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Abstract

Sub-wavelength gratings (SWGs) and periodic waveguides play important roles in

integrated optics. These periodic structures have been employed in integrated op-

tical power couplers and wavelength filters which are key components for optical

communication and sensing systems. This dissertation is a theoretical and experi-

mental study of high performance silicon photonic SWG-based adiabatic couplers,

SWG contra-directional couplers (SWG CDCs), and polarization-rotating Bragg

grating (PRBG) filters that use these periodic structures.

Mode-evolution-based couplers, also known as adiabatic couplers, are funda-

mental building blocks for optical communications applications such as broadband

optical switches and electro-optic modulators. In this thesis, to begin with, adia-

batic 3 dB couplers using conventional silicon-on-insulator (SOI) ridge and strip

waveguides are studied and demonstrated for 100-µm-long mode-evolution re-

gions and 100 nm operating bandwidths with splitting imbalances <0.5 dB. Next,

SWG waveguides are explored and employed to design and demonstrate a com-

pact, broadband SWG 3 dB adiabatic coupler with a 20-µm-long mode-evolution

region, a 130 nm bandwidth, and a splitting imbalance <0.4 dB. Finally, SWG-

assisted strip waveguides are studied and utilized for a compact, ultra-broadband,

adiabatic 3 dB coupler that has a 15-µm-long mode-evolution region, a 185 nm

bandwidth, a splitting imbalance <0.3 dB, low insertion losses (ILs) <0.11 dB,

and high fabrication tolerances. The SWG-assisted adiabatic 3 dB couplers have

smaller footprints with much wider operating bandwidths and much lower ILs than

their alternatives, i.e., directional couplers and multi-mode interference couplers.

SWG CDCs are proposed and demonstrated to provide broadband wavelength

filtering for applications such as add-drop filters and bandwidth-tunable filters.
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These devices provide square-shaped, drop-port responses with 3 dB bandwidths

>30 nm and sidelobe suppression ratios >50 dB.

PRBGs are proposed and demonstrated using periodic corner corrugations on

single-mode SOI strip waveguides for polarization-insensitive wavelength filtering.

A PRBG band-rejection filter is demonstrated with a 3 dB bandwidth of 2.63 nm,

an extinction ratio (ER) >27 dB, and a low IL <1 dB for both the transverse electric

and transverse magnetic modes. A PRBG band-pass filter is also demonstrated

using phase-shifted PRBGs and achieves a 3 dB bandwidth of 0.26 nm and an ER

of 19 dB for both modes.
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Lay Summary

Optical power couplers and wavelength filters are fundamental building blocks in

optical communication systems such as those used for high-speed internet, tele-

phone and cable television distribution, and other data streaming applications. This

thesis describes the development of high performance couplers and filters using

a low-cost, silicon-based technology, the silicon-on-insulator platform, for next-

generation optical communication systems.

This research resulted in novel components for high performance photonic in-

tegrated circuits, including compact, ultra-broadband couplers, broadband filters,

and polarization-insensitive filters. In addition to communications, these devices

can be used in other systems such as sensor systems.
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Chapter 1

Introduction

1.1 Silicon Photonics
Silicon photonics, using a high-index-contrast silicon-on-insulator (SOI) platform,

is an emerging technology that can be used to integrate large-scale photonic and

electronic circuits to obtain eletronic-photonic functionality. The low cost of high

crystal quality silicon wafers, and their compatibility with mature silicon integrated

circuit manufacturing techniques, have enabled the rapid growth of silicon photon-

ics in recent years. Due to the strong optical confinement, which is offered by

the high refractive index contrast between silicon and silicon dioxide, on the SOI

platform, the feature sizes of silicon photonic integrated circuits (PICs) have been

scaled down to the sub-micron level. Fabricated using processes developed for

advanced complementary metal-oxide-semiconductor (CMOS) technology nodes,

e.g., the 90-nm node, high levels of integration of highly compact PICs can be

realized with low manufacturing costs [1–3].

During the past two decades, various photonics components with compact foot-

prints and competitive performances have been proposed and demonstrated on the

SOI platform within standard telecommunications optical wavelength bands, i.e.,

from 1260 nm to 1675 nm. These components include low-loss waveguides [4, 5],

optical inputs/outputs (IOs) [6–12], power couplers/splitters [13–16], wavelength

filters [17–22], multi/demultiplexers [23–26], electro-optic modulators [27–34],

photodetectors [35, 36], etc. Using mature hybrid integration and packaging tech-
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niques, integrated systems using many of these components have been publicly

announced and/or commercially released to the telecommunications and data com-

munications markets. Those products that have been released are typically pro-

duced in large volumes by world leading semiconductor and telecommunications

companies. Acacia Communications Inc. [37], Luxtera (now part of Cisco) [38],

Finisar (now part of II-IV Inc.) [39], and Intel [40] are examples of such compa-

nies. Silicon photonics-based optical coherent transceiver modules, for example,

have been released with a wide range of data rates up to 200 Gbps [38, 40, 41]

for optical interconnects in data centers and high-performance computing. In these

modules, power couplers/splitters, polarization beam splitter and rotators, wave-

length (de)multiplexers, modulators, photodetectors, and lasers are integrated to

achieve high performance PICs in a compact size with reduced costs [3, 42].

Recently, within the past five years, there have been significant technological

breakthroughs towards the monolithic integration of photonic and electronic de-

vices on SOI platforms [43]. In 2015, a microprocessor integrating over 850 pho-

tonic components and 70 million transistors on a single chip [44] was demonstrated

using a commercial 45-nm CMOS fabrication process [45]. In 2016, continuous-

wave (CW) InAs/GaAs quantum dot lasers, which were directly grown on silicon

substrates, were demonstrated [46]. Also in 2016, a 56 Gb/s silicon photonic pulse-

amplitude modulation (PAM) transmitter [47] was demonstrated by monolithically

integrating silicon travelling-wave modulators and CMOS driver circuits on a sin-

gle chip using the IBM’s 90-nm CMOS fabrication process [2]. In 2018, 10 Gbps

wavelength-division multiplexing (WDM) transceiver chips were demonstrated by

integrating silicon photonic components, digital electronic circuits, and thermal

tuner controllers on a chip using a 65-nm bulk CMOS fabrication technology [48].

Recently MACOM demonstrated a 4×106 Gbps PAM-4 silicon photonics trans-

mitter, with monolithic integrated CW InP lasers, on a single chip [49]. Advances

in silicon photonics, and its compatibility with standard CMOS processes, allow

high speed, high density data transmission with low power consumption at low

cost, which provide promising solutions for next-generation optical communica-

tions applications.
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1.1.1 The Silicon-on-Insulator Platform

Figure. 1.1 shows a schematic of a cross-section of an SOI wafer that is commonly

used for silicon photonics fabrication. An SOI wafer typically consists of a sil-

icon substrate (∼700 µm thick), a buried oxide (BOX) layer (2 to 3 µm thick),

and a thin, crystalline, silicon layer [50]. Optical waveguides and devices are de-

fined in the thin, crystalline, silicon layer and are usually covered by another oxide

(cladding) layer for protection. The thickness of the thin silicon layer is typically

220 nm, which has become a standard offering by silicon photonics foundries [51].

It should be noted that some commercially available products, such as silicon ac-

tive optical cables from Luxtera [38], are based on a thicker silicon layer (300 nm

for example), but this is not widely available to the research community or to small

companies [3]. The devices presented in this dissertation are based on SOI wafers

with a 220 nm silicon layer. The thickness of the silicon layer that we used is the

same as that provided by silicon photonics multi-project wafer (MPW) foundries,

such as imec, CEA-LETI, A*Star/IME/AMF, and IHP [52–55].

In this thesis, the devices defined in the 220 nm silicon layer were patterned

using either 193 nm deep ultra-violet (DUV) lithography (provided by imec and

IME/AMF) or electron beam lithography (EBL), provided by the Washington Nanofab-

rication Facility [56] and the Applied Nanotools, Inc. [57]. These two approaches

are common choices for silicon photonics fabrication on SOI platforms. The DUV

lithography process has high throughput for mass production whereas the EBL pro-

Silicon substrate

Buried oxide (BOX)

Silicon

Cladding

220 nm

2 - 3 µm

~700 µm

Figure 1.1: Schematic of the cross-section of a typical silicon-on-insulator
(SOI) wafer.
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cess is suitable for rapid-prototyping research and development purposes but at the

cost of low throughput [58]. Detailed fabrication procedures of using these two

approaches can be found in Refs. [59–61].

1.1.2 Challenges and State of the Art

In silicon PICs, passive photonic devices are fundamental building blocks for sub-

systems or system integration. Although significant progress has been achieved,

many challenges remain to be solved to improve the performance at the component-

level and, therefore, to achieve satisfactory system performance. The high refrac-

tive index contrast between the silicon layer and the cladding layer allows SOI

waveguides with small cross-sectional geometries (typically 500-nm-wide by 220-

nm-high ) to have guided optical modes with strong optical confinement for single-

mode operation. However, this high index contrast also raises the problems of dis-

persion and birefringence, which limit the device performance such as operating

bandwidth and polarization independence.

Power Coupler/Splitter

Optical power couplers/splitters are key components for combining and splitting

light between waveguides with desired coupling ratios and are widely used for

interferometer-based optical switches and electro-optic modulators. Optical power

couplers/splitters, having broad operating bandwidths, low splitting imbalances,

low insertion losses (ILs), small footprints, and high fabrication tolerances, have

always been needed for high performance optical switches [62–64] and modula-

tors [31, 65]. Figure 1.2 shows the schematic diagrams of four types of optical

power coupler/splitter that are commonly used on SOI platforms. They are Y-

junctions, directional couplers (DCs), multi-mode interference (MMI) couplers,

and adiabatic couplers. Y-junctions have the most compact footprints with low

ILs but are 1×2 couplers which are not suitable for applications such as N ×N

switch matrices. DCs, consisting of two parallel symmetric waveguides, have

simple structures but are highly sensitive to wavelength changes and fabrication

variations. MMI couplers are self-image based devices with broader operating

bandwidths than DCs and low splitting imbalances; however, they have higher ILs
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Figure 1.2: Schematics of optical power couplers/splitters that are commonly
used in silicon photonic integrated circuits: (a) Y-junction, (b) direc-
tional coupler, (c) MMI coupler, and (d) adiabatic coupler.

than other types of coupler/splitter and are sensitive to fabrication variations [66].

Adiabatic couplers are mode-evolution based couplers that support broadband op-

eration [67]. In an adiabatic coupler, two parallel, tapered waveguides are used to

evolve either the fundamental mode or the next higher-order mode of two asymmet-

ric waveguides at one end of the coupler to the same order mode of two symmetric

waveguides at the other end of the coupler, respectively, and vice versa. Due to

its operating principle, the adiabatic coupler has broad operating bandwidth, low

IL, low splitting imbalance, and high tolerance to fabrication imperfections. How-

ever, due to the strong mode confinements in regular SOI waveguides (either strip

or ridge waveguides), adiabatic couplers need long mode-evolution (or coupling)

regions and, therefore, often have large footprints. It is a great challenge to reduce

the footprints of adiabatic couplers while maintaining their advantages of broad op-

erating bandwidths, low ILs, low splitting imbalances, and high tolerance to fabri-

cation imperfections. Several methods have been proposed to reduce the footprints

of adiabatic couplers, such as simultaneously tapering the gap distance between

the two waveguides [68], using a narrow waveguide gap distance of 100 nm [69],

or using non-linear waveguide tapering profiles [70–72], but at a cost of increased

IL, increased splitting imbalance, and increased design and fabrication complexity.
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Ref. Year Polarization BW
(nm)

Splitting
Ratio (dB)

IL
(dB)

LE (µm) Waveguide

[73] 2006 TE&TM 300 3±0.7 ∼0.5 250 Rib
[74] 2010 TE 90 3±1.1 NA 200 Rib
[68] 2013 TE 100 3±0.2 0.31 300 Rib
[15] 2013 TE 100 3±0.5 <1 100 Rib
[62] 2013 TE 70 3±0.3 <1 100 Strip
[75] 2015 TE/TM 100 3±0.8 (TE)

3±0.2 (TM)
<0.5 100 (TE)

122 (TM)
Strip

[76] 2016 TE 130 3±0.4 <0.5 20 SWG
[77] 2017 TE&TM 100 3±0.7 NA 125 Strip
[78] 2018 TE 185∗

500∗∗
3±0.3 <0.11 15 SWG-

assisted
Strip

[69] 2018 TE&TM 100 (TE)
80 (TM)

3±0.6 (TE)
3±0.1 (TM)

∼1 75 Strip

[79] 2018 TE&TM 100 3±0.27 <0.74 25 SWG-
assisted
Slot

[71] 2018 TE 100 3±0.3 <0.3 60 Rib
[72] 2019 TE 100 3±0.5 <0.3 26.3 Rib

∗: Measured bandwidth (limited by our test setup).
∗∗: Simulated bandwidth.

Table 1.1: Comparison of mode-evolution-based, 2×2 power splitters on SOI
platforms. The adiabatic couplers developed in this dissertation are high-
lighted in bold italics. BW: Bandwidth; LE : mode evolution region
length.

Table. 1.1 lists the adiabatic 3 dB couplers developed in this dissertation as

well as state-of-the-art, mode-evolution-based, SOI power splitters demonstrated

by other research groups in chronological order. In this dissertation, broadband

adiabatic 3 dB couplers using regular SOI rib [15] (2013) and strip waveguides [75]

(2015) are demonstrated in Chapter 2 both with 100 nm operating bandwidths and

100-µm-long mode-evolution regions (a reduction in length by a factor of 2 at

the time that my first work in this area was published [15]) for the TE mode.

Compact, broadband adiabatic 3 dB couplers using sub-wavelength grating (SWG)

waveguides [76] (2016) are demonstrated in Chapter 3 with 130 nm operating

bandwidths and 20-µm-long mode-evolution regions, which were at least 80 per-
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cent shorter and had at least 30 percent wider bandwidths than any prior reports

on adiabatic couplers. Compact, ultra-broadband adiabatic 3 dB couplers using

SWG-assisted waveguides [78] (2018) are demonstrated in Chapter 4 with 500 nm

(simulated) and 185 nm (measured) operating bandwidths†, 15-µm-long mode-

evolution regions, ILs <0.11 dB, and splitting imbalances <±0.3 dB, which repre-

sented state-of-art performance at that time. As shown in Table. 1.1, our approach

of using SWG-based waveguides substantially reduces the footprint of adiabatic

couplers and extends their operating bandwidths while maintaining low insertion

losses, low splitting imbalances, and high tolerances to fabrication errors. More

important, our SWG-assisted adiabatic coupler improves the state-of-the-art per-

formance in terms of feature size, operating bandwidth, insertion loss, and splitting

imbalance. Until now, there has been no improvements with regards to bandwidth

or length on our results for our SWG-assisted adiabatic couplers [78] published

in 2018 [69, 71, 72, 79]. In comparison with other types of SWG-based power

splitters [80, 81], our SWG-assisted adiabatic couplers have much lower insertion

losses and splitting imbalances, and are more robust to fabrication imperfections.

Wavelength Filter

Optical wavelength filters are essential devices for wavelength-selective filtering

and have been widely used for applications including optical add-drop multiplex-

ers (OADMs), modulators, bio-sensors, etc. SOI wavelength filters with flat-top,

square-shaped responses and broad operating bandwidths are promising candidates

for applications such as bandwidth-tunable filtering, dispersion engineering, and

WDM band splitting. Among the various types of SOI filter, contra-directional

couplers (CDCs) are competitive due to their compact sizes, flat-top responses,

low ILs, and high extinction ratios (ERs). As shown in Fig. 1.3, a CDC usually

consists of two asymmetric waveguides with integrated, first-order, Bragg gratings

on each waveguide. Typically, for either transverse electric (TE) or transverse mag-

netic (TM) modes, the Bragg gratings couple light contra-directionally between the

fundamental mode and the next higher-order mode of the two asymmetric waveg-

uide system at selected wavelengths. Therefore, when light is injected into one

†The measured bandwidth was limited by our test setup.
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Figure 1.3: Schematic of a CDC with uniform gratings.

waveguide, the selected wavelengths will be dropped and reflected to the other

waveguide of the CDC. Unlike micro-ring resonators (MRRs), first-order, Bragg

grating based CDCs have unlimited free-spectral-ranges (FSRs). As compared

with other waveguide Bragg grating filters [20, 82], CDCs do not need additional

circulators or power couplers/splitters (which have their own, additional, ILs) to

separate the dropped signal from the input signal with extra ILs. However, due to

the strong mode confinement in conventional SOI waveguides (either strip or ridge

waveguides), it is difficult to achieve a very large coupling strength between the

two system modes and, thus, SOI CDCs typically have bandwidths of less than

10 nm. Recently CDCs utilizing one conventional strip waveguide and one SWG

waveguide have been proposed and demonstrated on SOI platforms [83–85]. How-

ever, these devices have low ERs and/or strong sidelobes.

In this dissertation, in Chapter 5, broadband CDCs using two apodized SWG

waveguides are demonstrated with broad 3 dB bandwidths of 32.6 nm, high side-

lobe supression ratios (SLSRs) >19 dB and high ERs >40 dB. Moreover, our

series-cascaded SWG contra-DCs provide square-shaped filtering responses with

3 dB bandwidths >30 nm and SLSRs >50 dB. These devices provide the state-of-

the-art performance in terms of bandwidth and SLSR and are competitive candi-

dates for applications such as WDM band-splitters and bandwidth-tunable filters.

Polarization Diversity

Polarization diversity is another challenge in silicon PICs. Due to the cross-sectional

geometry of SOI waveguides (typically 500 nm wide by 220 nm high) and the

high refractive index contrast between the silicon layer and the cladding layer,
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SOI devices suffer from modal birefringence and are highly polarization-sensitive.

This makes them incompatible with fiber-optic systems that use non-polarization-

maintaining, single-mode fibers, since light is typically coupled from optical fibers

to silicon PICs in arbitrary polarization states [86]. SOI wavelength filters, such

as MRRs, arrayed waveguide gratings (AWGs), waveguide Bragg gratings, and

CDCs, are typically designed for either TE mode or TM mode operation. To

work for both polarization types, several methods have been proposed such as us-

ing cladding stress on SOI ridge waveguides [87] or implementing polarization

control circuits at the inputs of the filters [88–90]. However, these methods in-

crease the design complexity as well as the fabrication costs. Using polarization-

rotating Bragg gratings (PRBGs) [91–93] provides an alternative solution to meet

the needs for polarization-independent wavelength filtering. As shown in Fig. 1.4,

a single PRBG-based filter will pass, or reflect, both the TE and TM modes at

the same wavelength without the need to use additional polarization beam split-

ters and/or polarization rotators such as required in most polarization diversity cir-

cuits [88, 89]. Recently PRBG-based filters [94] using non-vertical waveguide

sidewalls have been proposed and demonstrated on the SOI platform. However,

these devices were demonstrated using 300-nm-thick waveguides and required spe-

cial control of the sidewall angles during the fabrication process. In contrast, over

the past decade, silicon photonic foundries have been putting a lot of effort into

fabricating SOI waveguides with nearly vertical sidewalls for silicon PICs.

𝝀𝟏, 𝝀𝟐, … 𝝀𝑷𝑹…𝝀𝑵 𝝀𝟏, 𝝀𝟐, ……𝝀𝑵

𝝀𝑷𝑹

𝝀𝟏, 𝝀𝟐, … 𝝀𝑷𝑹…𝝀𝑵 𝝀𝟏, 𝝀𝟐, ……𝝀𝑵

𝝀𝑷𝑹

PRBG filter

PRBG filter

TE

TM

Si

Shallow-etched Si

SiO2 BOX

Figure 1.4: Illustration of polarization-independent wavelength filtering and
wavelength-selective polarization-rotating achieved by using an SOI,
PRBG-based, band-rejection filter.
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In Chapter 6 of this dissertation, compact, PRBG-based, band-rejection and

transmission filters, which work with vertical sidewalls, are demonstrated on regu-

lar, 220-nm-thick, SOI strip waveguides. Unlike the device demonstrated in [94],

my approach uses partially-etched, waveguide corner corrugations and is achieved

by using a standard duo-etching process, that is widely offered by silicon pho-

tonics foundries. In comparison with the previous work [94], my PRBG band-

rejection filter is more compact, having a total grating length of 294.4 µmm (as

compared to 1 mm [94]) and achieves higher ERs >27 dB for both the TE mode

and the TM mode [95]. Based on our approach of using waveguide corner cor-

rugations, the work in [96] introduced a quarter-wave phase-shift to the PRBG

waveguide in order to obtain a PRBG transmission filter that had unbalanced trans-

mission peaks with 0.2 nm bandwidths and 5 dB insertion losses for both the TE

mode and the TM mode. In this dissertation, in Section 6.2, I present a thermally-

tunable PRBG transmission filter that achieves balanced transmission peaks with

0.26 nm bandwidths, insertion losses <0.5 dB, and wavelength tuning efficiencies

of 0.028 nm/mW for both the TE mode and the TM mode [97]. Our PRBG filters

set the state-of-the-art performance in terms of feature size, operating bandwidth,

and insertion loss for polarization-independent wavelength filtering.

1.2 Silicon Photonic Periodic Waveguide Structures
The propagation and diffraction of light in periodic waveguide structures show nu-

merous phenomena that are widely used in integrated optics. Periodic waveguide

structures are obtained by periodically modulating the effective refractive index

along the propagation direction of the optical mode in the waveguide system. It

should be noted that the waveguide system refers to a system consisting of either

one or multiple physical waveguides and, therefore, the optical modes refer to the

eigenmodes of the entire system (instead of a single waveguide). The periodic

modulation can be achieved by either varying the refractive index (e.g., alternat-

ing material) or changing the physical dimensions of the waveguides. In silicon

photonics, while there are a few approaches such as ion implantation [98, 99] and

external cladding modulation [100, 101], the periodic grating patterns are usually

formed by changing the physical dimensions of the waveguide using physical cor-
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Figure 1.5: Schematic drawings of several periodic waveguide structures and
the diffraction (or propagation) of light: (a) a waveguide Bragg grating
reflector, (b) a grating-based, contra-directional coupler, and (c) a sub-
wavelength grating waveguide.

rugations [18–20, 22, 82, 102–106] that lead to the modulation of the effective

refractive index of the optical modes in the waveguides.

The effective refractive index modulation perturbs the propagating optical mode

with the periodicity (i.e., the grating period), Λ. Therefore, as illustrated in Fig. 1.5,

light can be scattered (or propagated) at the operating wavelength, λo, in one of the

following cases: (a) reflected back, (b) coupled from the current guided mode into

another guided mode, and (c) continue propagating with diffraction effects fully

suppressed. Waveguide Bragg grating reflectors [20, 82, 107], contra-directional

couplers (CDCs) [19, 22, 103], and sub-wavelength gratings (SWGs) [108, 109]

are typical examples of cases (a), (b), and (c), respectively.
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1.2.1 Coupled-Mode Analysis

The operation of periodic grating structures can be understood by using coupled

mode theory [110, 111]. The corrugations have the effect of periodically varying

the dielectric constant profile of the waveguide system along the length of the grat-

ing and can cause the i-th mode of the waveguide system, having a propagation

constant βi, to be coupled into the j-th mode, having a propagation constant β j.

This coupling only occurs when the phase-match condition is met, which is given

by

βi−β j = m · 2π

Λ
, (1.1)

for some integer m. In this dissertation, only the case in which m = ±1 is con-

sidered since first-order gratings are used in all of my devices. It should be noted

that βi · β j can be either positive or negative. When βi · β j > 0, the coupled j-th

mode has a component in the same propagation/diffraction direction as the input

i-th mode, whereas, when βi · β j < 0, the coupled j-th mode has a component

in the opposite propagation direction to the input i-th mode [see Figs. 1.5(a) and

(b)]. As shown in Fig. 1.5(a), periodic gratings act as Bragg reflectors and couple

light from forward propagating modes into the same order, backward propagating

modes, when β j = −βi. As shown in Fig. 1.5(b), when i 6= j and βiβ j < 0, the

gratings contra-directionally couple light from the forward propagating, i-th mode

into the backward propagating, j-th mode of the two waveguide system. However,

when

Λ <
λo

2 ·max{ne f f ,i, ne f f , j}
, (1.2)

where ne f f ,i and ne f f , j are the wavelength-dependent effective indices of the i-

th and j-th eigenmodes, respectively, no phase-match condition will be met and

there will be no diffraction. In such a case, as shown in Fig. 1.5(c), the gratings

are referred to as SWGs waveguides and light will propagate through the SWG

waveguides without being affected by the discontinuities along the direction of

propagation [108, 109].

The spectral responses of the coupling between the two modes in periodic grat-

ing structures can be determined using coupled-mode theory. When light propa-

gates along the z direction of the waveguide system, the electric field can be written

12



as [111]:

E(x,y,z) = A(z)Ea(x,y)e− jβaz +B(z)Eb(x,y)e− jβbz (1.3)

where Ea(x,y) and Eb(x,y) are the normalized transverse electric field distributions

of the eigenmodes that have the propagation constants βa and βb, respectively, and

A(z) and B(z) are the field amplitudes as functions of the longitudinal position, z.

In the presence of the gratings, the coupled-mode equations are given by [111]:

d
dz A(z) =− j βa

|βa|κabB(z)e j∆β z

d
dz B(z) =− j βb

|βb|κbaA(z)e− j∆β z

(1.4)

where κab = κ∗ba and κab and κba are the distributed coupling coefficients of the

gratings and represent the coupling strength between the two modes. ∆β is the

phase mismatch and is given by ∆β = βa−βb− 2π

Λ
. The coupling coefficients are

given by [21, 111]:

κab = κ
∗
ba =

ω

4

∫∫
E∗a(x,y) · ε(x,y)Eb(x,y)dxdy (1.5)

where ω is the optical angular frequency and ε is the first-order Fourier compo-

nent of the dielectric perturbation. Eq. 1.5 is appropriate for the case in which

the effect of the dielectric perturbation is small. For high index contrast waveg-

uides, with strong perturbations, κ can be calculated using finite-difference time-

domain (FDTD) simulation techniques with Bloch boundary conditions [104].

For either reflective or contra-directional coupling between the two modes, the

coupled modes are propagating in opposite directions and, therefore, βa/|βa| and

βb/|βb| become 1 and -1, respectively. In this case, Eq. 1.4 becomes:

d
dz A(z) =− jκB(z)e j∆β z

d
dz B(z) = jκ∗A(z)e− j∆β z

(1.6)
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The general solutions of Eq. 1.6 can be written as:

A(z) =
{[

cosh(sz)− j ∆β

2s sinh(sz)
]
A(0)− j κ

s sinh(sz)B(0)
}

e j ∆β

2 z

B(z) =
{

j κ∗

s sinh(sz)A(0)+
[

cosh(sz)+ j ∆β

2s sinh(sz)
]
B(0)

}
e− j ∆β

2 z

(1.7)

where s =
√
|κ|2− (∆β/2)2 and A(0) and B(0) are the field amplitudes at z =

0. The complex amplitudes of the electric fields for the forward and backward

propagating modes can be defined by including their propagation phases and are

given by
a(z) = A(z)e− jβaz

b(z) = B(z)e− jβbz

(1.8)

Then Eq. 1.7 can be written in a transfer matrix form as[
a(z)e j βa+βb

2 ze+ j π

Λ
z

b(z)e j βa+βb
2 ze− j π

Λ
z

]
=

[
cosh(sz)− j ∆β

2s sinh(sz) − j κ

s sinh(sz)

j κ∗

s sinh(sz) cosh(sz)+ j ∆β

2s sinh(sz)

][
a(0)

b(0)

]
(1.9)

Since the matrix is unimodular, by inverting the above matrix equation, Eq. 1.9 can

be rearranged to give[
a(0)

b(0)

]
=

[
cosh(sz)+ j ∆β

2s sinh(sz) j κ

s sinh(sz)

− j κ∗

s sinh(sz) cosh(sz)− j ∆β

2s sinh(sz)

][
a(z)e j βa+βb

2 ze+ j π

Λ
z

b(z)e j βa+βb
2 ze− j π

Λ
z

]
(1.10)

In Eq. 1.10, assuming that the total length of the grating is an integer multiple of Λ,

the e± j π

Λ
z terms will be either +1 or -1 depending on whether the total length of the

grating is an even or odd integer multiple of Λ, respectively. For a uniform grating

with a total length, L = N ·Λ, the total power coupling efficiency, η , is given by

η =
|b(0)|2

|a(0)|2

∣∣∣∣
b(L)=0

=
|κ|2 sinh2(sL)

s2 cosh2(sL)+(∆β/2)2 sinh2(sL)
(1.11)

14



At the central wavelength where ∆β = 0, the peak power coupling efficiency is

ηpeak = tanh2(κL) (1.12)

The bandwidth between the first two nulls (zeros) around the central wavelength in

the coupling spectral response is determined by [111, 112]:

∆λ =
λ 2

o

π(ng,a +ng,b)/2

√
κ2 +

(
π

L

)2

(1.13)

where ng,a and ng,b are the group indices for the two modes, respectively. For long

gratings, Eq. 1.13 can be simplified to be:

∆λ =
λ 2

o κ

π(ng,a +ng,b)/2
(1.14)

It should be noted, coupled-mode theory assumes that the effect of the dielec-

tric (refractive index) perturbation is small. Therefore, coupled-mode theory was

originally used for weakly guiding fiber Bragg gratings and has been used to model

weakly coupled Bragg gratings on SOI platforms [18, 104]. Nevertheless, it has

also been shown to provide good agreement between simulations and measure-

ments when used to model strongly coupled SOI Bragg gratings [22, 85, 113, 114].

1.2.2 Sub-wavelength Gratings

In SWGs, the SWG period, ΛSWG, is selected to be much smaller than π/β , where

β is the propagation constant of the optical mode under consideration. Therefore,

instead of resulting in Bragg diffraction, the light propagating in an SWG waveg-

uide can be treated as it would be in a regular waveguide made of homogeneous

material with an equivalent refractive index [115]. When light travels through the

SWG structure in the z direction (see Fig. 1.6), it propagates in Floquet-Bloch

modes along the periodic structure, which is very similar to the motion of elec-

trons in crystalline solids [111]. The derivations and the mathematical proof of the

Bloch theorem for waves propagating in periodic dielectric media can be found in

Sections 12.1 and 12.2 of Ref. [111].
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The equivalent refractive index of SOI SWGs can be calculated using [116,

117]:
n2
‖ = f f ·n2

core +(1− f f ) ·n2
clad

1
n2
⊥
= f f · 1

n2
core

+(1− f f ) · 1
n2

clad

(1.15)

where n‖ and n⊥ are the the equivalent refractive indices for the polarization along

the y direction and the z direction (see Fig. 1.6), respectively. ncore and ncladd are

the refractive indices for the waveguide core and cladding material, which are Si

and SiO2 in this work, respectively, and f f is the grating duty cycle (the ratio of the

silicon strip width to the grating period). Eq. 1.15 provides a good starting point for

SWG structure design. However, when using Eq. 1.15, the assumption has been

made that the SWG structure is infinite in the y and z directions. For a precise

design, in this dissertation, a 3D FDTD band structure simulation tool [104], pro-

vided by Lumerical, Inc., was used to numerically calculate the properties of the

Floquet-Bloch modes propagating along the SWG structure. 3D FDTD band struc-

ture calculations simulate the actual structure and take the material dispersion, the

structure dispersion, and the Bragg effect into consideration. Instead of simulating

the full SWG structure, 3D FDTD band structure calculations simulate only a sin-

gle grating period of the SWG structure with Bloch boundary conditions applied

in the mode propagation direction in FDTD Solutions (from Lumerical, Inc.). In

this work, all of the SWG structures are analyzed using this numerical simulation

method.

𝝀𝒐, 𝜷𝒊 𝝀𝒐, 𝜷𝒊

𝚲𝑺𝑾𝑮
𝒙

𝒚

𝒛

Figure 1.6: Schematic drawing of a sub-wavelength grating waveguide with
light propagating along the z direction.
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SWG structures provide the flexibility to tailor the effective refractive indices

and the dispersion properties of the optical modes, which have been used in PICs on

the SOI platform. Many SWG-based components have been proposed or demon-

strated, such as grating couplers (GCs) [10, 12, 118], MRRs [119–121], waveguide

Bragg grating filters [122, 123], MMI couplers [81, 124], DCs [80, 125], and po-

larization splitter-rotators (PSRs) [90, 126, 127], for optical communications and

sensing applications. In this work, SWG waveguides are used in adiabatic cou-

plers [76, 78] and CDCs [114] for broadband operation.

1.2.3 Polarization-rotating Bragg Gratings

Periodic waveguide structures can be used to achieve coupling and exchange of

energy between the polarization modes. Such polarization mode coupling occurs

when both of the following conditions are met [111]:

• A periodic perturbation with a period Λ is required to meet the phase-match

condition in Eq. 1.1.

• The perturbation breaks the optical symmetry of the modes so that the cou-

pling between the two polarization modes is nonzero.

Polarization-rotating Bragg gratings (PRBGs) provide the required perturbation

and can be used to couple light between a TE-polarized mode and a TM-polarized

mode at selected wavelengths. These gratings break the optical symmetry of the

waveguides in the transverse plane and periodically perturb the light in the waveg-

uide. This results in the light being reflected with its polarization rotated at se-

lected wavelengths. Therefore, PRBGs can be used for applications in which

polarization-independent wavelength filtering is desired.

To obtain PRBGs, as shown in Fig. 1.7(a), one approach is to use asymmetric

periodically loaded waveguides, which have been previously demonstrated opti-

cally in lnP [91] and at microwave frequencies in polycarbonate [93]. In these

devices, asymmetric periodic Bragg grating structures were integrated on top of

the waveguides. Another approach used has been to integrate Bragg gratings on

waveguides that have tilted sidewalls. Such devices have been demonstrated using

ridge waveguides in InGaAsP-lnP [92] [see Fig. 1.7(b)] and using strip waveguides
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Figure 1.7: Schematic drawings of polarization-rotating Bragg gratings
achieved by using (a) periodically loaded waveguides, (b) sidewall cor-
rugations on a ridge waveguide with tilted sidewalls, (c) sidewall corru-
gations on an SOI strip waveguide with tilted sidewalls, and (d) corner
corrugations on a regular SOI strip waveguide.

in SOI [94] [see Fig. 1.7(c)]. In those devices, the waveguide sidewalls were fabri-

cated to have specific angles (55◦ in [92] and 89◦ in [94]) relative to the substrate,

such that the optical symmetry to the horizontal axis in the transverse plane of the

waveguide was broken, resulting in a polarization-rotating reflection at selected

wavelengths. Here, I have proposed and demonstrated a third approach which uses

partially-etched asymmetric Bragg gratings integrated on regular strip waveguides.

Such devices have been demonstrated on the SOI platform [95–97, 128, 129].

1.3 About This Dissertation

1.3.1 Objective

The objective of this dissertation is to investigate the properties of sub-wavelength

gratings and other periodic waveguide structures on the SOI platform and apply the

propagation and diffraction properties that they can provide to study and develop
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novel photonic devices with improved operating characteristics and properties as

compared to currently implemented technologies and approaches. The long-term

objective of my work is to apply the benefits obtainable using these periodic struc-

tures to develop large-scale PICs with enhanced performance and enriched func-

tionalities for numerous optical communication and sensing applications, such as

high speed, high data-density, optical interconnects and enhanced bio-sensing sys-

tems.

1.3.2 Dissertation Organization

This dissertation is organized as follows:

In Chapter 2, broadband adiabatic 3 dB couplers are demonstrated using regu-

lar SOI rib and strip waveguides. The eigenmode evolution process is demonstrated

for broadband even power splitting over 100 nm. The design, simulation, and char-

acterization of adiabatic 3 dB couplers using SOI rib waveguides are demonstrated

in Section 2.2 for TE mode operation and adiabatic 3 dB couplers using SOI strip

waveguides are demonstrated in Section 2.3 for the TE mode and the TM mode

operation.

In Chapter 3, broadband adiabatic 3 dB couplers are demonstrated using SWG

waveguides for compact footprints and operating bandwidths of 130 nm. The prop-

erties of the fundamental and next higher-order TE modes of two-SWG-waveguide

system are investigated using 3D FDTD band structures. The design, simulation,

and characterization of SWG adiabatic 3 dB couplers are demonstrated.

In Chapter 4, ultra-broadband adiabatic 3 dB couplers are demonstrated using

strip-assisted, SWG waveguides for compact footprints and ultra-broad operating

bandwidths of >185 nm. The properties of the fundamental and next higher-order

TE modes of the two-SWG-assisted-waveguide system are investigated. The de-

sign, simulation, and characterization of SWG-assisted adiabatic 3 dB couplers are

demonstrated.

In Chapter 5, broadband SWG contra-directional couplers (CDCs) are demon-

strated using two asymmetric SWG waveguides for bandwidths >30 nm and side-

lobe suppressions >50 dB. The contra-directional coupling between the fundamen-

tal and the next higher-order TE modes of two-SWG-waveguide system are inves-
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tigated. The design, simulation, and characterization of SWG CDCs are demon-

strated.

In Chapter 6, polarization-insensitive wavelength filters are demonstrated using

polarization-rotating Bragg gratings (PRBGs) to work at the same wavelengths for

both TE and TM modes. The properties of wavelength-selective, polarization-

rotation are studied and investigated. Both band-rejection filters and band-pass

filters are demonstrated in Sections 6.1 and 6.2, respectively.

The dissertation is concluded in Chapter 7 with a brief summary and a discus-

sion of possible future research directions.
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Chapter 2

Broadband Adiabatic 3 dB Cou-
plers in Silicon-on-Insulator
Waveguides

In this chapter, broadband optical power splitters are demonstrated using adiabatic

3 dB couplers on conventional SOI waveguides. The adiabatic mode evolution

processes of highly confined, guided optical modes in the two waveguide system

are introduced in Section 2.1. Adiabatic 3 dB couplers using conventional SOI

rib are shown in Section 2.2 for broadband TE mode operation. Adiabatic 3 dB

couplers using SOI strip waveguides are shown in Section 2.3 for broadband TE

mode and TM mode operation.
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2.1 Eigenmode Evolution: an adiabatic process
Originally, the word “adiabatic” and the phrase “adiabatic process” referred to an

isentropic process that occurs without the transfer of heat or mass of substances

between a thermodynamic system and its surroundings. In an adiabatic process,

energy is transferred to the surroundings only as work [130, 131]. It provides a

rigorous conceptual basis for the theory used to expound the first law of thermody-

namics and, as such, it is a key concept in thermodynamics to describe phenomena

such as gas expansion and gas compression [132]. The definition and concept of an

adiabatic process was later redefined in quantum mechanics [133, 134]. In quantum

mechanics, when a system starts from a stationary eigenstate of the initial Hamilto-

nian, if the change of the Hamiltonian is made infinitely slow, it will pass through

the corresponding stationary eigenstates of the Hamiltonian during the process and

will end in the corresponding eigenstate of the final Hamiltonian [135].

Similarly, in integrated optics, we use the word “adiabatic” to describe a loss-

less mode evolution process of the guided mode in an optical waveguide system.

In an optical waveguide system, when light starts to propagate in an eigenmode, if

the change of the system (either by changing the waveguide’s physical dimensions

or by changing its refractive indices) is made gradual, light will remain in the same

order eigenmode throughout the system. During the propagation, no energy will be

transferred to other eigenmodes of the system, and, therefore, the mode evolution

process is considered to be an adiabatic process.

Mode evolution based adiabatic processes have been employed in many silicon

photonic devices including waveguide tapers [136], power splitters [73, 137], po-

larization splitters [138, 139] and rotators [140], and mode converters [141, 142].

In this dissertation, the adiabatic processes evolving the fundamental and next

higher-order eigenmode of a pair of asymmetric SOI waveguides into those of a

pair of symmetric SOI waveguides, respectively, are used to implement adiabatic

3 dB couplers for broadband optical power splitting. Adiabatic 3 dB couplers are

2×2 couplers that are used for coupling/splitting light evenly. These couplers are

essentially wavelength independent and less sensitive to fabrication variations, par-

ticularly as compared to other couplers such as symmetric DCs or MMI couplers.

In a conventional symmetric DC consisting of two identical waveguides, when
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(a) (b)

Figure 2.1: Perspective view of (a) a conventional, directional coupler with
its fundamental (blue line) and next higher order mode (yellow line)
excited at the input and (b) an adiabatic 3 dB coupler with only either
the fundamental (blue line) or the next higher order (yellow line) mode
excited.

light is injected into one of the waveguide, both the fundamental (even) and the

next higher order (odd) eigenmodes of the two symmetric waveguide system are

excited initially and interfere with each other as they propagate along the DC which

results in the power transferring back and forth between the two waveguides [see

Fig. 2.1(a)]. In such a DC, due to the waveguide symmetry, the described opera-

tion is independent of the end into which the light is injected [either the left-hand

side or the right-hand side of Fig. 2.1(a)]. In an adiabatic 3 dB coupler, as shown in

Fig. 2.1(b), only one eigenmode of the two waveguide system, either the fundamen-

tal or the next higher order mode, is excited when light is injected into either the

wide or the narrow waveguide of the two asymmetric waveguides, at the left-hand

side of Fig. 2.1(b), respectively. The excited mode, either the fundamental or next

higher order mode, will evolve into the same order eigenmode of the two symmet-

ric waveguide system, at the right-hand side of Fig. 2.1(b), for broadband power

splitting. The adiabatic 3 dB coupler also works in reverse when light is injected

into one of the two symmetric waveguides. However, when light is injected into

one of the two symmetric waveguides, both the fundamental and next higher-order

modes are excited equally and evolve into the same order system modes of the two

asymmetric waveguides, at the other end of the coupler, respectively. More details

on the mode evolution processes in adiabatic couplers can be found in Section 2.2.
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2.2 Adiabatic 3 dB Coupler on SOI Rib Waveguides∗

During the past two decades, adiabatic 3 dB couplers have been developed and

fabricated using various types of waveguide materials, such as LiNbO3 [143],

SiO2 [144], Polymers [145], and SOI [73]. Among these materials, SOI waveg-

uides provide a high refractive index contrast that enables extreme device minia-

turization and, thus, allows for the large-scale integration of photonic circuits. In

2006, Solehmainen et al. [73] demonstrated the first SOI adiabatic 3 dB coupler

on 3.5-µm-wide silicon rib waveguides with a coupling length of 250 µm and ob-

tained an Mach-Zehnder interferometer (MZI) extinction ratio (ER) of 15-20 dB.

In 2008, Spector et al. [146] designed and integrated an SOI adiabatic 3 dB cou-

pler, with a coupling length of 130 µm, into an MZI based electro-optic modulator

and obtained a modulation depth of 22% (∼6.6 dB) at a wavelength of 1550 nm.

In 2010, Cao et al. [74] optimized the 3 dB coupler on SOI strip waveguides with

a coupling length of 200 µm and measured an ER of >10 dB over the wavelength

range from 1555 nm to 1640 nm.

Here, I present design and experimental results for a broadband SOI rib waveg-

uide based adiabatic 3 dB coupler. As compared to SOI strip waveguides, SOI rib

waveguides are less sensitive to sidewall roughness, which are more tolerant to

fabrication variations [147]. In comparison with previous work [73, 74, 146], the

rib waveguide geometry is compact, having a coupling length of 100 µm, and

achieves broadband even splitting with an average normalized power splitting ra-

tio of 52.90% /47.10% over a wavelength range of 100 nm (from 1500 nm to

1600 nm).

2.2.1 Design and Analysis

The adiabatic 3 dB coupler, as shown in Fig. 2.2, consists of four parts. In Region I,

two parallel strip waveguides with 500 nm waveguide widths and a 3 µm gap

distance are used as the two inputs and are tapered to 400 nm and 600 nm wide strip

waveguides, respectively. They are then converted to corresponding rib waveguides

with 1-µm-wide slabs on each side of the waveguides by using adiabatic linear
∗A version of Section. 2.2 has been published: Han Yun, Wei Shi, Yun Wang, Lukas Chrostowski,

and Nicolas A. F. Jaeger, “2×2 Adiabatic 3-dB coupler on silicon-on-insulator rib waveguides,”
Proceedings of SPIE, 8915, 89150V-1–89150V-6 (2013).
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Figure 2.2: Schematic of an adiabatic 3 dB coupler on rib waveguides with
simulation results.

tapers. In Region II, the two rib waveguides are brought together using an S-shape

waveguide bend in one of the waveguides to reduce the gap distance from 3 µm

to 200 nm. The S-shape waveguide bend in Region II is designed using Bezier

curves to minimize the mode mismatch and thus reduce the waveguide bending

loss [148]. In Region III, linear tapers are used to gradually convert the dissimilar

input waveguides into two identical waveguides with a constant coupler gap of

200 nm. The widths of the two waveguides at the end of Region III are both

500 nm. In Region IV, the light in the two output waveguides is separated using

two waveguide bends, to avoid further coupling.

I use the 3D FDTD method to simulate the layout shown in Fig. 2.2. When

the light is injected into one of the input waveguides, the large asymmetry between

the 400 nm and 600 nm wide rib waveguides in Regions I and II avoids coupling

between the two waveguides (see Fig. 2.2). As shown in Fig. 2.2, the input light

in the 600-nm-wide waveguide, which has the larger effective refractive index,

excites the fundamental mode of the coupler in Region III while the input light in

the 400-nm-wide waveguide excites the first order mode of the two waveguides due

to its smaller effective refractive index. The length of the linear tapers in Region

III are designed to be sufficiently long to have a gradual taper so that the excited

modes at the interface between Regions II and III can be adiabatically transmitted
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(a) (b)

Figure 2.3: Simulated eigenmode transmission spectral responses in Re-
gion III with various lengths for (a) the fundamental (even) and (b) the
next higher-order (odd) TE modes of the two waveguide system.

into the even or odd mode of the symmetric 500-nm-wide waveguides at the end of

Region III. In Region III, using the mode expansion monitors in FDTD Solutions

(from Lumerical Inc.), I performed an overlap integral of the output field profile

with the even/odd mode of the two waveguide system as solved by an eigenmode

solver and, thus, obtained the eigenmode transmission efficiency for the power

coupled from the excited even/odd mode at the input to the same order eigenmode

at the output. As shown in Fig. 2.3, the eigenmode transmission was > 98% for

both the even and odd TE modes over the wavelength range from 1500 nm to

1600 nm when using ≥ 100 µm for Region III. The excited even or odd mode

automatically has half of the power in each waveguide which is then guided to

one of the output waveguides by the two bending waveguides in Region IV. The

simulated transmission responses of the adiabatic coupler, given in Fig. 2.4, show

that the device has much smaller wavelength dependence and more robust 3 dB

coupling over a wide spectral range, as compared to conventional DCs.

2.2.2 Fabrication and Measurement

The couplers were fabricated using electron beam lithography (EBL), with plasma

etching, on an SOI platform. Fabrication was conducted at the University of Wash-

ington Microfabrication/Nanotechnology User Facility. The input strip waveguides
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Figure 2.4: Simulated transmission responses of the rib-waveguide-based,
adiabatic 3 dB coupler and a conventional, directional coupler.

adiabatic 3dB coupler 

MZI arm 

Si Slab 

400-nm-wide 

600-nm-wide 

500-nm-wide 

500-nm-wide 

(a) 

(b) 

(c) 

127 μm 127 μm 127 μm 

Figure 2.5: Optical images of a fabricated, unbalanced MZI with two adia-
batic 3 dB couplers.

were 500-nm-wide by 220-nm-high silicon nanowires. The rib waveguides had

220-nm-high ribs with 90-nm-high slabs. Figures 2.5(a) and (b) show optical im-

ages of a fabricated 3 dB coupler. The linear tapers that converted the strip waveg-

uides to rib waveguides were 15 µm long. The S-bend in Region II was 30 µm long

and the linear tapers in Region III were 100 µm long. The radii of the waveguide

bends in Region IV were 20 µm.

To demonstrate the performance of my adiabatic 3 dB couplers, I integrated two
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Figure 2.6: Schematics of (a) a 2×2 unbalanced MZI with two adiabatic 3 dB
couplers and (b) the MZI circuit used to make the measurements.

couplers into an unbalanced MZI with a length difference of 193 µm, where the

output coupler was a 180-degree-rotated image of the input coupler [see Fig. 2.6(a)].

I designed the layout of the MZI, as shown in Fig. 2.6(b), for measurements using

an optical fiber array. A fiber array containing four single-mode, TE-polarization-

maintaining fibers, with 127 µm pitch, was used to simultaneously inject the input

signal and to collect the two output signals. I integrated four TE-mode GCs [8]

onto the input and output ports to couple the light into and out of the 2×2 MZI cir-

cuit. The GCs were parallel to each other and were placed on the chip with 127 µm

spacing [see Fig. 2.5(c)], which enables us to align the fiber array to the two output

ports at the same time and measure the two output responses simultaneously. The

incident angle of the fiber array was adjusted to maximize the coupling efficiency

at λ0 = 1550 nm.

Measurements were taken at the two output ports of the 2×2 MZI when light

was injected into one of the input ports. The MZI spectrum, after calibrating out

the insertion loss (IL) introduced by the GCs, shows that ERs from both output

ports were greater than 18 dB over a 100 nm wavelength range (see Fig. 2.7).

The Input1-to-Output2 MZI responses, which were obtained between the 600-nm-

wide rib waveguide of the input coupler and the 600-nm-wide rib waveguide of the

output coupler, are given by the red line in Fig. 2.7 and show that a minimum ER

of 27.2 dB was achieved over the 100 nm wavelength range, whereas a minimum

ER of 33.4 dB was obtained over the wavelength range from 1520 nm to 1600 nm
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Figure 2.7: Measured MZI spectral responses after calibrating out the inser-
tion loss from the grating couplers.

which covers the entire C-band and a portion of the L-band. A maximum ER of

42.5 dB was achieved at λo = 1572.8 nm. The measured spectrum also shows that

the excess loss of the MZI is less than 2 dB, which indicates that the excess loss

from each 3 dB coupler is less than 1 dB over the 100 nm wavelength range.

The normalized power cross coupling ratio is K = k2/(k2+t2), and the normal-

ized power through coupling ratio is T = 1−K = t2/(k2+t2), where k and t are the

real field cross and through coupling coefficients, respectively. K can be calculated

from the ERs [149] which were extracted from the maxima from Output2 (i.e., the

cross port) and corresponding minima from Output1 (i.e., the bar port) in the MZI

spectra, assuming the propagation losses in the two MZI arms are negligible. The

output electric field components of the MZI shown in Fig. 2.6(a) are given by:[
Eo1

Eo2

]
=

[
t · e− jφo k · e− jφe

−k · e− jφo t · e− jφe

]−1[
e− jφ1 0

0 e− jφ2

][
t · e− jφe −k · e− jφo

k · e− jφe t · e− jφo

][
Ei1

Ei2

]
(2.1)

where Ei1, Ei2, Eo1, and Eo2 represent the electric field component at Input1, Input2,

Output1, and Output2, respectively. φe is the total propagation phase change along
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Figure 2.8: Calculated normalized power splitting ratio of the adiabatic 3 dB
coupler and showing the average normalized power splitting ratio.

the adiabatic 3 dB coupler when the fundamental (even) mode is excited and φo is

the total propagation phase change along the adiabatic 3 dB coupler when the next

higher order (odd) mode is excited. φ1 and φ2 are the phase changes of the light

propagating along the two unbalanced arms of the MZI with lengths L1 and L2,

respectively. When light is injected into Input1, by solving Eq. 2.1, I can obtain

the ERs of the normalized power intensity for Output1 and Output2:

ER1 = 10log10
[ (2kt)2

(t2−k2)2

]
ER2 = 10log10

[1
0

]
= ∞

(2.2)

where ER1 corresponds to the ER extracted from the maxima from Output2 and

minima from Output1, and ER2 corresponds to the ER extracted from the maxima

from Output1 and minima from Output2. From Eq. 2.2, we can see that ER2 is

independent of the power splitting ratio and, therefore, K can only be calculated
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from ER1 and is given by:

K = k2

k2+t2 =
1
2 ±
√

1

10
ER1
10 +1

(2.3)

The normalized splitting ratios of the device are shown in Fig. 2.8. The average

normalized splitting ratio, for the 100 nm wavelength range, was 52.90%/47.10%.

2.2.3 Discussion

For rapid prototyping, the rib-waveguide-based adiabatic 3 dB coupler was first

demonstrated using electron beam lithography (EBL) tools. This device was later

fabricated using both the 248 nm and the 193 nm DUV lithography processes that

are provided by IME at Singapore. Fabricated using DUV lithography, this device

has been widely used for building integrated photonic circuits including micro-

ring-based optical gyroscopes [150], MZI modulators [151], Michelson interfero-

metric modulators [65, 152], and optical switches [63, 64]. This device has also

been included as a fixed cell in both the SiEPIC-EBeam-PDK for EBL tools and

the SiEPIC-AMF-Library (custom library for the AMF DUV optical lithography

process) [58].

2.3 Adiabatic 3 dB Coupler on SOI Strip Waveguides†

In Section 2.2, the rib-waveguide-based, adiabatic 3 dB coupler have shown broad-

band power splitting performance for the TE mode operation. However, it requires

duo-etching processes to fabricate the slab layer and the rib layer, which increases

the fabrication cost. In comparison with SOI rib waveguides, SOI strip waveguides

require only a single-etch process for fabrication. In this work, I proposed and

demonstrated two adiabatic 3 dB couplers using fully etched SOI strip waveguides

for TE mode and TM mode operation, respectively. In comparison with previous

work published on SOI strip waveguides [74], my TE-mode adiabatic 3 dB cou-

pler has a more compact geometry, having a mode evolution length of 100 µm,

†A version of Section. 2.3 has been published: Han Yun, Zeqin Lu, Yun Wang, Wei Shi,
Lukas Chrostowski, and Nicolas A. F. Jaeger, “2×2 Broadband adiabatic 3 dB couplers on SOI strip
waveguides for TE and TM modes,” in CLEO (Conference on Lasers and Electro-Optics): 2015,
(Optical Society of America, 2015), p. STh1F.8. (05/2015).
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Figure 2.9: Schematic of an adiabatic 3 dB coupler on strip waveguides
with simulated electric field intensity distributions of the fundamental
(TE00) and next higher-order (TE01) quasi-TE modes and the funda-
mental (TM00) and next higher-order (TM01) quasi-TM modes of the
two waveguide system.

and achieves more even splitting with an average normalized power splitting ra-

tio of 46.55%/53.45% over a 100 nm wavelength range. My TM-mode adiabatic

3 dB coupler has a mode evolution length of 122 µm and achieves broadband even

splitting with an average normalized power splitting ratio of 48.65%/51.35% over

a 100 nm wavelength range.

2.3.1 Design and Simulation

I designed my adiabatic 3 dB couplers based on 220-nm-high SOI strip waveg-

uides. The devices, as shown in Fig.2.9, consist of five regions. In Region I, two

parallel 500-nm-wide strip waveguides, with a 3 µm gap distance, are used as the

two inputs and are tapered to 550 nm and 350 nm wide strip waveguides, respec-

tively. In Region II, the two waveguides are brought together using two adiabatic

S-shape waveguide bends to reduce the gap distance from 3 µm to a narrow gap

distance, G. The S-shape waveguide bends in Region II are designed using Bezier

curves to minimize the mode mismatch and thus reduce the waveguide bending
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(a) (b)

Figure 2.10: Simulated transmission responses of (a) TE-mode and (b) TM-
mode, strip-waveguide-based, adiabatic 3 dB couplers.

loss. In Region III, linear tapers are used to gradually convert the dissimilar input

waveguides into two identical waveguides while keeping a constant G. The two

waveguides at the end of Region III are both 450 nm wide. To avoid further cou-

pling in Region IV, the light in the two output waveguides is separated to 3 µm

using another two S-shape waveguide bends. In Region V, the two output waveg-

uides are linearly tapered to be 500 nm wide.

To obtain sufficient eigenmode transmission efficiency for mode evolution, I

chose G = 100 nm and the mode evolution length to be 100 µm and 122 µm for

the TE and TM modes, respectively. Using the same method described in Sec. 2.2,

I simulated the devices using the 3D FDTD solver in FDTD Solutions from Lumer-

ical Inc., and obtained the transmission responses from 1500 nm to 1600 nm. The

simulation results of the designed adiabatic couplers in Fig. 2.10(a) and (b) show

small wavelength dependence and robust 3 dB splitting over a wide spectral range

for both the TE and TM modes.

2.3.2 Experimental Results

My adiabatic 3 dB couplers were fabricated using electron-beam lithography, with

plasma etching, on the SOI platform. To demonstrate the performance of my cou-

plers, I integrated two couplers into an unbalanced MZI with a length difference of
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Figure 2.11: Optical images of a fabricated, unbalanced MZI with two adia-
batic 3 dB couplers.

254 µm (see Fig. 2.11). Fully etched TE-mode and TM-mode GCs [8] were used to

couple the light into and out of the MZI circuits. The MZI spectrum over a 100 nm

wavelength range, after calibrating out the insertion loss introduced by the GCs,

shows that the ERs from both output ports were >15 dB for the TE modes and

were >20 dB for the TM modes [see Fig.2.12(a) and (b)], where maximum ERs

of 49 dB and 55 dB were achieved for the TE and TM modes, respectively. Using

Eq. 2.3, I calculated the power splitting ratios of the strip-waveguide-based, adia-

batic 3 dB couplers and, as shown in Fig.2.13(a) and (b), obtained average splitting

ratios of 46.55%/53.45% and 48.65%/51.35% over the 100 nm wavelength range

from 1500 nm to 1600 nm for TE-mode and TM-mode couplers, respectively.

2.3.3 Discussion

In this work, two strip-waveguide-based adiabatic couplers were designed for TE

mode operation and, for the first time, for TM mode operation, respectively. Based

on this work and in direct collaboration with our group, polarization-independent

adiabatic 3 dB couplers were designed and demonstrated using SOI strip waveg-

uides [69], by optimizing the mode evolution region.
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(a) (b)

Figure 2.12: Measured MZI spectral responses after calibrating out the inser-
tion loss from the grating couplers for (a) the TE mode and (b) the TM
mode, strip-waveguide-based, adiabatic 3 dB couplers.

(a) (b)

Figure 2.13: Calculated normalized power splitting ratio of the adiabatic 3 dB
coupler and showing the average normalized power splitting ratio for
(a) TE mode and (b) TM mode.
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Chapter 3

Broadband Sub-wavelength
Grating Adiabatic 3 dB Couplers∗

In this chapter, the design of a compact, broadband, 2×2 adiabatic 3 dB coupler

is demonstrated utilizing SWG waveguides for TE mode power splitting. In this

device, two SWG waveguides that support the fundamental and next higher-order

TE modes and have tapered waveguide widths are used to achieve adiabatic mode

evolution in the two-waveguide system for broadband 3 dB power splitting. The

SWG waveguide geometry is very compact, having a total coupler length of only

50 µm, and achieves 3 dB power splitting over a wavelength range of 130 nm with

an imbalance of no greater than±0.4 dB and does so with low excess losses of less

than 0.5 dB. Furthermore, the SWG waveguide design only requires a single-etch

process for fabrication.

∗A version of Chapter 3 has been published: Han Yun, Yun Wang, Fan Zhang, Zeqin Lu,
Stephen Lin, Lukas Chrostowski, and Nicolas A. F. Jaeger, “Broadband 2×2 adiabatic 3-dB coupler
using silicon-on-insulator sub-wavelength grating waveguides,” Optics Letters, vol. 41, pp.3041-
3044, 2016.
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3.1 Motivation
The adiabatic couplers presented in Chapter 2 have shown broadband performance

on the SOI platform. However, due to the high-index-contrast between the cladding

(SiO2) layer and the waveguide (Si) layer, SOI adiabatic 3 dB couplers usually suf-

fer from large device footprints. For conventional silicon waveguides (strip or ridge

waveguides) on an SOI platform, the excited system modes are highly confined in

the two waveguides. To obtain adequate coupling and efficient adiabatic mode

evolution of the excited system modes, the mode evolution region of an adiabatic

3 dB coupler typically needs to be several hundred micrometers long. In recent

work, many designs have been proposed and demonstrated to reduce the footprints

of adiabatic 3 dB couplers, such as simultaneously tapering the gap width between

the two waveguides [68] or using a narrow, 100 nm, gap distance [69, 75]. Never-

theless, in these designs, the mode evolution regions are still around 100 µm.

SOI SWG structures can be used to further reduce the footprints of adiabatic

3 dB couplers. As discussed in Section. 1.2.2, SWG structures offer the flexi-

bility to tailor the refractive index and the dispersion properties of SOI photonic

devices [109] and, thus, provide a means to reduce the device footprint. SWG

waveguides support lossless optical mode propagation when period lengths are

smaller than π/β , where β is the propagation constant of the light in the structure.

Therefore, they can be engineered to let the light “see” less high-index waveguide

material and more low-index cladding material. This can be used to make the opti-

cal modes less dispersive and/or less sensitive to fabrication imperfections. Many

SWG based components have been proposed or demonstrated on SOI platforms,

such as micro-ring resonators (MRRs) [120], Bragg-grating filters [122], multi-

mode interference (MMI) couplers [124], and directional couplers [125]. 2x2 SWG

adiabatic 3 dB couplers, however, have not yet been demonstrated. In this work,

for the first time, I proposed and demonstrated the design of a compact, broad-

band, 2×2 adiabatic 3 dB coupler utilizing SWG waveguides for TE mode power

splitting [76]. As compared to regular SOI waveguides, SOI SWG waveguides en-

able more compact designs, with wider bandwidths, and have greater tolerance to

fabrication variations.
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Figure 3.1: Schematics of an SWG adiabatic 3 dB coupler with the design
parameters labeled: (a) 2D top view and (b) 3D perspective view.

3.2 Design and Simulation
For my SWG adiabatic 3 dB coupler, the design uses a 220 nm thick silicon layer,

a 2 µm thick silicon dioxide upper cladding layer, and a 3 µm thick buried ox-

ide layer (see Fig. 3.1). The coupler region consists of three parts, as shown in

Fig. 3.1 (a). Region I consists of two uncoupled strip-to-SWG waveguide convert-

ers that convert the two strip waveguides that have widths W1 and W2, respectively,

on the left hand side of the region to two SWG waveguides that also have widths

W1 and W2, respectively, on the right hand side of the region, and vice versa. Each

strip-to-SWG waveguide converter consists of an SWG waveguide with width W1

(or W2) and a waveguide horn with its width linearly tapered from W1 (or W2) to

the minimum feature size (which is 60 nm in our case) provided by the fabrication

process. Thus, the effective indices of the lowest order even and the lowest order

odd modes of the two strip waveguide system at the left hand side of Region I are
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tapered to those of the two SWG waveguide system at the right hand side of the re-

gion, respectively. The length of Region I is LT . Region II consists of two linearly

tapered SWG waveguides that allow the even (or odd) mode of the two waveguide

system injected to the left hand side of the region to evolve into the even (or odd)

mode on the right hand side of the region, and vice versa. The length of Region II

is LC, and the widths of the two SWG waveguides are tapered from W1 and W2

on the left hand side of the region to W3 and W4 on the right side of the region,

respectively. In Region III, I use two coupled SWG-to-strip waveguide converters

to convert the two SWG waveguides that have widths W3 and W4, respectively, on

the left hand side of the region to two strip waveguides that also have widths W3

and W4, respectively, on the right hand side of the region, and vice versa. Each

SWG-to-strip waveguide converter consists of an SWG waveguide with width W3

(or W4) and a waveguide horn with its width linearly tapered from 60 nm to W3

(or W4). Thus, the effective indices of the lowest order even and the lowest order

odd modes of the two SWG waveguide system at the left hand side of Region III

are tapered to those of the two strip waveguide system at the right hand side of

the region, respectively. Region III also has the length, LT , and allows the excited

even (or odd) mode (from Region II) to propagate unaltered. I use four 90 degree

waveguide bends with radii R = 15 µm for the input and output ports of my device

[see Fig. 3.1(b)] where the widths of Ports 1 and 2 are W1 and W2, respectively, and

the widths of Ports 3 and 4 are W3 and W4, respectively.

In order to excite only one system mode (either the lowest order even or the

lowest order odd TE mode) of the two waveguide system, I use W1 = 560 nm and

W2 = 380 nm in my device. For TE mode 3 dB power splitting I use W3 = W4 =

470 nm. All of the SWG structures have the same period, Λ, with a duty cycle, f f ,

of 50%, to minimize the power losses at the interfaces between Regions I and II

and between Regions II and III, and all of the waveguides in the coupler have the

same gap distance, G, of 150 nm. I use LT = 15 µm for the waveguide converters

in Regions I and III and obtained simulated insertion losses of less than 0.01 dB

over the wavelength range from 1490 nm to 1620 nm. I use LC = 20 µm to ob-

tain sufficient adiabatic mode evolution for the excited system modes in Region II.

For larger values of Λ, Bragg diffraction may limit the operating bandwidth of the

adiabatic 3 dB coupler. Hence, for broadband operation, Λ is selected such that
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Figure 3.2: Calculated effective indices of the Floquet-Bloch modes, for the
even and odd TE modes, as functions of the propagation position, x, in
Region II of the SWG adiabatic 3 dB coupler at λmin = 1490 nm.

Λ� λmin/(2 · nSWG, e f f ) [124] where λmin is the minimum operating wavelength

and nSWG, e f f is the effective index of the fundamental Floquet-Bloch mode in the

two SWG waveguides at λmin. I used 3D FDTD based band structure calcula-

tions with Bloch boundary conditions applied in the mode propagation direction

in FDTD Solutions, from Lumerical, Inc., to simulate the periodic structure in my

device and obtained the effective indices of the excited Bloch modes. In my case,

λmin = 1490 nm, and nSWG, e f f changes from 1.7674 to 1.7353 for the even TE

mode and from 1.5034 to 1.5347 for the odd TE mode (see Fig. 3.2), when the

light propagates from the left hand side (x = 0) to the right hand side (x = LC)

of Region II of the SWG adiabatic 3 dB coupler. Hence, here I use Λ = 200 nm

� 1490 nm/(2×1.7674) = 421.5 nm.

I simulated my device, using the 3D FDTD solver, with a 5 nm mesh. As shown

in Fig. 3.3, the excited TE mode injected into Port 1 was adiabatically coupled into

the even TE mode of the two output waveguides, Ports 3 and 4, for a 50-µm-long

(2×LT + LC = 50 µm) coupler at λ = 1550 nm. Also, as expected, when the

excited TE mode was injected into Port 2, it was adiabatically coupled into the

odd TE mode of the two output waveguides at Ports 3 and 4. As a comparison,

I also simulated the conventional adiabatic 3 dB coupler design from [75] with

the same waveguide geometry, gap distance, and coupler length. Using the mode
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Port 1

Port 2

Figure 3.3: Top view of the simulated electric field distributions of the fun-
damental and the next higher-order TE modes for an SWG adiabatic
3 dB coupler when light is injected at Ports 1 and 2, respectively, at
λ = 1550 nm.

Figure 3.4: Simulated total transmission and eigenmode transmission spec-
tra for an SWG adiabatic 3 dB coupler and the eigenmode transmission
spectrum for a conventional adiabatic 3 dB coupler using strip waveg-
uides.
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expansion monitors in FDTD Solutions, I performed an overlap integral of the

output field profile with the eigenmode of the two waveguide system as solved

by an eigenmode solver and, thus, obtained the eigenmode transmission efficiency

for the power coupled from the excited eigenmode at the input to the same order

eigenmode at the output. As shown in Fig. 3.4, the eigenmode transmission for my

SWG adiabatic 3 dB coupler was >97% for the even TE mode over the wavelength

range from 1490 nm to 1620 nm, whereas the eigenmode transmission efficiency

obtained for the conventional adiabatic 3 dB coupler was <90%.

I explored the fabrication tolerances of my design by simulating the eigenmode

transmission response for the lowest order even and lowest order odd TE modes as

functions of λ for various values of ∆H, ∆W , and ∆l, where ∆H is the waveg-

uide thickness variation, ∆W is the waveguide width variation, and ∆l is the SWG

groove length variation. Here ∆l = ∆ f f ·Λ, where ∆ f f is the variation of f f .

While varying the waveguide widths, I included the corresponding gap variation

by maintaining a constant center-to-center distance for the two waveguides. In my

simulations, I used ∆H =±20 nm and ∆W = ∆l =±20 nm to account for the types

of fabrication process variations that may occur in commercially available silicon

photonics SOI fabrication processes [153]. As shown in Fig. 3.5, the eigenmode

transmission efficiency, over the 130 nm wavelength range, is not highly sensitive

to these variations, which indicates that my coupler design is tolerant to possible

fabrication variations.

(a) (b)

Figure 3.5: Simulated eigenmode transmission spectral responses for an
SWG adiabatic 3 dB coupler with ∆H = ±20 nm and ∆W = ∆l =
±20 nm for the (a) even and (b) odd TE modes.
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3.3 Fabrication and Measurements
My SWG adiabatic 3 dB couplers were fabricated using electron-beam lithography,

with plasma etching, on an SOI platform by Washington Nanofabrication Facility

at the University of Washington. Figure 3.6(a) shows scanning electron micro-

scope (SEM) images of sections of a fabricated SWG adiabatic 3 dB coupler with

Λ = 200 nm and G = 150 nm. To demonstrate the performance of my couplers,

as shown in Fig. 3.6(b), I integrated two identical couplers into an unbalanced

MZI [15, 75] with a length difference of 164 µm. Broadband SWG TE-mode

GCs [12] were used to couple light into and out of the MZI circuit. I characterized

my device using a test setup [50] that maximized the optical power coupled into

and out of the grating couplers during the measurements. In the test setup, a fiber

array containing four single-mode, TE-polarization-maintaining fibers, were used

to simultaneously inject the input light and to collect the light at the two outputs.

An Agilent 81600B tunable laser was used as the light source and the two optical

power sensors in an Agilent 81635A were used to detect the output powers.

The MZI spectra over a 130 nm wavelength range, after calibrating out the

insertion losses introduced by the grating couplers, show that the ERs from both

1 µm

100 nm

G

Λ

Input 1 Input 2 Output 1 Output 2

SWG Adiabatic 
3 dB coupler

SWG GCs

(a)

(b)

Figure 3.6: (a) SEM images of sections of a fabricated SWG adiabatic 3 dB
coupler. (b) Fabrication mask layout of the unbalanced MZI structure
with two identical SWG adiabatic 3 dB couplers.
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Figure 3.7: Measured MZI spectral responses of my SWG adiabatic 3 dB
coupler after calibrating out the insertion losses of the grating couplers.

Figure 3.8: Calculated normalized power splitting ratios of my SWG adia-
batic 3 dB coupler with ≤± 0.4 dB imbalance.

output ports were >18 dB for the even mode (see Fig. 3.7), where a maximum ER

of 49 dB was obtained. As shown in Fig. 3.8, I extracted the normalized power

splitting ratios from the ERs of the measured MZI responses using the method

described in Section 2.2 and obtained 3 dB power splitting ratios with ≤±0.4 dB
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Figure 3.9: Calculated, normalized, power splitting ratios for SWG adiabatic
3 dB couplers with gap distances of 150 nm, 180 nm, and 200 nm and
with <± 0.5 dB imbalance.

imbalance over the wavelength range from 1490 nm to 1620 nm. The measured

spectra also show that the excess loss of the MZI is less than 1 dB, which indicates

that the excess loss from each 3 dB coupler is less than 0.5 dB over the 130 nm

range.

SWG adiabatic 3 dB couplers with gap distances of 180 nm and 200 nm were

also fabricated. As shown in Fig. 3.9, all of the devices (including the one with G=

150 nm) provided broadband 3 dB power splitting ratios with <±0.5 dB imbalance

over the 130 nm wavelength range. This indicates that my SWG adiabatic 3 dB

coupler provides design flexibility.
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Chapter 4

Ultra-broadband SWG-assisted
Adiabatic 3 dB Couplers∗

In this chapter, I propose and demonstrate a compact, ultra-broadband, 2×2 adia-

batic 3 dB coupler using SOI strip waveguides assisted by SWGs. In this device,

two tapered SWG-assisted SOI strip waveguides achieve an adiabatic mode evolu-

tion of the two lowest-order TE modes, in a two waveguide system, for broadband

3 dB power splitting. Theory predicts that the proposed coupler will operate from

1200 nm to 1700 nm. I have been able to measure the performance of a device with

a 15 µm long mode evolution region that achieves even, broadband power splitting

over the 185 nm wavelength range of our tunable laser with an imbalance of less

than ±0.3 dB and with low excess losses of <0.11 dB.

∗A version of Chapter 4 has been published: Han Yun, Lukas Chrostowski, and Nico-
las A. F. Jaeger, “Ultra-broadband 2×2 adiabatic 3 dB coupler using subwavelength-grating-assisted
silicon-on-insulator strip waveguides,” Optics Letters, 43, pp.1935-1938, 2018.
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4.1 SWG-assisted Strip Waveguides for Ultra-broad
Operation Bandwidth

The adiabatic 3 dB couplers demonstrated in Chapter 3 used two SWG waveguides

and achieved an operating bandwidth of 130 nm (from 1490 nm to 1620 nm).

However, this design limited the device operating bandwidth to wavelengths be-

low 1630 nm. Above 1630 nm, due to the low equivalent refractive indices of the

narrower waveguide of the two SWG waveguides, the lowest-order odd eigenmode

was not guided by the adiabatic 3 dB coupler. To further extend the operation band-

width, SWG-assisted strip waveguides are proposed and designed. SWG-assisted

strip waveguides consisting of a narrow central strip waveguide and wide symmet-

ric sub-wavelength fins are engineered to have much lower refractive indices than

conventional strip or ridge waveguides, but higher refractive indices than conven-

tional SWG waveguides, and, thus, enable compact designs with wider operating

bandwidths. As compared to previous work [76], the proposed device is very com-

pact, having a mode evolution region of only 15 µm and a total length of 35 µm,

and is designed to operate from 1200 nm to 1700 nm, covering all optical telecom-

munication bands. Additionally, my device can be fabricated using a single-etch

process.

4.2 Design and Analysis
The proposed SWG-assisted adiabatic 3 dB coupler, as shown in Fig. 4.1, is de-

signed using a 220 nm thick silicon layer with a 2 µm thick silicon-dioxide cladding

layer and a 3 µm thick buried oxide layer. As shown in Fig. 4.1(a), the coupler

consists of three regions. In Region I, having length LT , two uncoupled waveguide

converters are used to convert two strip waveguides that have widths W1 and W2,

respectively, on the left-hand side of the region to two SWG-assisted strip waveg-

uides that also have widths W1 and W2, respectively, on the right-hand side of the

region, and vice versa. Each waveguide converter consists of an SWG-assisted

strip waveguide with constant total width but with its central strip width linearly

tapered from either W1 or W2 to Wcore [see Figs. 4.1(a)] where Wcore is also the strip

width for both waveguides in Region II. Thus, the effective indices of the lowest-

order even and lowest-order odd modes of the two strip waveguides at the left-hand
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Figure 4.1: (a) Schematic (top view) of an adiabatic 3 dB coupler using
SWG-assisted strip waveguides with the design parameters labeled and
(b) a zoom-in of the shaded area in Region II.

side of Region I are tapered to those of the two SWG-assisted strip waveguides at

the right-hand side of Region I, respectively. Region II is the mode evolution re-

gion and has a length of LE . In Region II, the two SWG-assisted strip waveguides

have the same strip widths which are constant and equal to Wcore, but have total

widths that are linearly tapered from W1 and W2 on the left-hand side of the region

to W3 and W4 on the right-hand side of the region, respectively [see Fig. 4.1(b)].

In Region III, also having length LT , two coupled waveguide converters are used

to convert the two SWG-assisted strip waveguides that have widths W3 and W4,

respectively, on the left-hand side of the region to two strip waveguides that also

have widths W3 and W4, respectively, on the right-hand side of the region, and

vice versa. In Region III, each waveguide converter consists of an SWG-assisted

waveguide with constant total width but with its central strip width linearly tapered

from Wcore to either W3 or W4. Thus, the effective indices of the lowest-order even

and lowest-order odd modes of the two SWG-assisted strip waveguide system at

the left-hand side of Region III are tapered to those of the two strip waveguide

system at the right-hand side of the region, respectively, and, therefore, allow the

excited even and odd modes (from Region II) to propagate unaltered. In all three

regions, the adiabatic coupler has the same gap distance, G, grating period, Λ, and
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Figure 4.2: Schematic diagrams for (a) two conventional strip waveguides,
(b) two SWG-assisted strip waveguides, and (c) two conventional SWG
waveguides. (d) Calculated effective indices of the lowest-order even
and lowest-order odd TE eigenmodes as functions of wavelength for the
waveguides depicted in (a), (b), and (c).

sub-wavelength fin length, l [see Figs. 4.1(a) and 4.1(b)].

For single system excitation at Ports 1 and 2, I introduce a large asymmetry to

the waveguide widths of the two waveguides where W1 = 610 nm and W2 = 350 nm.

For 3 dB power splitting, I use W3 =W4 = 480 nm at Ports 3 and 4. In my design,

Λ = 200 nm, l = 100 nm, G = 100 nm, and Wcore = 120 nm. I calculated the

effective index, ne f f , for both the lowest-order even and lowest-order odd eigen-

modes of the two asymmetric SWG-assisted strip waveguides (with W1 = 610 nm

and W2 = 350 nm) using 3d FDTD band structure calculations [76, 80] with Bloch

boundary conditions applied in the mode propagation direction over the wavelength
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range 1200 nm to 1700 nm (for this, I used FDTD Solutions, from Lumerical

Inc.). In my simulations, I used the refractive index data reported by Palik [154],

which are provided in the material database in FDTD Solutions, for both Si and

SiO2. As shown in Fig. 4.2, ne f f = 2.2332 for the lowest-order even TE mode

at λ = 1200 nm and, thus, I chose Λ to be less than the Bragg wavelength of

268.7 nm at 1200 nm. As a comparison, I also simulated the conventional SWG

waveguide pair used in Ref. [76] and the conventional strip waveguide pair with the

same waveguide geometries and gap distances that I used in my SWG-assisted strip

waveguide pair [see Figs. 4.2(a) and 4.2(c)]. As expected, for both the even and

odd TE eigenmodes of the two waveguide system, my SWG-assisted strip waveg-

uides have much lower effective indices than the conventional strip waveguides but

higher effective indices than the conventional SWG waveguides. In this case, as

shown in Fig. 4.2(d), SWG-assisted strip waveguides extend the cut-off wavelength

from 1630 nm to 1760 nm where ne f f for the odd TE eigenmode is equal to the

refractive index of the SiO2.

In my design, I used LT = 10 µm and found that the eigenmode transmissions

for the lowest-order even and odd TE modes saturated at LE = 15 µm. Hence, I

chose LE to be 15 µm and, as shown in Fig. 4.3, the TE mode injected into Port 1

was coupled to the even TE mode of the two output waveguides at Ports 3 and 4,

whereas, the TE mode injected into Port 2 was coupled to the odd TE mode, again

at Ports 3 and 4, at λ = 1550 nm. As shown in Fig. 4.4, I obtained a worst case

insertion loss and eigenmode transmission of 0.012 dB and -0.096 dB, respectively,

for the even TE mode and of 0.006 dB and -0.201 dB, respectively, for the odd TE

mode over the 500 nm wavelength range. Here, the eigenmode transmission is the

ratio of the power coupled from the eigenmode excited at the input to the same

order eigenmode at the output in dB and is obtained by performing an overlap

integral of the output field profile with the eigenmode of the two waveguide system

as solved by the eigenmode solver in FDTD Solutions [76]. The simulated low

insertion losses and high eigenmode transmissions indicate that nearly adiabatic

mode evolutions are achieved for both the even and odd TE eigenmodes in my

device.

Then, to evaluate the power splitting ratio of my adiabatic coupler, I connected

two asymmetric S-shape waveguides to Ports 1 and 2 to bring the two strip waveg-
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Figure 4.3: (a) Left end view, (b) top view, and (c) right end view of the sim-
ulated electric field distributions of the even (i) and odd (ii) TE eigen-
modes for an SWG-assisted adiabatic 3 dB coupler when light is in-
jected at Ports 1 and 2, respectively.

Figure 4.4: Simulated insertion losses (IL) and eigenmode transmissions vs.
wavelength for the even and odd TE eigenmodes of the two waveguide
system.

uides from a separation of 3 µm to 100 nm, with minimal losses. I used two

S-shape waveguides with mirror symmetry, that connect to Ports 3 and 4, to sep-

arate the two strip waveguides from 100 nm to 3 µm, to avoid further coupling.

The widths of the S-shape waveguides that connect to Ports 1, 2, 3, and 4 are W1,

W2, W3, and W4, respectively. I simulated the entire device, including the adiabatic

coupler and the S-shape waveguides, and, as shown in Fig. 4.5, obtained broad-

band 3 dB power splitting over the wavelength range 1200 nm to 1700 nm. In
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Figure 4.5: Simulated optical power splitting ratios of an SWG-assisted adi-
abatic 3 dB coupler considering fabrication process corners.

my broadband simulations, multifrequency source calculations (provided in FDTD

Solutions) that include multiple frequencies, 21 frequencies in my case, were used

to minimize mode mismatch errors.

I also explored the fabrication tolerances of my design by simulating my de-

vice for process corners, by considering variations in waveguide thickness (∆H)

and feature sizes (∆W and ∆l, where ∆W is the variation applied to both the total

waveguide width and the strip width and ∆l is the variation applied to the sub-

wavelength fin length). I maintained a constant center-to-center distance for the

two waveguides and a constant Λ. In my simulations, I used ∆H = ±10 nm and

∆W = ∆l = ±10 nm to account for possible fabrication process variations that

could occur in commercially available SOI fabrication processes [155]. As shown

in Fig. 4.5, the simulated optical power splitting ratios are not highly sensitive to

these variations.

4.3 Fabrication and Measurements
My SWG-assisted adiabatic 3 dB couplers were fabricated using EBL with plasma

etching on an SOI platform. Fabrication was conducted at Applied Nanotools Inc.

Figures 4.6(a) and 4.6(b) show scanning electron microscope (SEM) images of a
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Figure 4.6: (a) SEM image of a fabricated SWG-assisted adiabatic 3 dB cou-
pler. (b) SEM image of the center of Region II. (c) Microscope image
of a fabricated, unbalanced MZI with two mirror image SWG-assisted
adiabatic 3 dB couplers.

fabricated SWG-assisted adiabatic 3 dB coupler with Λ = 200 nm, l = 100 nm,

Wcore = 120 nm, and G = 100 nm. To demonstrate the performance of my device,

as shown in Fig. 4.6(c), I integrated two of my SWG-assisted adiabatic 3 dB cou-

plers into an unbalanced MZI [15, 76], where the output coupler was a mirror image

of the input coupler, and the two 3 dB couplers were connected by two waveguides

with a length difference of 160 µm. Broadband SWG TE-mode GCs [12] were

used to couple light into and out of the MZI circuit. The fabricated device was mea-

sured on a custom-built test setup [50] that included a TE-polarization-maintaining

fiber array (for light injection and collection), an Agilent 81600B tunable laser (as

the light source), and an Agilent 81635A with the two optical power sensors (as

the output detectors). I performed a wavelength sweep from 1455 nm to 1640 nm

(which is the maximum wavelength range of our tunable laser) in 1 pm steps.

The MZI spectra over the 185 nm wavelength range, after calibrating out the

insertion losses introduced by the GCs, show that the ERs from both output ports

were >21 dB for the even TE mode [see Fig. 4.7(a)]. As shown in Fig. 4.7(b),

I extracted the normalized power splitting ratios from the ERs of the measured,

straight-through, MZI responses using the method described in Section 2.2 and ob-

tained 3 dB power splitting ratios with <±0.3 dB imbalance over the entire wave-

length range. SWG-assisted adiabatic 3 dB couplers with ∆W =∆l =±10 nm were
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(a)

(b)

Figure 4.7: (a) Measured MZI spectral responses of the SWG-assisted adia-
batic 3 dB coupler with ∆W = ∆l = 0 nm after calibration. (b) Calcu-
lated normalized power splitting ratios of the SWG-assisted adiabatic
3 dB coupler with ≤±0.3 dB imbalance.

also fabricated while maintaining a constant center-to-center distance between the

two waveguides and a constant Λ. As shown in Fig. 4.8, all of the devices (includ-

ing the one with ∆W = ∆l = 0 nm) provided broadband 3 dB power splitting ratios

with imbalances of ≤ ±0.7 dB over the 185 nm wavelength range. This shows

that, as expected, my SWG-assisted adiabatic 3 dB coupler is robust as regards

fabrication variations.

To evaluate the excess loss for my coupler, I used a power calibration method [14,

50]. As shown in Fig. 4.9(a), I, again, integrated two mirror image SWG-assisted

adiabatic 3 dB couplers into a balanced MZI where Port 2 of each adiabatic coupler
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Figure 4.8: Normalized power splitting ratios extracted from experiments for
three SWG-assisted adiabatic 3 dB couplers with ∆W = ∆l =−10 nm,
0 nm, and +10 nm.

was terminated using a waveguide terminator. In this case, ideally, when light is

injected into Port 1 of the input adiabatic coupler, all of the optical power couples

to Port 1 of the output adiabatic coupler. I cascaded multiple MZIs into chains and

measured the transmission responses. I obtained the transmission spectra (includ-

ing the losses introduced by the GCs) for chains of 12, 20, 40, and 80 couplers [see

Fig. 4.9(b)]. Assuming that similar components have similar losses for the mea-

sured devices, as shown in Fig. 4.9(c), I used linear regressions to fit the measured

MZI transmissions for various wavelengths. As shown in Fig. 4.9(d), I obtained

average excess losses of < 0.11 dB for my SWG-assisted adiabatic 3 dB coupler,

over the measured 185 nm wavelength range, after calibrating out the propaga-

tion losses from the interconnect waveguides between my adiabatic couplers and

between the cascaded MZIs.
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Figure 4.9: (a) Microscope image of a chain of cascaded MZIs and an in-
set SEM image showing a balanced MZI with two mirror image SWG-
assisted 3 dB couplers. (b) Measured spectral responses of cascaded
MZI chains having various numbers of couplers. (c) Linear regressions
used to extract average excess losses for various wavelengths. (d) Ex-
tracted average excess losses for my SWG-assisted 3 dB coupler.
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Chapter 5

Sub-wavelength Grating
Contra-directional Couplers∗

In this chapter, broadband, flat-top, optical add-drop filters are proposed and demon-

strated using apodized, SWG CDCs on an SOI platform. In my device, two asym-

metric SWG waveguides, having corrugation-apodized Bragg gratings, are used to

couple light contra-directionally between the fundamental and next higher-order

transverse electric modes of a two-waveguide system. I demonstrate an apodized,

SWG CDC that has a flat-top, drop-port response with a 3 dB bandwidth of 32.6 nm,

a sidelobe suppression ratio of 19 dB, and a low excess loss of 0.26 dB. I also

demonstrate series-cascaded, apodized, SWG CDCs that have square-shaped, drop-

port responses with 3 dB bandwidths >30 nm, sidelobe suppressions >50 dB, and

low excess losses <0.85 dB.

∗A version of Chapter 5 has been published: Han Yun, Mustafa Hammood, Stephen Lin,
Lukas Chrostowski, and Nicolas A. F. Jaeger, “Broadband Flat-top SOI Add-drop Filters Using
Apodized Sub-wavelength Grating Contradirectional Couplers,” Optics Letters, 44, pp.4929-4932,
2019
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5.1 Motivation
SOI CDCs are wavelength-selective, add-drop filters with flat-top responses, wide

bandwidths, low insertion losses, and high extinction ratios (ERs) [19, 22, 26, 83–

85, 103, 113, 114, 156, 157]. These devices are promising candidates for appli-

cations that require filters with flat-top responses and broad operating bandwidths

such as coarse wavelength division multiplexing (CWDM), bandwidth-tunable fil-

tering [157, 158] and dispersion engineering [82]. In a CDC, two asymmetric

SOI waveguides with integrated Bragg gratings are typically used to couple light

contra-directionally between the fundamental and next higher-order modes of the

two-waveguide system, at selected wavelengths. Hence, when light is injected

into one of the waveguides of the CDC, the selected wavelengths are dropped

and reflected to the other waveguide. However, due to the high-index-contrast

between the cladding (SiO2) and waveguide (Si) layers, guided optical modes are

strongly confined in conventional strip and ridge waveguides. Therefore, it is diffi-

cult to achieve very large coupling strengths between the two system modes. Thus,

conventional SOI CDCs typically have bandwidths no greater than 10 nm. How-

ever, for wavelength-division-multiplexing (WDM) band splitting, filters of band-

widths >30 nm are needed to separate (or combine) C-band signals from (or with)

other wavelength band signals which requires one to expand the bandwidths of

the CDCs. To achieve this, SWGs provide a means to expand the bandwidth of a

CDC. As demonstrated in Chapter 3, in comparison with conventional waveguides,

SWG waveguides can be engineered so that their optical modes are less confined

to the waveguides. This can be used to achieve stronger mode overlaps between

the two system modes in the CDC and, thus, expand the CDC’s bandwidth. SOI

CDCs using one SWG waveguide and one conventional strip waveguide have been

demonstrated with 3 dB bandwidths of 18.2 nm. However, these devices exhib-

ited strong sidelobes, having sidelobe suppression ratios (SLSRs) of only ∼3 dB,

in their pass-bands (i.e., in their drop-port responses) [83]. Some effort has been

made to reduce SLSRs to below 19 dB by apodizing the gap distances between the

SWG and strip waveguides [84, 156]. However, these devices had limited band-

widths and ERs of 12 nm and 14 dB, respectively [84]. A recently demonstrated

SWG CDC, also using one SWG waveguide and one strip waveguide, achieved a
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3 dB bandwidth of 33.4 nm [85]. However, this device had very strong sidelobes

with an SLSR of ∼2 dB and required a minimum feature size of 40 nm, which is

very challenging for mass production using optical lithography processes.

5.2 Design and Analysis
The SWG CDC design, as shown in Fig. 5.1(a), uses a 220 nm thick silicon layer,

a 2.2 µm thick silicon dioxide upper cladding layer, and a 2 µm thick buried oxide

layer. The device consists of three regions. Region I is the mode transition region

and has length LT . As shown in Fig. 5.1(b), Region I consists of two uncoupled

strip-to-SWG waveguide converters that match the two strip waveguides that have

widths W1 and W2, respectively, on the left-hand side (LHS) of the region to two

SWG waveguides that also have widths W1 and W2, respectively, on the right-hand

side (RHS) of the region. Each strip-to-SWG waveguide converter consists of a

strip-assisted SWG waveguide with its total width linearly tapered from W1 (or
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Figure 5.1: Schematic diagrams of my SWG contra-DC with design pa-
rameters labeled: (a) three-dimensional perspective view, (b) two-
dimensional top view of Region I, and (c) a zoom-in of the center of Re-
gion II where ∆W1 and ∆W2 reach their maximum values and G reaches
its minimum value.

59



W2) to W3 (or W4) and the assisting-strip waveguide’s width is linearly tapered

from W1 (or W2) to the minimum feature size provided by the fabrication process

(which is 60 nm in our case) which is finally followed by one SWG period with

width W1 (or W2). Thus, the fundamental and next higher-order modes of the two

strip waveguides on the LHS of Region I are matched to those of the two SWG

waveguides on the RHS of Region I, respectively, and vice versa. Region II is the

mode coupling region and consists of two SWG waveguides that have widths W1

and W2, respectively. For each SWG waveguide, as shown in Fig. 5.1(c), Bragg

grating patterns are formed by alternately offsetting SWG sections by +∆W and

−∆W . Therefore, the SWG period, ΛSWG, is one half of ΛBragg (where ΛBragg

is the Bragg grating period). Also, the Bragg grating on one side of the SWG

waveguide has a ΛBragg/2 mismatch with respect to that on the other side of the

SWG waveguide. Hence, as originally demonstrated in conventional CDCs [22],

the intra-waveguide Bragg reflection will be suppressed in each SWG waveguide.

To suppress the sidelobes in my SWG CDCs response, I apodize the corrugation

widths of the Bragg gratings on each SWG waveguide by applying the following

Gaussian function [113] to the offsets of the SWG sections:

∆W1,2(n) = ∆W1,2 · e−2[α(n−0.5N)/N]2 (5.1)

where ∆W1,2(n) is the offset of the nth SWG section in the SWG waveguide with

either width W1 or W2, respectively, ∆W1,2 is the maximum offset for the SWG

waveguide with either width W1 or W2, respectively, α is the apodization index,

and N is the total number of SWG periods in each SWG waveguide. Region III

is also a mode transition region and, as shown in Fig. 5.1(a), is a mirror image of

Region I, here acting as SWG-to-strip waveguide converters. In all three regions,

my SWG CDC has the same ΛSWG with a duty cycle of 50% and a nominal gap

distance, G, between the two waveguides.

I use a large waveguide-width asymmetry in my design in order to suppress the

co-directional coupling between the two waveguides, where W1 = 560 nm, W2 =

440 nm, and G = 200 nm. For TE mode operation, ΛBragg is selected to meet

the phase-match condition defined in Eq. 1.1 in which βa = β1 and βb = −β2 for

the forward propagating, fundamental system mode and the backward propagating,
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Figure 5.2: Calculated effective indices of the fundamental and the next
higher-order Floquet-Bloch TE modes as functions of wavelength for
the two-SWG-waveguide system in Region II (dashed lines) and the
two strip-to-SWG waveguide converters with 60-nm-wide assisting-
strip waveguides in Regions I and III (solid lines).

next higher order system mode, respectively. Hence, the phase-match condition for

the CDC can be written to be

β1 +β2 =
2π

ΛBragg
, (5.2)

where β1 and β2 are the propagation constants of the fundamental and next higher-

order Floquet-Bloch TE modes (i.e., the quasi-TE00 and quasi-TE01 modes) of the

two-SWG-waveguide system, respectively. In my initial design, I choose ΛBragg =

468 nm and, thus, ΛSWG = 234 nm. The effective indices of the two modes of the

two-SWG-waveguide system, ne f f 1 and ne f f 2, respectively, are obtained by calcu-

lating the equivalent refractive indices of the SWG waveguides [83, 84, 115] and by

using 3D FDTD band structure calculations [76] in FDTD Solutions (from Lumer-

ical, Inc.). To reduce the mode mismatch at the interface between Region I (or

Region III) and Region II, ne f f 1 and ne f f 2 of the two strip-to-SWG waveguide con-

verters in Region I (or the two SWG-to-strip waveguide converters in Region III)

are matched to those of the two SWG waveguides in Region II, using W3 = 526 nm

and W4 = 416 nm. As shown in Fig. 5.2, ne f f 1 and ne f f 2 are well matched over the

wavelength range from 1450 nm to 1650 nm. Based on my simulation results, I use
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LT = 23.634 µm (i.e., 101 SWG periods) to gradually taper the modes of the two

strip waveguides to those of the two SWG waveguides, and vice versa, for near-

ideal mode transitions. To achieve large coupling strengths and high reflectivities,

I use ∆W1 = 60 nm and ∆W2 = 40 nm, which gives a minimum G of 100 nm at

the center of the CDC, for a 374.4-µm-long coupling region (i.e., N = 1600). To

suppress the sidelobes, I use α = 3.3 in Eq. 5.1.

I use 3D FDTD band structure calculations and the coupled-mode-theory-based

transfer-matrix method (CMT-TMM) [22] to simulate the spectral responses of my

apodized, SWG CDC. First, I use 3D FDTD band structure calculations to ob-

tain the bandwidth, ∆λ , and the central wavelength, λo, of the SWG CDC with

various sets of ∆W1 and ∆W2, where ∆W1 increases from 0 nm to 60 nm and

∆W2 = 2/3 · ∆W1. As a comparison, I also calculate ∆λ and λo for a conven-

tional CDC, see [22] and/or [113], that consists of two strip waveguides and has

the same waveguide geometries, gap distances, and corrugation depths that I used

in my SWG CDC. As shown in Fig. 5.3(a), when ∆W1 (or ∆W2) increases to 60 nm

(or 40 nm), ∆λ in my SWG CDC increases to 34 nm, whereas, ∆λ only increases

to 14 nm in the conventional CDC. Also, as shown in Fig. 5.3(b), λo is not very

sensitive to the changes in the ∆W s in my SWG CDC, whereas, in the conventional

CDC, the changes in the ∆W s chirp λo by more than 20 nm. Such strong chirp-

ing effects on the central wavelengths have also been observed in other waveguide

Bragg grating filters [159] that were made using conventional high-index-contrast

SOI waveguides. Based on the above results, the contra-directional coupling coef-

ficient, κ , can be calculated using Eq. 1.14 [104]:

κ =
π ·∆λ

λ 2
o

(
ng1 +ng2

2

)
, (5.3)

where ng1 and ng2 are the group indices of the fundamental and the next higher-

order modes of the two-SWG-waveguide system, respectively. Next, as shown in

Fig. 5.3(c), I use a second-order polynomial fit to the calculated κ values,

κ = a ·∆W 2
1 +b ·∆W1, (5.4)

where a = −1.715 m−1 ·nm−2 and b = 2.034×103 m−1 ·nm−1. Then, by substi-

62



tuting ∆W1 in Eq. 5.4 and using Eq. 5.1, I obtain κ as a function of the longitudinal

position in the coupling region. As shown in Fig. 5.3(d), κ approaches zero at

the two ends of the SWG CDC and achieves a maximum of 1.15× 105 m−1 at

the center. Finally, using the CMT-TMM with the calculated β1, β2, κ , and λo, I

can obtain the spectral responses of my SWG CDC. As shown in Fig. 5.4, a wide,

(a)

(b)

(c)

(d)

Figure 5.3: (a) Calculated ∆λ as a function of ∆W1 for my SWG CDC (blue)
and a conventional CDC (red), (b) calculated λo as a function of ∆W1 for
my SWG CDC (blue) and a conventional CDC (red), (c) calculated κ as
a function of ∆W1 for my SWG CDC with curve fit, and (d) calculated
apodized ∆W1 (solid blue), ∆W2 (dashed blue), and distributed κ (red)
as functions of the longitudinal position in my SWG CDC for α = 3.3.
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33.8 nm

29 dB

Figure 5.4: Simulated drop-port spectral response of an apodized, SWG
CDC.

square-shaped, drop-port response is obtained with a 3 dB bandwidth of 33.8 nm

and an SLSR of 29 dB.

5.3 Fabrication and Measurement
My apodized SWG CDC was fabricated using EBL with plasma etching. The

devices were fabricated at the University of Washington WNF and Applied Nan-

otools, Inc. Figures 5.5(a)-(c) show SEM images of a fabricated SWG CDC.

Broadband SWG TE-mode GCs [12] were used to couple light into and out of

the CDC. The fabricated device was measured on a setup that included a TE

polarization-maintaining fiber array (for light injection and collection), an Agi-

lent 81600B tunable laser (as the light source), and an Agilent 81635A with two

optical power sensors (i.e., as the two output detectors).

Figure 5.6 shows the measured through-port and drop-port spectral responses

after calibrating out the insertion losses from the input and output GCs. The mea-

sured spectra were obtained when injecting light into the wide waveguide of my

SWG CDC. As shown in Fig. 5.6, I obtained a flat-top response with a 3 dB band-

width of 32.6 nm, an SLSR of 19 dB, and an excess loss of 0.26 dB at the drop-port.

Additionally, my device had a >28 nm clear window with an ER in excess of 20 dB

and a >25 nm clear window with an ER in excess of 40 dB at the through-port.
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Figure 5.5: SEM images of sections of my apodized, SWG CDC: (a) strip-
to-SWG waveguide converters at the interface between Regions I and
II, (b) the section at which ∆W1 and ∆W2 are small, and (c) the center of
the CDC where ∆W1 and ∆W2 reach their maximum values.

32.6 nm

28.4 nm

25.4 nm

19 dB

Figure 5.6: Measured spectral responses of my apodized, SWG CDC after
calibration.

In comparison with the simulation results, the fabricated device has a lower SLSR.

This is likely due to phase noise induced by the sidewall roughness and wafer non-

uniformity [85, 102, 106]. If I were to use a minimum G of 40 nm, as was done in

Ref. [85], my device should achieve a κ value of 1.43× 105 m−1 which, in turn,
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Figure 5.7: (a) The schematic of the series-cascaded, apodized, SWG CDCs.
Measured, calibrated, drop-port response of serial-cascaded, apodized,
SWG CDCs for (b) ΛBragg = 468 nm (λo = 1539 nm), (c) ΛBragg =
472 nm (λo = 1550 nm), and (d) ΛBragg = 476 nm (λo = 1560 nm).

would give a 3 dB bandwidth >40 nm (as compared to 33.4 nm as in [85]).

To further suppress the sidelobes, as shown in Fig. 5.7(a), I applied a series-

cascaded configuration [113] to my apodized, SWG CDCs. In this configuration,

three identical apodized, SWG CDCs were cascaded in which the drop-port of one

CDC was connected to the input-port of the next CDC. To show that my device can

be designed for various λos, I fabricated three devices for ΛBragg = 468, 472, and

476 nm, with corresponding measured λos of 1539, 1550, and 1560 nm, respec-

tively. As shown in Figs. 5.7(b) - (d), I obtained square-shaped, drop-port responses

with 3 dB bandwidths >30 nm, sidelobe suppressions >50 dB, and excess losses

<0.85 dB for all three devices.
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Chapter 6

Polarization-rotating
Bragg-grating Filters

Silicon photonic waveguide Bragg grating filters offer great potential in PICs for

optical communication and sensing applications due to their small footprints, low

fabrication costs, and compatibility with CMOS processes [20, 82, 100, 104, 107,

160]. However, due to the large birefringence in high-index-contrast SOI waveg-

uides, these Bragg grating filters, as well as other types of SOI filters (such as

MRR, AWG, and CDC), are highly polarization sensitive and, thus, are typically

designed for either TE mode or TM mode operation. To work for both the TE

and TM modes, these polarization-sensitive filters require polarization control cir-

cuits to be connected at their inputs, since light is typically coupled from optical

fibers to silicon PICs with arbitrary polarization states [86]. As briefly described

in Section 1.2.3, PRBGs provide alternative solutions for polarization-independent

wavelength filtering. In a PRBG, the input forward-traveling light (in either or both

the quasi-TE and quasi-TM modes) is coupled to backward-traveling, output light

in which the powers in the quasi-TE and quasi-TM modes have been exchanged. In

other words, in a PRBG, the light in each input mode is reflected into the orthog-

onal backward-traveling, output mode (in the rest of this chapter, I will refer to

the quasi-TE and quasi-TM modes simply as TE and TM modes). A single PRBG-

based filter will pass, or reflect, both the TE and TM modes at the same wavelength

without the need to use additional polarization beam splitters and/or polarization
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rotators which are required in MRR-based [88] and AWG-based [89] polariza-

tion diversity circuits. Therefore, PRBG-based filters, having theoretically zero

polarization-dependent frequency shift, are promising candidates for applications

that require very small polarization-dependent frequency shifts (<1 GHz) [161].

In this work, for the first time, I proposed and demonstrated SOI PRBG fil-

ters using partially-etched, asymmetric Bragg gratings on compact, single-mode

strip waveguides [95, 97]. These asymmetric Bragg gratings rotate and reflect the

fundamental TE and TM modes of the waveguide at selected wavelengths. The

transmitted light maintains its polarization at other wavelengths. Therefore, my

PRBG filters offer wavelength-selective, polarization-rotating reflection at their re-

flection ports and wavelength-selective, polarization-independent filtering at their

through ports. Unlike the SOI PRBG filter demonstrated in Ref. [94], my devices

are fabricated using standard duo-etch processes provided by commercially avail-

able silicon photonic foundries [52, 54].

In this chapter, PRBG band-rejection filter is designed and demonstrated in

Section 6.1 using uniform PRBGs and achieves a 3 dB bandwidth of 2.63 nm and

an ER >27 dB for both the TE mode and the TM mode. PRBG transmission filter is

designed and demonstrated in Section 6.2 using phase-shifted PRBGs and achieves

a 3 dB bandwidth of 0.26 nm and an ER of 19 dB for both modes.

6.1 Polarization-rotating Bragg-grating Band-rejection
Filter∗

6.1.1 Design and Simulation

The proposed band-rejection PRBG filter, as shown in Fig. 6.1, is designed using

a single-mode silicon strip waveguide with a thick silicon-dioxide cladding layer

and a 2 µm thick buried oxide layer. The waveguide width, W , and height, H, are

400 nm and 220 nm, respectively. The Bragg-grating pattern is formed by etching

first-order periodic corner corrugations into the waveguide. As shown in Fig. 6.1,

∗A version of Section 6.1 has been published: Han Yun, Zhitian Chen, Yun Wang, Jonas Flueck-
iger, Michael Caverley, Lukas Chrostowski, and Nicolas A. F. Jaeger, “Polarization-rotating, Bragg-
grating filters on silicon-on-insulator strip waveguides using asymmetric periodic corner corruga-
tions,” Optics Letters, vol. 40, pp. 5578-5581, 2015.
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Figure 6.1: Perspective view of the polarization-rotating Bragg-grating filter
on an SOI strip waveguide .

the grating pattern on one side of the waveguide is designed to have a half-period

mismatch with respect to that on the other side of the waveguide [91, 93, 94].

As light propagates along the waveguide, the Bragg gratings that are partially

etched into the upper right and the upper left corners break the geometric symme-

try in the transverse plane. Breaking the symmetry changes the fundamental quasi-

TE and quasi-TM mode distributions (see Figs. 6.2 and 6.3). In other words, the

x-component and the y-component, ~Ex and ~Ey, respectively, of the transverse elec-

tric field of the guided mode change. These changes are such that the total trans-

verse electric field, ~Et , where ~Et(x,y) = ~Ex(x,y)+~Ey(x,y), is rotated. As shown in

Fig. 6.3, ~Et(x,y) rotates in the clockwise direction if the upper right corner is etched

[see Figs. 6.3(a) and 6.3(b)] whereas it rotates in the counter-clockwise direction if

the upper left corner is etched [see Figs. 6.3(a) and 6.3(c)] [162, 163]. In Figs. 6.2

and 6.3, we used a corrugation width, w, of 100 nm and a shallow-etch depth, h, of

70 nm to accentuate the rotations achieved by etching the upper right corner or and

the upper left corner for illustration purposes. However, for my design, I used the

values obtained for w = 40 nm and h = 70 nm, as were used for the actual device.

The PRBG couples light from the fundamental quasi-TE mode to the funda-

mental quasi-TM mode, and vise versa, in a counter-directional fashion, when the
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Figure 6.2: Cross-sectional geometry with the calculated intensity distribu-
tions of the fundamental quasi-TE and quasi-TM modes of the unetched
strip waveguide and of the partially-etched waveguides for the cases
in which the upper right corner and in which the upper left corner are
etched (here w = 100 nm and h = 70 nm were used for illustration pur-
poses.

phase-match condition

β
+
‖ +β

−
⊥ =

2π

Λ
(6.1)

is met, where β
+
‖ is the propagation constant of the forward-propagating quasi-TE

(or quasi-TM) mode input to the Bragg-grating, β
−
⊥ is the propagation constant

of the backward-propagating quasi-TM (or quasi-TE) mode, and Λ is the grating

period. The power coupling efficiency of the polarization-rotating reflection can be

calculated using coupled-mode theory [111] and is given by:

η =
|κ|2 sinh2(sL)

s2 cosh2(sL)+(∆β/2)2 sinh2(sL)
(6.2)

where ∆β = β
+
‖ +β

−
⊥ −2π/Λ, s2 = |κ|2− (∆β/2)2, and L is the total length of the

grating. The polarization-rotating coupling coefficient, κ , is given by

κ =
ω

4

∫∫
E∗‖(x,y) · ε(x,y)E⊥(x,y)dxdy (6.3)
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Figure 6.3: The simulated vector plots of the total transverse electric fields
of the fundamental quasi-TE and quasi-TM modes of the unetched strip
waveguide and of the partially-etched waveguides for the cases in which
the upper right corner and in which the upper left corner are etched (here
w = 100 nm and h = 70 nm were used for illustration purposes

where ω is the angular frequency, E‖ and E⊥ are the normalized transverse electric

field distributions of the fundamental modes that have the propagation constants β
+
‖

and β
−
⊥ , respectively, and ε is the first Fourier component of the periodic dielectric

perturbation.

The fundamental quasi-TE and quasi-TM modes of the unetched strip waveg-

uide and the partially-etched waveguide are obtained using the eigenmode solver

in MODE Solutions [164] from Lumerical, Inc., with a 5 nm mesh. The calcu-

lated wavelength-dependent effective indices of the partially-etched waveguide are

shown in Fig. 6.4, from which we can find the polarization-rotating wavelength

λPR = (nT E +nT M) ·Λ (6.4)

due to the polarization-rotating Bragg reflection. The polarization-maintaining Bragg

wavelengths, λT E = 2nT E ·Λ and λT M = 2nT M ·Λ, can also be found, i.e., for TE-

to-TE and TM-to-TM Bragg reflections for TE-polarized and TM-polarized light

at the input, respectively. The spacings between λPR and λT E and between λPR and
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Figure 6.4: Calculated effective indices of the fundamental quasi-TE and
quasi-TM modes of the partially-etched waveguide. λPR is the
polarization-rotating reflection Bragg wavelength and λT E and λT M are
the polarization-maintaining reflection Bragg wavelengths, respectively,
for Λ = 368 nm (black dashed line).

λT M are greater than 80 nm (see Fig. 6.4). Using the transfer-matrix approach in

[22], the calculated spectral responses of my device (see Figs. 6.8 and 6.7) can be

obtained by solving Eqs. 6.2 and 6.3.

6.1.2 Fabrication and Measurement

Fabrication was performed at ePIXfab by IMEC in Belgium using 193 nm DUV

lithography on an SOI platform. Such fabrication technology has shown the ca-

pability of reliably patterning nanophotonic features [165, 166] and has been used

to fabricate Bragg-grating structures that have corrugation widths on the scale of

several tens of nanometers [18–20, 22]. h= 70 nm was used to fabricate the waveg-

uide corner corrugations on the strip waveguides. The fabricated device, as shown

in Fig. 6.5(b), has Λ = 368 nm with a duty cycle of 50%, w = 40 nm, and a grat-

ing period number, N, of 800, such that the device has a total grating length of
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Figure 6.5: (a) Schematic for TE-to-TM (solid arrows) and TM-to-TE
(dashed arrows) polarization rotation measurements. (b) SEM image
showing the corrugations of a device with the propagation constants la-
beled and the directions of propagation indicated.

294.4 µm.

As shown in Fig. 6.5(a), TE-polarized and TM-polarized GCs [8] were used as

the optical inputs/outputs to couple light into and out of my device from polarization-

maintaining fibers. For the measurements, Y-branch power splitters [14] were used

at both the reflection port and the through port so that the reflected and the trans-

mitted light would be guided to the TE-mode and the TM-mode output GCs. A

reference device that had its Bragg-grating waveguide section replaced by a strip

waveguide was also fabricated and used to calibrate out the losses introduced by

the GCs and the Y-branches. Both TE-to-TM and TM-to-TE polarization rotation

measurements of my device were performed on an automated probe station [50]

so that the optical power coupled into and out of the grating coupler from the fiber
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Figure 6.6: Measured reflection and transmission spectral responses over the
wavelength range 1460 nm to 1560 nm for both TE-to-TM and TM-to-
TE polarization rotation measurements after calibration. λPR and λT E

are the measured central wavelengths for polarization-rotating Bragg
reflection and polarization-maintaining Bragg reflection, respectively.

was maximized during the measurements. First, TE-polarized light was injected

into the left TE-mode port, and the reflection and the transmission responses were

measured at the left TM-mode port and the right TE-mode port, respectively. I

then injected TM-polarized light into the left TM-mode port and measured the

reflection and the transmission responses at the left TE-mode port and the right

TM-mode port, respectively.

Figure 6.6 shows the measured spectra of the fabricated polarization-rotating

Bragg-grating filter, after calibrating out the losses introduced by the GCs and the

two Y-branch power splitters. As shown in Fig. 6.6, both TE-to-TM and TM-to-

TE polarization-rotation responses were observed at the refection port centered at

λ = 1467.7 nm (see the blue and dashed red lines) and the polarization-maintaining

responses were observed at other wavelengths (see the green and dashed black

lines). The measured phase-match wavelengths λPR and λT E are about 1467.7 nm

and 1550.3 nm, respectively. The measured full-width-half-maximum (FWHM),
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Figure 6.7: Measured (solid lines) and simulated (dashed lines) polarization-
independent wavelength-selective transmission responses for devices
with various grating period numbers.

i.e., the 3 dB spectral bandwidths, for both polarization-independent transmission

and polarization-rotating reflection, are 2.63 nm. The measured responses show

that the maximum ER obtained is in excess of 27 dB at λPR = 1467.7 nm (see

Fig. 6.7) with an excess loss below 1 dB (∼0.6 dB). The extinction ratio of the first

sidelobes are approximately -4.5 dB.

The simulations show that the transmission extinction ratios of the devices in-

crease from 7 dB to 27 dB when the grating period numbers increase from 200

to 800, respectively, which were also confirmed in the measurements, as shown in

Fig. 6.7. In Fig. 6.7, the measured Bragg wavelengths are seen to shift slightly.

This shift is due to fabrication variations.

6.1.3 Discussion

The measured phase-match wavelengths are slightly different from the predicted

values which are 1465.3 nm and 1553.2 nm, respectively, shown in Fig. 6.4. These

differences are likely due to the wafer non-uniformity and fabrication variations [20,

22]. The actual fabricated corrugations of the Bragg gratings are not rectangular,
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2.63 nm

Figure 6.8: Wavelength-selective polarization-maintaining transmission and
polarization-rotating reflection responses and simulation results cen-
tered at λ = 1467.7 nm with a FWHM of 2.63 nm.

due to the lithography smoothing effect [19, 20] in the fabrication processes [see

the SEM image in Fig. 6.5(b)].

Also, due to the pattern-size effect in the plasma etching [19], the cross-section

of the fabricated Bragg-grating is not the same as in my design. This effect results

in weaker coupling (and thus a narrower bandwidth) and also changes the effective

indices of the modes which can contribute to the observed wavelength shift. The

design value for κ was calculated to be 1.7411×104 m−1, whereas the κ extracted

from the measured reflection spectra was 1.3320×104 m−1. I have taken the above

into account in my simulations by adjusting the parameters which include the ef-

fective indices and the coupling coefficients in Eqs. 6.2 and 6.3, and we were able

to curve-fit the main peak as well as the sidelobes to the measured spectra [22] and

obtained good agreement to the experimental results (see Fig. 6.8).

In comparison with previous work [94], our device is more compact, hav-

ing a total grating length of less than 300 µm, and achieves a higher maximum

polarization-extinction-ratio (PER) of greater than 27 dB. Our device also has a

low excess loss of less than 1 dB and a 3 dB spectral bandwidth of 2.63 nm for

both TE-to-TM and TM-to-TE polarization rotations.
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6.2 Polarization-rotating Bragg-grating Transmission
Filter†

SOI Bragg grating transmission filters can be achieved by using phase-shifted

Bragg gratings to obtain narrow transmission peaks [167, 168] for applications

including optical add-drop filters [160], modulators [33], bio-sensors [169, 170],

and microwave photonic (MWP) signal processors [171, 172]. Nevertheless, these

devices are again highly polarization sensitive. In recent years, many PRBG-based,

band-rejection filters [94, 95, 128, 129] have been demonstrated for polarization in-

dependent operation on the SOI platform. However, very few PRBG-based trans-

mission filters [96] have been reported (see Section 1.1.2). Here I demonstrate

a thermally-tunable, PRBG-based, transmission filter using phase-shifted PRBGs

with an integrated thermal heater on an SOI strip waveguide [97] for polarization-

independent wavelength filtering.

6.2.1 Device Design and Simulation

The PRBG band-transmission filter was designed using a 450 nm wide, 220 nm

high, single-mode SOI strip waveguide with a nominally 3 µm thick silicon diox-

ide cladding layer and a 2 µm thick buried oxide layer. As shown in Fig. 6.9, the

PRBG pattern was formed by etching first-order periodic corner corrugations into

the waveguide. The corrugations, having a corrugation width, w, and a corrugation

depth, h, broke the geometrical and, therefore, the optical symmetry of the waveg-

uide in the transverse plane and rotated the polarization of the light propagating in

the waveguide [95, 128]. The grating on one side of the waveguide was shifted by

a half-period relative to that on the other side of the waveguide.

The grating periodicity sets the central wavelength of the reflection band of

a PRBG and polarization-rotating Bragg reflection occurs when the phase-match

condition between the forward-traveling light and the polarization-rotated, backward-

†A version of Section 6.2 has been published: Han Yun, Lukas Chrostowski, and Nico-
las A. F. Jaeger, “Narrow-band, polarization-independent, transmission filter in a silicon-on-insulator
strip waveguide,” Optics Letters, vol. 44, pp. 847-850, 2019.
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Figure 6.9: Perspective view of a schematic of the central portion of the
polarization-independent transmission filter on an SOI strip waveguide
with an integrated heater.

traveling light is met [95], i.e., when

β
+
‖ +β

−
⊥ =

2π

Λ
, (6.5)

where β
+
‖ is the propagation constant of the forward-traveling quasi-TE (or quasi-

TM) mode input to the grating, β
−
⊥ is the propagation constant of the backward-

traveling quasi-TM (or quasi-TE) mode, and Λ is the grating period. In this work,

as shown in Fig. 6.9, a Λ/2 phase-shift is introduced between two PRBGs by ex-

tending one Λ/2 section of one of the PRBGs to have a length of Λ. For both

the TE and TM modes, this phase-shift and the PRBGs on each side formed a

Fabry-Pérot resonant cavity and resulted in a single resonance peak at the center

of the stop-band at the through-port and a corresponding notch at the center of the

pass-band at the reflection-port. This peak, being polarization independent, was

located around the central wavelength of the polarization-rotating Bragg reflection
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and, thus, was given by

λp = (nT E
e f f +nT M

e f f ) ·Λ, (6.6)

where nT E
e f f and nT M

e f f were the effective indices of the fundamental quasi-TE and

quasi-TM modes in the corrugated waveguide, respectively. The transmission and

reflection responses of the phase-shifted PRBGs can be calculated using [33, 111][
E+
‖ (0)

E−⊥ (0)

]
=CPC

[
E+
‖ (L)

E−⊥ (L)

]
, (6.7)

where E+
‖ (0) and E−⊥ (0) are the field amplitudes of the propagating mode of the

forward-traveling light and the polarization-rotated, backward-traveling light at the

input of the device, respectively. E+
‖ (L) and E−⊥ (L) are the field amplitudes of

the propagating mode of the forward-traveling light and the polarization-rotated,

backward-traveling light at the output of the device, respectively. L is the total

length of the phase-shifted PRBG. C is the transfer matrix for the PRBG on either

side of the phase-shift and is given by

C =

[
cosh(sl)+ j ∆β− jα

2s sinh(sl) j κ

s sinh(sl)

− j κ

s sinh(sl) cosh(sl)− j ∆β− jα
2s sinh(sl)

]
. (6.8)

where s=
√
|κ|2− [(∆β − jα)/2]2), ∆β = β

+
‖ +β

−
⊥ −2π/Λ, κ is the polarization-

rotating coupling coefficient of the PRBG, α is the propagation loss in the PRBG,

and l is the length of the PRBG [i.e., l = (L−Λ/2)/2]. P is the transfer matrix for

the phase-shift and is given by

P =

[
e j(β+

‖ − jα/2)Λ/2 0

0 e− j(β−⊥− jα/2)Λ/2

]
. (6.9)

In my design, I chose Λ = 413 nm with a duty cycle of 50%, w = 80 nm, and

h = 70 nm for a 400 period long PRBG on either side of the phase-shift, which

had a length of 206.5 nm (i.e., Λ/2 = 206.5 nm). I also integrated a 360 µm long,

4.5 µm wide heater that covered the entire device for wavelength tuning. The

heater was placed in the silicon dioxide cladding ∼ 2 µm above the PRBG waveg-

uide.
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Figure 6.10: SEM image of the central portion of a fabricated, polarization-
independent, transmission filter on an SOI strip waveguide.

6.2.2 Fabrication and Characterization

The device was fabricated using 193 nm DUV lithography on an SOI platform

by IME in Singapore. A duo-etching process, including a shallow-etch depth of

70 nm and a deep-etch depth of 220 nm, was used to fabricate the PRBGs in a

450 nm wide, 220 nm high strip waveguide. Figure 6.10 shows the SEM image

of a fabricated PRBG with a Λ/2 phase-shift in the center of the grating. A thin

layer of titanium nitride was used as the heater. Aluminum alloy DC probe pads

and routing wires were used to provide current to the heater.

As shown in Fig. 6.11, TE-mode and TM-mode, shallow-etched GCs [8], hav-

ing the same fiber coupling angle, were used as the optical inputs/outputs to couple

light into and out of my device. Y-junction power splitters [14] were used at both

the reflection port and the through port so that the reflected and the transmitted light

would be guided to the TE-mode and the TM-mode output GCs. The Y-junction

has low excess losses of∼0.28 dB for TE mode and∼0.43 dB for TM mode, which

were obtained from independent cutback measurements. I also fabricated a refer-

ence device that had its PRBG waveguide section replaced by a strip waveguide

to calibrate out the losses introduced by the Y-junctions and the GCs. The fabri-

cated device was measured on a test setup that included a polarization maintaining

fiber array (for light injection and collection), an Agilent 81600B tunable laser (as

the light source), and an Agilent 81635A with the two optical power sensors (as
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Figure 6.11: Schematic for the TE-mode (solid lines) and TM-mode (dashed
lines) measurements with integrated heater (yellow region) for thermal
tuning.

the output detectors). DC probes were used to apply a voltage to the heater and a

Keithley 2602 was used as both the voltage source and the power meter.

As shown in Fig. 6.11, both TE-mode and TM-mode measurements were per-

formed on fabricated device. First, TE-polarized light was injected into the left

TE-mode port, and the reflection and the transmission responses were measured

at the left TM-mode and the right TE-mode ports, respectively. I then injected

TM-polarized light into the left TM-mode port and measured the reflection and the

transmission responses at the left TE-mode and the right TM-mode ports, respec-

tively. Figure 6.12 shows the through-port and reflection-port spectral responses

obtained when the TE-mode light was injected and when the TM-mode light was

injected. As shown in Fig. 6.12, after calibrating out the losses from the GCs and

the Y-junctions, for both the TE- and TM-mode inputs, polarization-independent

transmission peaks were obtained at λ = 1556.36 nm with 3 dB bandwidths of

0.26 nm, giving quality factors of ∼6000. The corresponding notches in the re-

flection responses are also shown in Fig. 6.12 and extinction ratios of 19 dB were

obtained at 1556.36 nm for both the TE and TM modes.

The transmission peaks at the through-port had imbalanced out-of-band rejec-

81



0.26 nm

Figure 6.12: Measured spectral responses of a fabricated device for TE-mode
injection (solid line) and TM-mode injection (dashed line). The inset
shows the resonant transmission peak at 1556.36 nm with a 3 dB band-
width of 0.26 nm (after calibration) for both the TE and TM modes.

Figure 6.13: Measured calibrated through-port and reflection-port spectral
responses for the TE-mode measurements. Also shown are the curve-
fit through-port and calculated reflection-port spectral responses.
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tion ratios which were 15 dB on the left side and 10 dB on the right side. This was

likely due to fabrication imperfections resulting in the optical length of the cen-

tral, Λ long section (the one with the Λ/2 phase-shift) not being exactly the same

as in other Λ long sections in the PRBGs (see Fig. 6.10), which means that the

fabricated phase-shift section did not give exactly a π phase shift at the designed

center wavelength. I have taken the above into account in my calculations and used

Eqs. 6.7, 6.8, and 6.9 to curve fit the measured TE mode transmission spectral re-

sponses. I obtained κ = 7800 m−1 and an average α = 14.65 dB/cm of the TE and

TM modes in the PRBGs for the fabricated device (the propagation losses in the

PRBGs are higher than those in regular strip waveguides, which are ∼2.5 dB/cm

for TE mode and ∼1 dB/cm for TM mode [173]). I then used the fitted κ and α

values to calculate the corresponding TM mode reflection spectral responses. As

shown in Fig. 6.13, the curve-fit TE mode transmission responses and the calcu-

lated TM mode reflection responses were in good agreement with the measured

calibrated spectral responses. Also, the measured calibrated through-port spectral

responses showed low excess losses of less than 0.5 dB, for both modes, in my

device.

I measured the group delays of my device at the through- and reflection-ports

for both the TE and TM modes using an Optical Vector AnalyzerTM STe from

Luna Innovations Inc. The measured group delays, that included the delays from

the routing waveguides (connecting the GCs and the PRBG filter), the GCs, and

the input/output fibers, are shown in Fig. 6.14. For both the TE and TM modes, a

spike of 8 ps and a notch of 86 ps were observed at the same central wavelength in

the through-port and reflection-port responses, respectively.

I also performed thermal tuning measurements on the polarization-independent

transmission filter for both the TE and TM modes. The integrated heater had a

measured resistance of 775 Ω. I measured the through-port spectral responses

of the filter while varying the applied bias voltage. The measurement results are

shown in Fig. 6.15. As shown in Figs. 6.15(a) and (c), the transmission peak shifted

to longer wavelengths for both the TE and TM modes. I used linear regressions to

fit the measured wavelength shifts and obtained 0.028 nm/mW tuning efficiency

for both the TE and TM modes, as shown in Figs. 6.15(b) and (d), respectively.
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(a) (b)

(c) (d)

Figure 6.14: Measured group delays for (a) TE mode transmission, (b) TE-
to-TM mode reflection, (c) TM mode transmission, and (d) TM-to-TE
mode reflection.

6.2.3 Discussion

The center wavelength of my phase-shifted PRBG filter can be tuned by adjusting

the size of the phase-shift section. The bandwidth of the transmission peak is

affected by the propagation losses and the reflectivities of the PRBGs on either

side of the phase-shift section. The width of the stopband on either side of the

transmission peak can be tuned by varying the corrugation widths.
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(a) (b)

(c) (d)

𝒚 = 𝟎. 𝟎𝟐𝟖 ∙ 𝒙 + 𝟏𝟓𝟓𝟔. 𝟑𝟔

𝒚 = 𝟎. 𝟎𝟐𝟖 ∙ 𝒙 + 𝟏𝟓𝟓𝟔. 𝟑𝟔

Figure 6.15: (a) Superimposed TE-mode transmission spectra for various
bias voltages, (b) TE-mode peak wavelength versus the power applied
to the heater, (c) superimposed TM-mode transmission spectra for vari-
ous bias voltages, and (d) TM-mode peak wavelength versus the power
applied to the heater.
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Chapter 7

Summary, Conclusions, and
Suggestions for Future Work

7.1 Summary
In this thesis, a comprehensive study of adiabatic 3 dB couplers, contra-directional

couplers (CDCs), and polarization-rotating Bragg gratings (PRBGs) is presented.

Each type of device has been theoretically investigated and experimentally demon-

strated on the SOI platform.

The mode evolution process of guided optical modes in two waveguide sys-

tems has been studied for various types of waveguide including conventional ridge

and strip waveguides, SWG waveguides, and SWG-assisted strip waveguides. In

the mode evolution process, the fundamental and next higher order modes of two

asymmetric waveguides evolve into those of two symmetric waveguides. This pro-

cess has been studied using 3D FDTD simulations and has been applied to the

designs of adiabatic 3 dB couplers for broadband operation. First, adiabatic 3 dB

couplers utilizing conventional ridge and strip waveguides are demonstrated for

100-µm-long mode-evolution regions and 100 nm operating bandwidths with split-

ting imbalances <0.5 dB. Next, the propagation and dispersion properties of light

in SWG waveguides are explored using 3D FDTD band structure calculations and

used to design SWG adiabatic couplers featuring compact footprints, broad operat-

ing bandwidths, low splitting imbalances, low insertion losses, and high tolerances
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to fabrication variations. An SWG adiabatic 3 dB coupler has been fabricated with

a 20-µm-long, mode-evolution region and has achieved a 130 nm bandwidth, and

a splitting imbalance <0.4 dB. Finally, SWG-assisted strip waveguides have been

studied and utilized for a compact, ultra-broadband, adiabatic 3 dB coupler that

has a 15-µm-long, mode-evolution region, a 185 nm bandwidth, a splitting imbal-

ance <0.3 dB, low insertion losses <0.11 dB, and a high tolerance to fabrication

variations.

The methodology of using 3D FDTD band structure calculations to model

SWG waveguides has also been applied to the designs of SWG CDCs as broad-

band add-drop filters. Strong mode couplings between the fundamental and next

higher order modes of the two asymmetric waveguide system have been obtained

by using two SWG waveguides with integrated Bragg gratings. High sidelobe sup-

pressions have also been achieved by apodizing corrugation depths of the Bragg

gratings along the device. An apodized, SWG CDC has been demonstrated giving

a flat-top, drop-port response with a 3 dB bandwidth of 32.6 nm, an SLSR of 19 dB,

and a low excess loss of 0.26 dB. Broadband, square-shaped, add-drop filters us-

ing series-cascaded SWG CDCs have also been demonstrated with 3 dB band-

widths >30 nm, sidelobe suppressions >50 dB, and low excess losses <0.85 dB.

Furthermore, PRBGs with asymmetric, periodic, corner corrugations on single-

mode strip waveguides are studied. The operating principles of wavelength-selective

polarization-rotation are presented and applied to achieve polarization-independent

wavelength filtering. Uniform PRBGs as band-rejection filters and phase-shifted

PRBGs as band-pass filters have been fabricated and tested. A PRBG band-rejection

filter with 3 dB bandwidths of 2.63 nm, ERs >27 dB, and low insertion losses

<1 dB has been demonstrated for both the TE and TM modes. A PRBG band-pass

filter has also been demonstrated with 3 dB bandwidths of 0.26 nm and ERs of

19 dB, again, for both mode types.

7.2 Conclusions
In conclusion, I have demonstrated adiabatic 3 dB couplers for low-loss, broad-

band power splittings on the SOI platform. When using conventional ridge or

strip waveguides, my adiabatic 3 dB couplers achieved broad operating bandwidths
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with low insertion losses and low splitting imbalances, but suffered from long

mode evolution regions. Due the fact that SWG waveguides can be engineered to

have weakly confined optical modes with low dispersion, SWG adiabatic couplers

with compact footprints and wider bandwidths can be obtained; however, their

operating bandwidths cut-off at wavelengths below the L-band (1630 nm in my

case). Nevertheless, by including a central strip, SWG-assisted strip waveguides

that support guided optical modes over all communication bands can be obtained.

SWG-assisted adiabatic 3 dB couplers also have the most compact footprints, the

widest operating bandwidths, and the lowest insertion losses while maintaining

low splitting imbalances and high tolerances to fabrication variations. Here, I have

copied Table. 1.1 (first presented in Chapter 1) since it compares the adiabatic 3 dB

couplers developed in this work with state-of-the-art, mode-evolution-based, SOI

power splitters demonstrated by other research groups. Functioning as 2×2 op-

tical power splitters, my SWG-assisted adiabatic 3 dB couplers should be able

to replace my conventional adiabatic 3 dB couplers which have been used for

numerous optical communication applications such as optical gyroscopes [150],

MZI modulators [151], Michelson interferometric modulators [65, 152], and opti-

cal switches [63, 64].

Using SWG waveguides and apodized Bragg gratings, SWG CDCs can be used

to provide broadband, flat-top responses with high extinction ratios (ERs) and high

sidelobe supression ratios (SLSRs). Broadband, square-shaped, add-drop filters

can be obtained by using series-cascaded, apodized, SWG CDCs and can achieve

ultra-high SLSRs. These devices can be used for optical communication applica-

tions including WDM band-splitters, WDM filters, and bandwidth-tunable filters.

Additionally, I have also shown that polarization-independent filters can be ob-

tained using PRBGs. While rotating and reflecting light at same wavelengths for

both the TE and TM modes, these devices can provide polarization-independent,

polarization-rotating at their drop-ports and polarization-independent, polarization-

maintaining at their through ports with same performance for both the TE and TM

modes, and that my PRBG-based filters are promising candidates for applications

that require polarization-independent wavelength filtering.
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Ref. Year Polarization BW
(nm)

Splitting
Ratio (dB)

IL
(dB)

LE (µm) Waveguide

[73] 2006 TE&TM 300 3±0.7 ∼0.5 250 Rib
[74] 2010 TE 90 3±1.1 NA 200 Rib
[68] 2013 TE 100 3±0.2 0.31 300 Rib
[15] 2013 TE 100 3±0.5 <1 100 Rib
[62] 2013 TE 70 3±0.3 <1 100 Strip
[75] 2015 TE/TM 100 3±0.8 (TE)

3±0.2 (TM)
<0.5 100 (TE)

122 (TM)
Strip

[76] 2016 TE 130 3±0.4 <0.5 20 SWG
[77] 2017 TE&TM 100 3±0.7 NA 125 Strip
[78] 2018 TE 185∗

500∗∗
3±0.3 <0.11 15 SWG-

assisted
Strip

[69] 2018 TE&TM 100 (TE)
80 (TM)

3±0.6 (TE)
3±0.1 (TM)

∼1 75 Strip

[79] 2018 TE&TM 100 3±0.27 <0.74 25 SWG-
assisted
Slot

[71] 2018 TE 100 3±0.3 <0.3 60 Rib
[72] 2019 TE 100 3±0.5 <0.3 26.3 Rib

∗: Measured bandwidth (limited by our test setup).
∗∗: Simulated bandwidth.

Table 1.1: Comparison of mode-evolution-based, 2×2 power splitters on SOI
platforms. The adiabatic couplers developed in this dissertation are high-
lighted in bold italics. BW: Bandwidth; LE : mode evolution region
length. (copied from page 6)

7.3 Suggestions for Future Work
The adiabatic couplers demonstrated in this thesis were designed for broadband

3 dB power splitting. Following the design methodology shown in this thesis,

compact, broadband adiabatic couplers with arbitrary splitting ratios should be able

to be developed using asymmetric waveguide pairs with various width differences

at Ports 3 and 4. Compact, polarization-insensitive, adiabatic couplers can also

be obtained by using SWG-assisted strip waveguides. By increasing the width of

the central strip and/or the length of the SWG fins, SWG-assisted strip waveguides

should be optimized to support the mode evolution process for both the TE and

TM modes. Since the effective indices of the system modes will increase, the
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SWG period length should also be adjusted to avoid Bragg diffraction.

With regard to SWG CDCs, higher SLSRs should be obtained by optimiz-

ing the Gaussian apodization function or using other apodization functions. Al-

though it was not obvious in my SWG CDCs, Fig. 5.3(b) has shown that cor-

rugation apodization chirps the central wavelength of Bragg grating filters. This

is because, while apodizing the coupling coefficient, apodized corrugations also

change the effective indices for the gratings. Therefore, with a constant grating

period length, the central wavelength will be chirped, and unexpected apodization

phase noise will also be induced to distort the spectral responses, which results

in increased bandwidths and decreased sidelobe suppressions. A phase correction

method should be applied by adjusting the period length along the CDC so that the

apodized coupling coefficients always locate at the same central wavelength along

the device. Therefore, the apodization phase noise can be compensated and the

sidelobe suppression can be improved.

Add-drop filters with bandwidths >100 nm can be achieved by chirping the

Bragg period lengths (and the corresponding SWG period lengths) along the SWG

CDCs. In principle, as the grating period changes along the length, the central

wavelength also changes according to the contra-directinonal phase-match condi-

tion. Therefore, a chirped SWG CDC can be considered to be the sum of a large

number of uniform SWG CDCs with various periods, and, thus, broad operating

bandwidths can be obtained. Chirped Bragg grating devices typically need to have

long total grating lengths to obtain large ERs. However, since the coupling strength

of the SWG CDC is very large, chirped SWG CDCs can have much smaller foot-

prints than those using conventional SOI waveguides.

CDC-based, PRBG, add-drop filters should be able to be developed using

two asymmetric PRBG waveguides. To drop the reflected light, the demonstrated

PRBG filters in Chapter 6 were cascaded with a Y-junction, which then induced a

6 dB loss in the reflected light at the refection port. CDC-based, PRBG filters can

be designed so that the polarization-rotated, reflected light is separated from the

input light without having the 6 dB loss or the need to use circulators. As shown

in Fig. 7.1, the CDC-based, PRBG filters consist of two PRBG waveguides with

waveguide widths, W1 and W2, respectively. The PRBG period should be chosen

so that when the fundamental quasi-TE mode of the narrow waveguide is injected
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Figure 7.1: Schematic diagram of polarization-independent wavelength fil-
tering and wavelength-selective polarization-rotating achieved by using
an SOI, PRBG-based, band-rejection filter.

into the input port of the coupler the TE01 mode of the two waveguide system is the

(predominantly) excited mode and is coupled to the contra-directionally propagat-

ing TM00 mode of the two waveguide system. The device also works in reverse if

the fundamental quasi-TM mode of the wide waveguide is injected. Therefore, the

light injected into one waveguide will be contra-directionally coupled to the other

waveguide and have its polarization rotated at specific wavelengths.

In this dissertation, although I used an EBL tool to fabricate the SWG-based

structures with features as small as 60 nm, as summarized in Table. 7.2, these de-

vices could have been, and (to be commercially viable) should be, fabricated using

193 nm DUV immersion lithography, which has been used for silicon photonic

devices with features as small as 50 nm [59].
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Devices EBL 193nm DUV
Lithography ∗

193nm Immersion
Lithography ∗∗

Rib Adiabatic Coupler X X X
Strip Adiabatic Coupler X X X
SWG Adiabatic Coupler X × X
SWG-assisted Adiabatic Coupler X X X
SWG CDC X × X
PRBG Band-rejection Filter X X X
PRBG Transmission Filter X X X

∗: 90 nm minimum feature [174].
∗∗: 50 nm minimum feature [59].
X: process used in this dissertation for fabrication.

Table 7.2: Device Fabrication Compatibility.
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