

Optical path length (perimeter) of an AMR can be given as

AMR Lc =2(R(m+2)+ 2 Lc+ g) 3.3)

Spectra in Figure 3.32 and Figure 3.33 show the simulation results for the transmission
intensities in normalized and dB scales, respectively, for the AMR structures with equal

coupling lengths from 10 pum to 20 um.

The resonance peaks move towards higher quality factor values as the coupling is increased.
The dotted red line indicates the shift in the resonance condition due to the variation in the

optical path length introduced by different coupling lengths of the directional couplers.

Figure 3.34 shows the intensities of AMR connected to the input and output grating couplers,
for Lc = Lcl = Lc2, where Lc is varied from 10 to 20 um. Figure 3.35 shows the measured
spectra of the AMR 10 to AMR 20. The resonant peak positions in the measurement are shifted,
which is due to the effect of fabrication variations in the devices. Calculated FSRs for the
measurements are in accordance with the simulations. Overall we see a good agreement

between the simulations and the measurements.

To distinguish the resonance peaks from the side lobes, in Figure 3.36 and Figure 3.37 we have

plotted the normalized intensities of the simulated and the measured spectra respectively.
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Simulation excluding grating

1 ' . .
AMR 10
0.5} -
0 L= -
> 1 T T
£ ] AMR 12
§ 0.5} -
=
= N VAVAVAVAVAVAN /\
S /
% 1 L L] L]
2 AMR 14
g /
E 0‘5 B -
[~~1
j .=
o
=]
[
.E
=
£
B
=]
Z

1540 1545 1550 1555 1560
Wavelength (nm)

Figure 3.32: Simulation: Normalized transmission intensities of AMR Lc, with coupling lengths Lc varying
from 10 pm to 20 pm.
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Simulation excluding grating
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Figure 3.33: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR Lc, with coupling
lengths Lc, varying from 10 pm to 20 pm.
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Simulation including grating
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Figure 3.34: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR Lc, with coupling
lengths Lc varying from 10 pm to 20 um, modulated with grating couplers.
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_20 - T T T -
-40
00F 1 JMR 10 ANT-2 28°C4 ]
-80 " 'l i Il ' L ]

Transmission Intensity (dBm)

AMR 20 ANT-2 25°C |

1540 1545 1550 1555 1560
Wavelength (nm)

Figure 3.35: Measurement: Normalized transmission intensities in decibel scale (dBm) of MR Lc, with coupling
lengths Lc varying from 10 um to 20 um, modulated with grating couplers.
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Simulation including grating
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Figure 3.36: Simulation: Normalized transmission intensities of AMR Lc, with coupling lengths Lc varying
from 10 um to 20 um, modulated with grating couplers.
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Figure 3.37: Measurement: Normalized transmission intensities of AMR Lc, with coupling lengths Lc varying
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from 10 pum to 20 pm, modulated with grating couplers.
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3.5 AMR with Asymmetric DCs

10 yum

200 nm

Figure 3.38: SEM of an asymmetric AMR Lcl vs Lc2 constituting two directional couplers of different lengths
Lcl and Lc2.

The geometric path length can be written as follows:

AMR Lclvs Le2 = 2(R(mr + 2) + Lel + Le2 + g) 34
In the following section we investigate the AMR constituting of two DCs of different coupling
lengths. Figure 3.39 shows the normalized transmission intensities in decibel scale (dB) of
AMR with asymmetric DCs where, Lc1 = 0 um, and Lc2 varying from 15 pm to 35 um. In the
transmission spectrum of AMR 0vs15, at the wavelength of 1550 nm, we start to observe the
CRIT like effect. By tuning the wavelength further at around 1570 nm the induced transparency
peak reaches the maximum value. The transmission spectra of AMR can achieve different line
shapes at different coupling values, these effects in the transmission spectra of AMR devices
can be explored in sensing and communication applications to achieve bandwidths of

operations which are not limited by the FSR value.

The dashed red and green lines in Figure 3.39 indicates the maximum and minimum reflectivity

values of MLM Lc2 respectively, these slopes were also discussed in Figure 3.11.
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Simulation excluding grating
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Figure 3.39: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR Lcl vs Lc2
constituting of asymmetric DCs Lc1 = 0 um, and Lc2 varying from 15 um to 35 pm.

Figure 3.40 shows the measurement spectra of the transmission intensities in decibel scale
(dBm) of AMR constituting of asymmetric DCs, with coupling lengths Lcl 0 um and Lc2
varying from 15 um to 35 um. The measurement spectra are blue-shifted by approximately
8 nm compared to the simulation. Since the measurements were taken at a temperature of 30
Celsius, these shifts are attributed to the fabrication and thermal variations. Overall the
response of the AMR Lcl vs Lc2 devices shows a good agreement between the simulations

and measurements.
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Measurement
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Figure 3.40: Measurement: Transmission intensities in decibel scale (dBm) of AMR Lcl vs Lc2 constituting of
asymmetric DCs, with coupling lengths Lc1l = 0 um and L¢2 varying from 15 um to 35 um.

When the total interaction length of the DCs in AMR are increased the process of conversion
of modes become slower, this is related to the tuning of the coupling of the coefficient. In
Figure 3.41, simulation results for normalized transmission intensities in decibel scale (dB) of
AMR constituting of asymmetric DCs, with coupling lengths Lc1fixed to 5 um and Lc2 varying
from 15 pum to 40 pum are plotted. While tuning the wavelength from 1500 nm to 1600 nm, the

AMR 5 vs 15 shows a mode being converted to a high Q factor values and is pushed by the
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new mode rising in the middle of two resonant modes. Eventually the power is completely

transferred to the new mode as is the case in AMR 5 vs 20 at around 1560 nm.

Simulation excluding grating
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Figure 3.41: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR Lcl vs Lc2
constituting of asymmetric DCs, with coupling lengths Lcl = 5 ym and Lc2 varying from 15 um to 40 um.

Figure 3.42, show the measured spectra of the devices coupled with the grating response. The
power conversion from one family of modes to the other family of modes are consistent with

the simulation spectra. The FSR values are also comparable with the theoretical values.
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Measurement
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Figure 3.42: Measurement: Normalized transmission intensities in decibel scale (dB) of AMR Lcl vs Lc2
constituting of asymmetric DCs, with Lc1 =5 um, and Lc2 varying from 15 um to 40 pm.

Figure 3.43 show the simulated spectra of normalized transmission intensities in decibel scale
(dB) of AMR constituting of asymmetric DCs with Lc1 fixed at 10 um, and Lc2 varying from
15 pm to 35 um. The FSR for this set of devices is smaller compared to the previous case, this
is the effect of increasing the DC’s interaction lengths. The mode seems to be high Q compared

to the previous devices.
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Simulation excluding grating
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Figure 3.43: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR Lcl vs Lc2
constituting of asymmetric DCs with Lc1 fixed at 10 um, and Lc2 varying from 15 pm to 35 pm.
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Figure 3.44: Measurement: Normalized transmission intensities in decibel scale (dB) of AMR Lc1 vs Lc2
constituting of asymmetric DCs, with coupling lengths Lcl = 10 pm, and Lc2 varying from 15 pm to 35 pum.
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Simulation excluding grating
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Figure 3.45: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR Lcl vs Lc2
constituting of asymmetric DCs, with coupling lengths Lc1 = 15 um, and L¢2 varying from 20 um to 30 pum.
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Figure 3.46: Measurement: Normalized transmission intensities in decibel scale (dB) of AMR Lcl vs Lc2
constituting of asymmetric DCs, with coupling lengths Lc1 = 15 um, and Lc2 varying from 20 um to 30 um.
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Figure 3.47: Simulation: Normalized transmission intensities in decibel scale (dB) of AMR with asymmetric
DCs Lcl 20 pm, with coupling lengths Lc2 varying from 25 pm to 30 um.
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Figure 3.48: Measurement: Normalized transmission intensities in decibel scale (dB) of AMR with asymmetric
DCs Lcl 20 pm, with coupling lengths Lc2 varying from 25 pm to 30 pum.
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The cases plotted in Figure 3.45 to Figure 3.48 show the spectra of AMR Lcl vs Lc2 devices
with variations in directional couplers. In general we observe that the FSR is inversely
proportional to the total interaction lengths of DCs, i.e., Lcl + Lc2, whereas the Q factor can
be tuned by selecting different coupling values. The CRIT like effect is also observed in the
spectra by tuning the coupling of DCs. The Q factor values observed in AMR cases can be
higher than the Lorentzian line shapes, observed in the MR case. The tenability of the CRIT
mode and the energy transfer from one resonant family to the other, which pushes the existing

resonant modes to high Q factor values.

The transmission spectra of AMR can achieve different line shapes at different coupling values,
these effects in the transmission spectra of AMR devices can be explored in sensing and
communication applications to achieve bandwidths of operations which are not limited by the

FSR value.

3.6 Symmetric meandering resonator (SMR)

Lc2
3 i thl
Input
*—
Reflection Transmission

Figure 3.49: (SMR Lc1 vs Lc2) consisting of two couplers of lengths of Lc1 and one coupler of length Lc2.
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200nm

Figure 3.50: SEM of SMRs consisting of three directional couplers of same lengths.

Figure 3.49 and Figure 3.50 shows a layout and SEM of a SMR, respectively. Lcl and Lc2 are
the coupling lengths of the DCs, and R is the bending radius, which for our case is equal to 10
um. SMR Lc denotes the case, where all the couplers have equal coupling lengths, i.e., Lcl =

Lc2.

SMR is a higher order AMR. If considered as a filter, the response of a higher order filter
becomes closer to the ideal box shape. The SMR has a richer spectrum with mode splitting of
tunable Fano and Lorentzian lineshapes. These responses make the SMR an ideal candidate for
designing optical filters. Compared to the coupled ring resonators, SMRs have inherent thermal
compensation mechanism, which eliminates the need to actively tuning the resonator to match

the resonance mode in case of a thermal variation on the chip.
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Figure 3.51: Measurement: Normalized transmission intensities in decibel scale (dBm) of SMR Lc, with
coupling lengths Lc¢ varying from 10 um to 18 um, modulated with grating couplers.

Spectra shown in Figure 3.51 and Figure 3.52 are the measured transmission intensities of SMR
10 to SMR 18, in dB and linear (uW) scale, respectively, for the chip-2 fabricated at the ANT.
These spectra were scanned for the wavelength range of 1500 nm to 1600 nm, whereas the
plotted range is from 1530 nm to 1570 nm Figure 3.7. The FSR of the spectrum is decreased,
as we move from SMR with Lc¢ = 10 um to 18 um. mode splitting gets decreased, while the Q-

factor of the peaks is increased.
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Figure 3.52: Measurement: Normalized transmission intensities of SMR Lc, with coupling lengths Lc varying
from 10 um to 18 um, modulated with grating couplers.

The results demonstrate that, active tuning of SMR based optical filters can be achieved by

coupling the device with electrical control circuits.
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Figure 3.53: Measurement: Normalized transmission intensities in decibel scale (dBm) of SMR Lc, with
coupling lengths Lc varying from 20 pm to 30 um, modulated with grating couplers.

In Figure 3.53 and Figure 3.54 the transmission intensities of the SMR 20 to SMR 30 are plotted.

SMR22 shows the highest extinction ratios (ERS), which are desirable for interleaving.
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Figure 3.54: Measurement: Normalized transmission intensities of SMR Lc, with coupling lengths Lc varying
from 20 um to 30 um, modulated with grating couplers.
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4 Conclusions and future work

Meandering Loop Mirrors (MLMs) and resonators based on MLMs are designed, fabricated,
and analyzed using silicon integrated photonics technology for operation in the standard near-

infrared (near-1R) telecommunication band.

Optical waveguides, directional couplers (DCs), MLMs, meandering resonators (MRS),
antisymmetric meandering resonators (AMRs), and symmetric meandering resonators (SMRS)
with symmetric and antisymmetric DCs were designed, fabricated, and analyzed as a function
of the DC length to scan the desired near-infrared (near-IR) telecommunication band. The free
spectral range (FSR), finesse, quality factor (Q-factor), and extinction ratio (ER) are deduced
from both the experimentally measured, and the numerically simulated transmission spectra,

and were found to be in good agreement.

We analyzed the wavelength dependence of a DC, the DC is one of the basic elements used in
our designs. We looked at the coupled and the transmitted port intensities, and compared them
with the measurement results. These DCs were chosen for designing the meandering elements
because the wavelength sweep would correspond to the tuning due to coupling of the devices.
Then we studied the MLM spectral response, which incorporates a DC. After developing the
basic understanding of DC and the MLM, we analyzed the spectral responses of more complex

structures, e.g., MR, AMR, and SMR.

The resonance observed in the spectrum of de-embedding structure is due to the FP effect
created by the reflections from the input and the output grating couplers. The free spectral range
FSR for the simulated structure is 1.88 nm, which matches with the theoretical FSR value of
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1.9 nm for a waveguide length of 160 um with a group index of 4. The interference in MLM
10 (excluding grating) structure creates a pattern with a simulated FSR of 4.3 nm. Since the
dynamic range of the interference is small compared to the FP effect, the change produced by
this effect is not making a significantly visible modulation in the spectrum. The FP effect in
MLM 10 (with gratings) with a smaller FSR of 1.6 nm is due to the reflections from the gratings.
The FSR is smaller than the de-embedding structure’s FSR of 1.8 nm, because of longer optical

path length introduced by the MLM 10 itself.

The general response of a tunable mirror was observed for the MLMs, where the dip
corresponds to the maximum reflectivity of the mirror. The dip position shifted, when the
coupling length of the DC was varied. Contrary to the dips, the peaks were more prominent in
the normalized transmission spectra of MLMs. The two different slopes in the MLM spectra
indicate that, the couplers was mismatched and a chirp was observed in the coupling. The
simulation results for the transmission intensities of the MR structures showed a Fabry-Pérot
like behavior. At the maximum reflectance points of the MLM, the Q-factor was observed to
be maximum. Maximum Q-factors of around 5x10* was observed in MRs, whereas the
maximum finesse (F) reaches 30. Extinction ratios are sensitive to the reflectance of the MLMs,
and become worse at the high reflectance values of the mirror. The FSR ranges from 1.25 nm

to 1.7 nm for our fabricated MR devices.

We have designed and analyzed the AMRs with both symmetric DCs (AMR Lc) and
asymmetric DCs (AMR Lcl vs Lc2). The AMRs showed a typical response which is similar
to the coupled resonator induced transparency (CRIT), the analogue of the electromagnetically

induced transparency (EIT), spectral response.

95



Chapter 4: Conclusions and future work

The resonance peaks move towards higher quality factor values as the coupling is increased. A
shift in the resonance condition was observed due to the variation in the optical path length

introduced by different coupling lengths of the directional couplers.

We plotted the intensities of AMR connected to the input and output grating couplers, for Lc
= Lcl = Lc2, where Lc is varied from 10 to 40 um. In the measured spectra of the AMR, the
resonant peak positions are shifted by 5 nm, which is attributed to the fabrication variations in
lithography process of the devices. Calculated FSRs for the measurements are in accordance
with the simulations. Overall we see a good agreement between the simulations and the
measurements. To distinguish the resonance peaks from the side lobes, we have plotted the

normalized intensities of the simulated and the measured spectra.

For the case of asymmetric DCs in AMR Lc1l vs Lc2 devices we studied the spectral responses
with variations in directional coupler lengths. In general we observe that the FSR is inversely
proportional to the total interaction lengths of DCs, i.e., Lc1l + Lc2, whereas the Q factor can
be tuned by selecting different coupling values. The CRIT like effect is also observed in the
spectra by tuning the coupling of DCs. The Q factor values observed in AMR cases can be
higher than the Lorentzian line shapes, observed in the MR case. The tenability of the CRIT
mode and the energy transfer from one resonant family to the other, which pushes the existing

resonant modes to high Q factor values.

The transmission spectra of AMR can achieve different line shapes at different coupling values,
these effects in the transmission spectra of AMR devices can be explored in sensing and
communication applications to achieve bandwidths of operations which are not limited by the

FSR value.

The SMR has a richer spectrum with mode splitting of tunable Fano and Lorentzian lineshapes.

These responses make the SMR an ideal candidate for designing optical filters. Compared to
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the coupled ring resonators, SMRs have inherent thermal compensation mechanism, which
eliminates the need to actively tuning the resonator to match the resonance mode in case of a
thermal variation on the chip. The results demonstrate that, active tuning of SMR based optical

filters can be achieved by coupling the device with electrical control circuits.

All in all, MLMs and resonators based on MLMs show promise as a novel silicon photonic

integrated circuit (Si-PIC) platform for optical communication, computation, and sensing.
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