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ABSTRACT

Our burgeoning appetite for data relentlessly demands exponential scaling of com-

puting and communications resources leading to an overbearing and ever-present

drive to improve efficiency while reducing on-chip area even as photonic components

expand to fill application spaces no longer satisfied by their electronic counterparts.

With a high index contrast, low optical loss, and compatibility with the CMOS

fabrication infrastructure, silicon-on-insulator technology delivers a mechanism by

which efficient, sub-micron waveguides can be fabricated while enabling monolithic

integration of photonic components and their associated electronic infrastructure.

The result is a solution leveraging the superior bandwidth of optical signaling on

a platform capable of delivering the optical analogue to Moore’s Law scaling of

transistor density. Device size is expected to end Moore’s Law scaling in photonics

as Maxwell’s equations limit the extent to which this parameter may be reduced.

The focus of the work presented here surrounds photonic device miniaturization and

the development of 3D optical interconnects as approaches to optimize performance

in densely integrated optical interconnects.

In this dissertation, several technological barriers inhibiting widespread adoption

of photonics in data communications and telecommunications are explored. First,

examination of loss and crosstalk performance in silicon nitride over SOI waveg-

uide crossings yields insight into the feasibility of 3D optical interconnects with the

first experimental analysis of such a structure presented herein. A novel measure-

ment platform utilizing a modified racetrack resonator is then presented enabling

extraction of insertion loss data for highly efficient structures while requiring mini-

mal on-chip area. Finally, pioneering work in understanding the statistical nature of

doublet formation in microphotonic resonators is delivered with the resulting impact

on resonant device design detailed.
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CHAPTER 1

INTRODUCTION

We live now in the heart of the information age, immersed in a technological land-

scape and surrounded by an overwhelming flow of questions and answers in our

increasingly globalized world. In today’s world, we have access to a nearly inex-

haustible amount of information at the touch of a button; in fact, the button is

often optional. We can instantly connect to and share ideas with people thousands

of miles away in the blink of an eye; the answers to questions asked by one are now

available for all; and resources can be shared at will providing the tools necessary to

complete previously unassailable challenges[1]. It is difficult to imagine now a world

without the web and it all started with a small germanium crystal and a few clever

physicists [2].

The computer as we know it evolved rather rapidly following the invention of the

point-contact transistor in 1947[2] when the then state-of-the-art ENIAC (Fig. 1.1a)

occupied a space larger than an average house, produced 500 flops using 150kW of

power and cost approximately $6M in today’s dollars to develop [3]. By compari-

son, the Apple iPhone 5S first released in 2013 (Fig. 1.1b) retails for around three

hundred dollars, fits in your pocket, and the GPU alone is capable of over 70 gi-

gaFLOPS in a device with sub-watt power consumption[4]. In evolving from the

ENIAC to the iPhone 5S, the cost per flop decreased 3 trillion fold from $12000 to

less than one millionth of one cent representing a year-on-year depreciation of 35%

while the physical volume per flop plummeted an astounding 840 trillion fold with

a half-life of a little over a year!

The factors contributing to this astounding technological advance are too numer-

ous to list; however, we can identify two prime enabling technologies surrounding the

greatest driver of technology adoption, cost. The first is the integrated circuit. The

idea of the integrated circuit is simple: take each of the discrete components used



13

to perform some function when combined in a particular way, connectorize them in

an efficient manner, and incorporate this subsystem in a single packaged product

or module. Instead of installing and maintaining each component, only the mod-

ule must be accounted for with repeatable manufacturing and assembly processes

providing significant economies of scale.

Inception of the truly disruptive embodiment of the integrated circuit occured

in the summer of 1958 when Dr. Jack Kilby suggested fabrication of all components

within a given module on the same substrate as a way forward in the push towards

microminatuarization[5]. Less than a year later, Robert Noyce adopted Kilby’s

technology to work with a ‘planar process’ developed by Jean Hoerni that produced

flat transistors in silicon[5]. This version of the monolithic integrated circuit enabled

multi-layer structures with devices isolated by silicon dioxide. With avid customers

in the defense and aerospace industries seeking solutions to the severe size, weight,

and power requirements of ballistic missiles and aircraft and a burgeoning computer

aided design and manufacturing market, the monolithic integrated circuit enjoyed

rapid and widespread adoption.

The second major enabler of computing commoditization was the advent of VLSI

technology following the invention of the modern cleanroom at Sandia National Lab-

oratories by Dr. Willis Whitfield in 1960[2] with today’s state-of-the-art cleanroom

limiting the presence of contaminating particles to ten particles less than 100nm in

size per cubic meter[6]. The real-world impact of this extreme level of cleanliness is

made tangible by the following thought experiment. What would happen if every

wafer produced by Intel was contaminated by a single human hair?

We begin by analyzing Haswell chips from the 22nm process node with 300mm

wafers[7] and broadly assume that the results are a reasonable estimate to the aver-

age figures associated with Intel’s products. Given a die size of 177mm2[7], we can

estimate that each wafer contains approximately 350 die and that a human hair of

100µm[8] diameter laid flat across the wafer could cause defects in as many as 42 of

these die. This gives us a yield reduction of 12% assuming all affected die were pre-

viously faultless. Intel’s 10K filing for 2013 tells us that the company’s net revenue
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was $52.7B with just over 18% profit margin[9]. Assuming the cost of fabricating an

additional die to replace the defective part is the same as the cost of producing the

original die, it can be shown that the 12% yield reduction causes an 11% reduction

in profit. In this scenario, then, the estimated cost associated with contamination

of every one of Intel’s production wafers by a single human hair is almost $6B.

Now, let us consider a situation in which the maturation of VLSI technology

was stunted for one reason or another. Specifically, let us assume that the industry

standard wafer size ceased to advance beyond 100mm. We further assume that

Intel would like to maintain it’s healthy profit margin, the cost per wafer remains

unchanged, and the world at large maintains it’s love affair with the technology we

depend on every day. With an estimated 30 die per 100mm wafer, production must

be scaled by almost a factor of twelve to maintain volume requirements. This means

twelve times the materials, facilities, and employees and represents an additional

cost of over $500B. Passing this additional cost on to the consumer would put a

$2500 price tag on a CPU of moderate performance with top of the line components

selling for well in excess of $10k. In reality, consumers would likely have spent their

hard earned resources elsewhere with the technology we enjoy either prohibitively

expensive or never developed at all.

Our sojourn into the history of modern computing is made relevant when you

consider the current state of the photonics industry. Photonic interconnection net-

works today often more closely resemble the ENIAC than the iPhone with discrete

components connected via a multitude of optical fibers to produce some desired

systemic function. The photonics industry is still in the process of standardiz-

ing and/or developing many of the fundamental building blocks of a commoditized

photonic solution including the material systems for sources, passive elements, and

detectors; cost effective packaging capable of passive alignment of a large number

of optical channels akin to CPU packaging solutions; and seamless integration of a

combination of optical and electrical integrated circuits similar to the CPU sockets,

card slots, and connecting traces of a motherboard. This daunting set of technolog-

ical challenges and the equally impressive spread of researchers seeking to resolve
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them leads us to the motivation behind developing photonic technologies for data

communication and processing.

Figure 1.1: Comparison of the a) ENIAC[3] and b) iPhone5S[4]

1.1 High Performance Computing

In recent history, a trend in computing has been towards centralization of com-

puting resources with computational onus transitioning from end-user hardware to

data center networks. A data center is essentially a collection of computing nodes

connected by an internal network whose purpose is to perform computing tasks for

a large number of users[10]. End-users are then able to take full advantage of the

computational resources of the data center using hardware that needs only to serve

as a portal or terminal that primarily provides a user interface. This approach

is economically effective as computing power and storage capabilities experience

significant economies of scale in the data center architecture with a transition in

customer cost from large capital expenditure to significantly reduced periodic fee

structures while increasing reliability and quality of service. Perhaps more impor-

tantly, centralization of computing resources enables a variety of now well-known

capabilities such as cloud computing, social networking, e-commerce, etc.[11] that

would otherwise have remained infeasible.



16

Figure 1.2: Construction of a data center.

High performance computers (HPCs) may be thought of as a close relative of the

data center with fundamentally similar architecture designed to provide somewhat

different functionality. While data centers are designed to handle relatively banal

computational tasks for a large number of users, HPCs address monumental tasks

for a subtantively lower number of users. As with data centers, the applications

for HPCs are many and varied ranging from climate modeling and nuclear physics

to quantum chemistry and artificial intelligence[12] each with unique computational

requirements. Hereafter, we will refer to data centers and HPCs simply as HPCs

for brevity.

A full treatment of the multitude embodiments of HPCs is outside the scope of

this work; however, it is instructive to discuss the general architecture (Fig. 1.2) of

such a system as it proves informative in later discussing the role of and need for

photonics in these systems. The fundamental unit of an HPC is a node. Each node

may be thought of as a personal computer with many of the components such as

the monitor, keyboard, display adapter, etc. removed and the form factor changed

to reduce power consumption and minimize space, respectively. These nodes are

then aggregated into a rack with multiple racks organized and connected in various

ways using diverse hardware and software solutions to provide optimal performance
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as determined by the specific implementation of the HPC.

One of the fundamental purposes of this work is to address the use of photonics

to assuage performance bottlenecks in HPC systems as described below. First, we

have the raw processing function; this is limited by processor performance as de-

termined by the clock speed, number of cores, front-side-bus, L2 cache, etc. The

remaining hardware-centric performance bottlenecks are related to data communi-

cation rates including the raw transmission bandwidths between entities within the

HPC (i.e. node-to-node, rack-to-rack, etc.) and the routing and switching functions

used to determine how and where to send each piece of data. The juxtaposition

of bandwidth and switching rates against signal loss and bit-error-rate forms the

central optimization problem here with electronic, photonic, and mixed solutions

developed and implemented in the manifold data center and HPC architectures

whose number aspires to match the set of applications for which they are designed.

Implementation of photonic solutions in these spaces has been limited primarily by

component cost and significantly inferior development of integrated solutions when

compared to their electronic counterparts. Silicon photonics seeks to overcome the

typical shortcomings associated with photonic devices in data communication and

telecommunication applications as will be discussed in the following section.

1.2 Silicon Photonics

The bailiwick of the opto-electronic integrated circuit (OEIC) is, and always has

been, bandwidth; as signal rates increase to and beyond the Gb/s level, propaga-

tion loss and signal distortion begin severely limiting the viability of electrically

transmitted signals as the power required to compensate for these effects becomes

prohibitive[13]. Optical signaling, on the other hand, exhibits a comparatively neg-

ligible data rate dependent propagation loss with further benefit garnered by the use

of various multiplexing schemes. As an example of the potential for this technology,

consider the work of Zhu[14] which showed propagation of a 112Tb/s signal through

a seven core optical fiber via 160 channel DWDM using a PDM-QPSK modulation
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scheme.

In recent history, silicon photonics (or more generally, group IV photonics) has

emerged as one of the primary approaches championed by academia and industry

alike to solve the aforementioned issues, among others. The reasons for this are

bountiful, beginning with the fundamentally required property that the optical ab-

sorption of silicon in the near infrared is quite low and the fortuitous quality that

the refractive index is quite high at telecommunication wavelengths. Further, the

native oxide of silicon has a relatively low refractive index with excellent optical

properties in the near infrared leading to a naturally compatible high index con-

trast (HIC) waveguide system. This allows for significant reduction in volume of

nearly all photonic components when compared to lower contrast systems thus im-

proving prospects for densely integrated photonic components. Devices such as ring

and racetrack resonators, Mach-Zehnder interferometers, directional couplers, multi-

mode interference structures, and even the waveguide themselves can be significantly

reduced in size.

The most common manifestation of this material system in photonic applications

is the silicon-on-insulator (SOI) waveguide. The SOI waveguide is a unique structure

whereby a silicon dioxide layer sandwiched between two silicon layers corresponding

to the substrate and device layers serves as the lower cladding of the waveguide and

provides optical isolation of the silicon layers (Fig. 1.3). In many cases, the structure

is passivated as a final fabrication via plasma deposition of a thick top silicon dioxide

layer that serves as the upper cladding of the waveguide. Two of the main advantages

that make this technology disruptive are that the superstructure enhanced substrate

remains compatible with VLSI technology and that the silicon device layer enables

direct integration of electronic devices with the optical device layer (Fig. 1.3). The

result is an optically efficient material system requiring minimal on-chip area per

device capable of significant economies of scale and direct integration of various

optical and electrical components.

As discussed previously, bandwidth demands in HPCs continue to grow; out-

pacing the capabilities of electronic components. It is expected then, that we will
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Figure 1.3: Disk resonator modulator in SOI with integrated electronics[15]

continue to see a trend towards the use of photonics with a focus on densification

of OEICs as the number and type of functions performed optically in HPC systems

scales accordingly. This trend is analogous to the evolution of the integrated cir-

cuit and there is no reason to expect that the same demands will not be placed

on OEICs. Leveraging the high yield production, multitude of design and opti-

mization tools, and Moore’s law scaling of fabrication nodes already developed in

VLSI processing, SOI technology is in excellent position to provide an efficient, high

bandwidth, low cost, densely integrated solution to address the challenges facing the

data communications and telecommunications industries in the near and long term

meeting demand by following in the footsteps of the integrated circuit. SOI technol-

ogy experiences greater benefit when the potential for re-utilization of equipment in

otherwise-obsolete VLSI fabrication nodes is considered.

Silicon photonics is not without its issues, however. While SOI technology can

leverage a good deal of the knowledge base surrounding integrated circuits, the fun-

damental differences between the technologies leaves a good deal of work to be done
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before we see widespread deployment of OEICs. For example, packaging of OEICs

is still a relatively high cost venture with no clear standard developed in the indus-

try. In addition, as the density of the OEIC increases, the required on-chip area,

number of communication channels, and number of waveguides scale accordingly.

This leads to an exponentially growing number of points at which waveguides must

intersect in order to achieve the desired system function. Each of these waveguide

crossings introduces excess loss and generates crosstalk in each of the intersecting

waveguides, thus creating an upper limit on performance as a function of system

size. Further, the dry etch step used to define SOI waveguides introduces sidewall

roughness[16]. This roughness is small compared to the signal wavelength and, as

such, acts as a set of Rayleigh scatterers distributed along the length of the waveg-

uide. The high index contrast of SOI waveguides from which so many benefits are

derived works against us here as the magnitude of the scattered field is directly pro-

portional to the index contrast of the waveguide system. This can lead to significant

scattering-induced propagation loss and typically far outweighs the near-negligible

absorption loss at standard telecommunication wavelengths[17]. Finally, the mini-

mum printable linewidth of the fabrication process does not necessarily correlate to

minimum device size as the device size is often limited by the physical geometry re-

quired to obtain the desired optical performance. As a simple example, single-mode

SOI waveguides operating at telecommunication wavelengths near 1.55µm typically

have widths of several hundred nanometers as required to maintain high optical

confinement and low propagation loss [18].

1.3 Scope of Dissertation

This work attempts to bring the field of silicon photonics one step closer towards a

solution to the major issues facing densely integrated OEICs. Our journey begins

in chapter two with an exploration of waveguide crossings in multi-layer systems.

As previously mentioned, each intersection introduces optical loss and crosstalk to

each of the crossing waveguides. Mitigating this effect is crucial to enabling high
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performance photonic systems and sub-systems with a variety of approaches champi-

oned in the literature. While great strides have been made in planar solutions to this

problem, the need for extreme efficiency, broadband operation, and minimal on-chip

area leave this an unfinished work. Alternatively, the idea of multi-layer OEICs has

been proposed with support from a number of leaders in the field[19, 20]. Presented

here is the first experimental demonstration and exploration of the performance of

waveguide crossings in a multilayer nitride-over-silicon (NOS) waveguide system.

In chapter three, we present a novel application of a well-known device in what

we call the racetrack resonator loss platform (RLP). The purpose of the RLP is to

bring highly accurate loss measurement to a variety of photonic components such

as waveguide tapers and crossings. The benefits of using ring resonators to measure

propagation loss are well known with successful application of this technique used

to measure propagation loss values below 1 dB/m[21]. Modification of a racetrack

resonator as described in Chp. 3 enables a similarly sensitive measurement of the

excess loss in discrete photonic components. An analysis of this system and its

competitors in addition to an exploration of the capabilities and limitations of the

RLP are presented.

Finally, in chapter four, we present a treatment of the unique consequences of the

sidewall roughness inherent in CMOS fabricated structures. While it is well known

that sidewall roughness causes scattering loss and reflections within the waveguide,

the statistical nature of the result and a full treatment of the interference between

reflected components is lacking in the literature. The random nature of the sidewall

roughness leads to the evolution of speckle noise in the waveguide system (also known

as modal noise in optical fibers[22]). Speckle is unique in that it correlated, has non-

zero mean, and exhibits significant skew. This presents a significant challenge when

attempting to fit data corrupted by speckle noise as standard fitting techniques may

not be applied. The challenges surrounding this fitting process are explored followed

by discussions on the nature of the distribution of resonance splitting as a function

of wavelength and a theoretical development providing a link between the size of

the sidewall roughness and speckle-corrupted transmission data.
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CHAPTER 2

SILICON NITRIDE OVER SOI WAVEGUIDE CROSSINGS

2.1 Introduction

Waveguide crossings reduce system performance in two significant ways. First, the

signal is attenuated at each crossing due to scattering from the intersection. This

leads to increased system loss and differential path loss based on the number of

crossings traversed, both of which negatively impact the power budget of the opti-

cal system. If enough crossings are present in the system, this factor alone leads to

the requirement for optical amplifiers and signal grooming components which ulti-

mately increase system cost and complexity. Second, as the optical signal scatters

from the intersection, power is coupled into the waveguide being crossed leading to

unintended effects on the optical power distribution. For a large number of waveg-

uide crossings, this crosstalk can cause a substantial unintended signal power in a

given waveguide leading to a power penalty and increased communication errors.

An example schematic of the routing portion of a 16 port Banyan switch is shown

in Fig. 2.1.

Because the scattered power scales directly with index contrast, excess loss

and crosstalk suppression are especially poignant issues in high-index-contrast sys-

tems. For example, in SOI waveguides, the core-cladding refractive index con-

trast is near 2.0 in the near infrared. Several authors have made strides in op-

timizing in-plane waveguide crossing performance via modification of the waveg-

uide dimensions in the region near the crossing. Approaches include the use

of photonic crystals[23, 24], subwavelength diffraction gratings[25, 26], resonant

cavities[27–29], wavefront matching[30, 31], multimode interference regions [32–34],

mode transformation[35–38] and others[39–41] with the best broadband, fabrica-

tion tolerant results reported by Bogaerts[35]. with demonstrated crossing excess
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Figure 2.1: Routing portion of a 16 port non-blocking Banyan switch matrix with NOS
crossings at various angles; for N ports, the maximum number of waveguide crossings is
given by N/2 + 1.

loss as low as 0.16dB with -40dB crosstalk at 1550nm. Bock[25] demonstrated supe-

rior broadband loss performance in subwavelength grating waveguides with <0.10dB

per crossing reported. These structures, however, may require advanced lithography

nodes due to the small feature size and relatively large aspect ratio.

Many of the highest performance waveguide crossings reported in the litera-

ture are resonant in nature and therefore suffer from narrow optical bandwidths

and strict fabrication tolerances. As an alternative, vertically separated waveguides

present a design tolerant option for achieving low loss, low crosstalk waveguide

crossings. This approach has been discussed in the literature[19, 20] with vertical

transitions[42], vertically coupled resonators[43], waveguide crossings in low index

contrast systems[44] and active optical materials[45] demonstrated for specific use-
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cases.

In this work, we present a numerical and experimental study of the performance

of silicon nitride over SOI vertical waveguide crossings for photonic interconnection

networks. We have chosen a silicon nitride over SOI system because both materials

are: 1) present in most modern CMOS lines enabling direct integration with current

electronics fabrication processes and economies of scale, 2) exhibit low loss across the

S, C, and L optical telecommunication transmission bands given proper processing

conditions and waveguide geometries, and 3) are capable of low loss, small radii

bends due to the large index contrast of both waveguide systems. The use of silicon

nitride as a secondary optical layer is particularly advantageous in that propagation

losses as low as 0.03dB/cm have been reported[46].

2.2 Device Geometry

The optical system analyzed here is a four port silicon nitride over silicon-on-

insulator (NOS) waveguide crossing as shown in Fig. 2.2. Silicon is used as the

primary optical routing layer with vertical transitions into and out of silicon nitride

in the crossing region. Adiabatic vertical waveguide transitions[42] 100µm in length

were used, yielding low-loss transitions between optical layers. Five micrometer radii

bends are used to produce minimal bending loss and a perpendicular crossing ge-

ometry. The silicon waveguides were 400nm wide and 230nm thick while the silicon

nitride waveguides were 250nm thick with a 1.2µm width. These geometries were

chosen to ensure single mode operation while minimizing propagation loss in each

layer.

All fabrication was carried out using a silicon photonics process developed within

the CMOS foundry at Sandia National Laboratories MESA facility. The silicon

waveguides were fabricated via optical lithography followed by dry etching of the

silicon device layer. A subsequent reduction of sidewall roughness via thermal ox-

idations, which consumed 20nm, yielded a final device layer thickness of 230nm.

PECVD oxide was then deposited followed by CMP to planarize the structure leav-
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Figure 2.2: Schematic of the crossing (a), cross-sectional view of the crossing region per-
pendicular to the silicon nitride (b) and silicon (c) waveguides, and top-down schematic
view of the waveguide crossing (d).

ing the desired thickness oxide as a vertical buffer between the silicon and silicon

nitride waveguides. After CMP, silicon nitride was CVD deposited followed by a

second lithography process and subsequent dry etch to create the silicon nitride

waveguides. Finally, PECVD oxide was deposited to passivate and protect the

structure while also serving as an upper cladding.

The thickness of the buffer oxide between waveguide layers was critical in deter-

mining device performance. Variance limitations in the CMP process resulted in a

vertical gap variability of ±100nm from the targeted thickness. In order to ensure

the validity of the resulting data, a Rudolf AutoEL III ellipsometer with a vertical

thickness resolution of ±3Å was used to measure the thickness of the buffer oxide.

Utilizing this technique, error in the analysis due to variability in the CMP pro-
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cess was significantly reduced; however, variation in the flatness of the planarized

surface and differential performance of the process over structures of different size

resulted in a vertical measurement error of ±50nm. Advances in CMP technology

including reticle modification, endpoint monitoring, and multi-zone polishing heads

have enabled process standard deviations of less than 5 nm over a set of 5000 wafers

[47]. This level of process control will ultimately enable performance repeatability

rivaling that of lithographically defined structures and supports the validity of using

this approach in novel systems and commercial products alike.

2.3 Crosstalk Calculation

Crosstalk in a passive four port optical system, as depicted in Fig. 2.2, is defined

as the ratio of the output power in the cross state to the sum of the signals in the

cross and bar states. Defining the power coupling coefficient from input port ’i’ to

output port ’j’ as κij, the crossing-induced crosstalk for input ports 1 and 2 may be

calculated.

XT1 =
κ13

κ13 + κ14
≈ κ13
κ14

and XT2 =
κ24

κ23 + κ24
≈ κ24
κ23

(2.1)

For systems of interest, the power in the cross state is sufficiently low that the

crosstalk is approximately the ratio of the power in the cross state to the power in

the bar state; this leads to the set of simplified relations displayed in Eq. 2.1.

In real systems, the crossing cannot be directly probed and factors such as cou-

pling and propagation loss must be taken into account when attempting to extract

the power coupling coefficients. The externally measured (port-to-port) crosstalk

for input ports 1 and 2 may be written (Eqs. 2.2, 2.3).

EXT1 ≈
P13

P14

=
η1η3L1L3κ13P0

η1η4L1L4κ14P0

=
η3L3κ13
η4L4κ14

(2.2)

EXT2 ≈
P24

P23

=
η2η4L2L4κ24P0

η2η3L2L3κ23P0

=
η4L4κ24
η3L3κ23

(2.3)
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Here, ηi is the fiber-to-waveguide power coupling efficiency for port ’i’, Li is the

propagation loss from port ’i’ to the waveguide crossing, and P0 is the input power. If

the path and coupling losses for all ports are equal, the above relations reduce to the

crossing-induced crosstalk; however, factors such as alignment error and variability

in fabrication still introduce error in attempting to directly calculate the crosstalk

for a given structure.

By taking the product of the externally calculated crosstalk values, the path and

coupling losses cancel leaving the product of the crossing-induced crosstalk, given

by:

EXT1 × EXT2 ≈
η3L3κ13
η4L4κ14

× η4L4κ24
η3L3κ23

=
κ13κ24
κ14κ23

≈ XT1 ×XT2 (2.4)

The square root of Eq. 2.4 yields the geometric mean of the crosstalk which

may be rigorously compared to the data with no assumptions or approximations

applied to the result. For systems in which the crossing waveguides have similar

mode volumes and propagation constants, the crosstalk values for both input ports

converge and the results from the above treatment reduce to those produced by

simplified formulations of CMT [48].

While CMT treatments have been developed[48], these results cannot be used

directly in this case, even if scattering loss is accounted for. Although reciprocity

dictates that each kij = kji ∀ i, j, it does not require the transmission coefficients

for input ports 1 and 2 ( k14 and k23 here) to be equal. Due to reduced confinement

of the silicon nitride mode in NOS crossings, the magnitude of the interaction of

the optical mode in silicon nitride with the crossing silicon waveguide is far stronger

than the inverse case. In addition, the magnitude of the field coupled to radiation

modes caused by interaction with an index perturbation is directly proportional to

the index contrast of the perturbation. The index contrast of the SOI waveguide

is approximately a factor of four larger than its silicon nitride counterpart. Thus,
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significantly increased scattering of the optical modes in the silicon nitride waveguide

is expected. These factors combine to invalidate the assumptions made in typical

coupled mode theory treatments and thus indicate the need for a rigorous treatment

of the crossing region interaction for this system.

2.4 FDTD Simulation Results

2.4.1 Modal Field Calculations

The devices tested were simulated in three dimensions using the commercially avail-

able finite difference time domain (FDTD) software FDTD Solutions[49]. The sim-

ulations were performed at the highest density grid setting using a conformal mesh

to enhance the speed and accuracy of the result. The optical modes of the isolated

silicon and nitride waveguides are presented in Fig. 2.3 for the fundamental TE

and TM modes. Figure 2.4 shows the TE and TM modes in a cross-section through

the crossing region perpendicular to the silicon waveguide as shown in Fig. 2.2c for

structures with various vertical gaps between the silicon and silicon nitride waveg-

uides. Analogous mode simulations for cross-sections perpendicular to the silicon

nitride waveguide (as in Fig. 2.2b) are presented in Fig. 2.5. The accuracy of

the results provided by FDTD Solutions[49] have been proven and tested time and

again with over eight hundred publications directly referencing the software in 2013

alone. The multitude studies performed in those publications, corroboration by the

experimental results of Sec. 2.5, and anecdotal evidence obtained by the author and

his collaborators will serve as validation here with the fabrication and testing of a

device set designed to rigorously validate the software left to future work.

Due to high confinement, the TE mode in the silicon guide experiences little

modification as the vertical gap decreases, retaining its fundamental shape with mi-

nor modification of the exponential decay in the vertical direction. Qualitatively,

the expected magnitude of the field scattered by the waveguide crossing is propor-

tional to the level of disturbance experienced by the optical mode. Because of this,

we expect the TE mode in silicon to demonstrate very low crosstalk and excess loss
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Figure 2.3: Simulated TE (a,b) and TM (c,d) normalized modal field amplitudes for the
isolated silicon (a,c) and silicon nitride (b,d) waveguides. The silicon waveguides are 230
X 400 nm while the silicon nitride waveguides are 250 X 1200 nm (waveguide borders
represented by dark lines).

values. Conversely, the TM field shifts significantly and begins to strongly overlap

the silicon nitride waveguide as the two waveguides are brought into proximity. This

is expected due to the reduced confinement of the TM optical mode in the silicon

waveguide. It is further expected that the crosstalk and excess loss values for the

TM optical mode will be larger than those of the TE mode.

In the nitride waveguide, the response is somewhat counterintuitive; the crossing

exhibits superior performance for the TM mode. Field confinement within the high

index regions is reduced for the TM field with peaks at the upper and lower bound-

aries of the high index region, much like isolated silicon and nitride waveguides.

This reduces the magnitude of the field in the crossing waveguide, which ultimately
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Figure 2.4: TE (a-c) and TM (d-f) normalized modal field amplitudes within the crossing
region perpendicular to the silicon waveguide (refer to Fig. 2.2c) for waveguide crossings
with 0 (a,d), 150 (b,e), and 400 nm (c,f) vertical gaps. The silicon and silicon nitride
waveguide booundaries are represented by dark lines.
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Figure 2.5: TE (a-c) and TM (d-f) normalized modal field amplitudes within the crossing
region perpendicular to the silicon nitride waveguide (refer to Fig. 2.2c) for waveguide
crossings with 0 (a,d), 150 (b,e), and 400 nm (c,f) vertical gaps. The silicon and silicon
nitride waveguide booundaries are represented by dark lines.
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leads to improved crosstalk. The large size of the TM mode also leads to a reduc-

tion in excess loss as the response to the index perturbation is effectively reduced.

This phenomenon is well demonstrated in structures such as those developed by

Bogaerts[35] and others[32, 33].

2.4.2 E-field Propagation

Images of the E-field propagating through the silicon and silicon nitride waveguides

are presented in Figs. 2.6 and 2.7, respectively. These images show the differential

in magnitude of the field coupled to radiation modes upon interaction with the

coupling region for each input. Also of import is the reflected field, which is made

visible by the interference pattern to the left of the interaction region. While difficult

to see for the silicon input, the response from the silicon nitride input creates a clear

standing wave pattern.

2.4.3 Crosstalk and Excess Loss Simulations

Crosstalk and excess loss simulations were performed using mode monitors in FDTD

Solutions[49]. These monitors capture the electric field passing through a given

region and numerically evaluate the overlap integral with the modal field of the

waveguide thus eliminating errors due to stray fields present in the simulation win-

dow. Using this technique, the excess loss and crosstalk values were predictively

modeled for a wide range of vertical gaps and signal wavelengths. The results of

these simulations for optical inputs in the silicon (port 1) and silicon nitride (port

2) waveguides are presented in Figs. 2.8 and 2.9, respectively.

The following graphs contain a good deal of data and are organized as follows.

The simulated response of the system over the 1500 to 1600nm wavelength range

is represented as a set of filled patches with the boundaries at 1500 and 1600nm

represented as dashed and solid lines, respectively. Points shown along each line are

simulation data points with the line between points generated by spline interpola-

tion. In all cases, the system varied approximately linearly with wavelength. Each
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experimental data point is represented by a circle showing the response at 1550nm

with error bars used to show the response of the system within the 1500 to 1600nm

wavelength range. The filled patches surrounding each data point indicate measure-

ment error of both throughput and interlayer thickness. Excluding the TM response

of the silicon nitride input for buffer thicknesses less than 550nm, the excess loss of

the crossing was directly proportional to wavelength. The inset in Fig. 2.8b shows

the crossing point for this behavior with a number of simulations performed around

this point to ensure the validity of the simulation data.

Crosstalk performance trends the same for both waveguide systems with a conver-

gence of the crosstalk values as the vertical gap increases. This result is important

in that it validates the use of the geometric mean in approximating the calculated

crosstalk values for both waveguide systems for sufficient gap sizes.

These simulations indicate that the crosstalk reaches exceptionally low values

for relatively modest vertical gap sizes. Specifically, -40dB crosstalk suppression is

achieved for TE and TM polarizations for both input waveguides with a vertical

gap as low as 125nm. Using a gap size of 400nm produces crosstalk suppression

values exceeding -60dB, leading to significantly superior crosstalk suppression when

compared to in-plane approaches.

The excess loss for the silicon input is an order of magnitude lower than that

of the silicon nitride input. While the excess loss for the silicon input quickly

approaches zero with excess losses well below 0.1dB for vertical gaps exceeding

400nm, the excess loss for the silicon nitride input is significant for small gap sizes

increasing to maxima of 15 and 3.4dB for TE and TM polarizations, respectively,

at a wavelength of 1550 nm. In order to achieve excess losses below 0.1dB, the

vertical gap must be increased to over 1µm. At this gap size, the excess loss for the

silicon input is negligible; reaching values below 0.003 and 0.03dB for TE and TM

polarizations.

As an alternative to increasing the gap between optical layers, the excess loss of

the silicon nitride guide may be reduced via modification of the waveguide geometry

in the crossing region using one of several approaches in the literature[25–41]. This
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Figure 2.10: Schematic of the optical test setup.

design and optimization process is outside the scope of this work.

2.5 Experimental Method and Results

An Agilent 81600B tunable laser source was used to test the response of waveg-

uide crossings with silicon-to-nitride vertical gaps between zero and 400nm with

wavelengths ranging from 1500 to 1600nm at a resolution of 10pm. The polariza-

tion of the signal was controlled via a Thorlabs FPC560 Three Paddle Polarization

Controller that was used to reduce polarization crosstalk to well below -30dB. The

optical measurement was performed in a fiber-to-fiber configuration using OZ Optics

tapered and lensed fiber with a spot size of 2µm to enhance coupling efficiency to

the on-chip waveguides. The signal was then detected using an Agilent 81635A Dual

Optical Power Sensor with an intrinsic optical noise floor of −80dBm. A schematic

of the optical test setup is presented in Fig. 2.10.

Calculating the crosstalk requires accurate alignment of optical paths with sig-

nals near the optical noise floor. This sort of alignment cannot be done using the

standard technique (i.e. translating each fiber until the maximum power is trans-

mitted) as stray light often causes local maxima in the transmitted power that do

not correspond to optimal coupling to the onchip waveguide. Instead, we used a

10X objective with an optical axis normal to the surface of the chip coupled to a

Sensors Unlimited, Inc. InGaAs SWIR camera to image the crossing region of the

device. Light is preferentially scattered by the crossing region only when the input

signal is efficiently coupled to the waveguide. This method enables efficient coupling
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of low-throughput optical paths with a high degree of confidence and repeatability

yielding an estimated alignment error of ±0.5dB.

The noise floor of the crosstalk measurement is defined as the minimum exter-

nal crosstalk measurable with this setup. While the noise floor of the detector is

−80dBm, the noise floor for the crosstalk measurement is defined as the ratio of the

minimum measureable cross state power to the average transmitted power in the

bar (Eqs. 2.5 and 2.6).

EXTTEmin =
min (η1η3L1L13κ13P0)

min (η1η4L1L4κ14P0)

∣∣∣∣
TE

=
−75dBm

−29dBm
≈ −46dB (2.5)

EXTTMmin
=
min (η1η3L1L13κ13P0)

min (η1η4L1L4κ14P0)

∣∣∣∣
TM

=
−75dBm

−26dBm
≈ −49dB (2.6)

In our system, optical loss and the presence of stray light resulted in crosstalk

noise floors of -46 and -49dB for the TE and TM polarizations respectively. Of

the <30dB excess loss present in the system, around 12dB is attributed to fiber-

to-waveguide coupling loss at each end facet with <0.1dB predicted by 3D FDTD

simulation for each vertical transition. Propagation loss is estimated to be 4.0 and

1.4dB/cm with bending losses estimated to be <0.1 and ∼1.5dB per turn for TE

and TM polarizations in the silicon waveguide, respectively.

As depicted in Fig. 2.9 the data agrees well with the predictions of the 3D FDTD

simulations for small vertical gaps. For gaps larger than 200nm, the measurements

are near the noise floor and may exhibit lower crosstalk than reported here. Port

1 of the device with a 400nm vertical gap exhibited -49.4 and -44.3dB crosstalk

at a wavelength of 1550nm for TE and TM polarized inputs, respectively. Simula-

tion data suggests that crosstalk values as low as -65dB for TE and -60dB for TM

polarized inputs may be expected for these structures with crosstalk continuing to

decrease as the vertical separation of the guides is increased. For vertical separa-

tions greater than 1µm, these structures are predicted to exceed 100dB crosstalk

suppression for both the TE and TM polarizations.
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Excess loss measurements were performed using the same equipment and wave-

length range as above; however, alignment here was performed in the standard way

using the power meter to ensure optimal throughput. Loss of the silicon nitride

input of structures with 0, 2, and 4 NOS crossings was measured on a wafer with a

305nm vertical gap. Crossing excess loss was then calculated by taking the slope of

the line connecting the three data sets. While alignment error was less than 0.2dB,

small differences in the optical path length of each structure and the lack of data

points with a large number of waveguide crossings led to an overall measurement

error of 0.5dB as reflected in the data in Fig. 2.8b.

2.6 Layer Separation Optimization

The drawback of arbitrarily increasing the vertical gap between the waveguides to

improve crossing performance is that doing so may have unintended consequences in

the design of multi-layer optical networks such as an increase in the taper length re-

quired to efficiently transition between layers, which ultimately affects the required

on-chip area and the number of crossings required to achieve superior system perfor-

mance over single layer networks. In Fig. 2.11, we provide a comparison of vertical

transition and crossing excess loss for the silicon nitride input port. In examining

this data, we see that as the vertical gap and taper lengths change, the regime in

which the excess loss is dominated by the crossing changes. This behavior results

in a design optimization process that must be carried out on a case-by-case basis

based on the crosstalk, excess loss, and on-chip area requirements of the system.

As a simple example, we analyze the system in Fig. 2.12 with a single input

and a varying number of crossing waveguides. The purpose of the study is twofold.

First, we wish to determine under what conditions the NOS crossing presents a

performance enhancement over planar waveguide crossings. Second, we would like to

determine the optimal interlayer spacing for a given number of waveguide crossings.

Here, the insertion loss of the single input waveguides serves as the only merit

function. In more complex photonic interconnection networks, the insertion loss
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green lines, number of crossings traversed in bold) for TE (a) and TM (b) modes. All
crossing loss measurements are for the silicon nitride input.
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of each channel may be included as some portion of the merit function. Systemic

optimization could then take into account the loss variation across optical paths

in addition to the mean insertion loss value for a single channel. Returning to the

task at hand, we compare the performance of vertical crossings to a reference planar

crossing assumed to have 0.2dB loss and -40dB crosstalk with a 10µm waveguide

separation (Fig. 2.13b). Loss for the silicon input and crosstalk for both cases are

superior in the vertical crossing and are omitted as optimization variables.

Figure 2.12: Schematic representation of a waveguide traversing multiple waveguide
crossings with the design to be optimized (a), NOS solution (b), and competing
planar[35] solution (c).).

From Fig. 2.13b we see the loss per vertical crossing must be lower than its

planar counterpart to be a viable option; this sets a lower limit on the vertical

gap. The upper limit is set by the on-chip area as the transition length becomes

prohibitively long for reasonable loss values. Between these limits, one can use this

approach to intelligently choose the optimal crossing geometry at each intersection

within a given system.
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Figure 2.13: Comparison of insertion loss values for a 1XN port network using planar
crossings[35] (black line) and NOS crossings with various vertical transition lengths and
a) 700, b) 900, and c) 1100nm vertical gaps. Results for the optimal NOS design for
each number of crossings are presented in (d).

2.7 Conclusion

We have reported on the use of NOS crossings as low loss crossing structures ex-

hibiting exceptional crosstalk suppression and excellent uniformity across the S, C,

and L optical transmission bands. Experimental results show crosstalk values as

low as -49.40 and -44.34dB for a device with a vertical separation of 410nm at a

wavelength of 1550nm with excess losses predicted by high resolution 3D FDTD to

be below 0.001 and 0.05dB per crossing for TE and TM polarizations respectively
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for the silicon input waveguide. Crosstalk values for both inputs and polarizations

are expected to exceed -60dB in this geometry. The excess loss of the silicon nitride

input is nearly 1dB for a 400nm vertical gap with an un-modified crossing region.

We expect this loss to be significantly mitigated via intelligent engineering of the

crossing region geometry and/or increasing the vertical gap between optical layers.

A typical planar SOI waveguide crossing[35] requires 36µm2 on-chip area and

produces excess loss and crosstalk values of 0.16dB and -40dB, respectively for a

single polarization. The structure reported here requires an on-chip area of 0.3µm2

with comparable loss performance and <-90dB crosstalk for a 1µm vertical gap. Per-

formance is expected to greatly exceed the current state-of-the-art once the crossing

geometry is optimized. It should be noted, however, that one cannot simply as-

sume the device will exhibit superior performance because the crossing waveguide

systems are physically disjoint. Intelligent design and optimization of the crossing

is still required to achieve compelling results.

In summary, our results suggest that NOS waveguide crossings can be used

as compact, efficient, easily integrable structures in densely integrated photonic

interconnection networks.
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CHAPTER 3

RACETRACK LOSS PLATFORM

3.1 Introduction

As the field of photonics continues to advance, increasingly efficient waveguide struc-

tures are being developed for various applications within the field. Examples include

mode converters[50], waveguide tapers[51], waveguide crossings[25, 52], end-facet

couplers[53, 54], bends of various arc lengths and radii[55], among others. Insertion

loss is a key metric in the development and implementation of any photonic compo-

nent, but is often difficult to measure accurately for efficient devices with a modified

version of the cut-back technique[56] serving as the most common approach. In this

scheme, insertion loss is measured for a set of waveguides with a varying number of

test components placed along their lengths. The results are then compared with the

ultimate goal being to use the insertion loss plotted versus number of components

to extract the propagation loss of a single structure. Accurately implementing this

method requires the optical input and output paths of each device to be identical

with the tolerable variation in loss proportional to the magnitude of the compo-

nents excess loss. This places an ever-increasing burden on design, fabrication, and

alignment tolerance as the efficiency of the component is optimized and requires a

prohibitively large number of test structures for the most efficient devices.

Several other measurement techniques have been used to measure propagation

loss within waveguides. These include the Fabry-Perot method[57], liquid prism

method[58, 59], and analysis of the transfer function of ring and disk resonators[21,

60, 61]. Extension of these methods to the interrogation of discrete components

in high index contrast waveguides has been limited, however, due to a variety of

challenges. The liquid prism method, for example, requires the use of a liquid with

higher refractive index than the core material of the waveguide leaving the approach
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poorly suited to high index contrast waveguides. The Fabry-Perot method is limited

primarily by the challenge of designing and fabricating high reflectivity, broadband

reflective sections integrated along the length of the waveguide. This design and

fabrication process requires a level of effort similar to or potentially greater than the

device itself with the loss of distributed reflectors of the Bragg variety introducing

the very error we hope to eliminate back into the system.

The microphotonic resonator has been extensively studied in recent history prov-

ing to be an indispensable asset in a variety of application spaces ranging from tun-

able and passive filters[15, 62] to optical sources[63–65], modulators[66] and nonlin-

ear cavities[67]. The transfer function of the microphotonic resonator is uniquely

dependent on the loss within the optical cavity allowing for direct measurement of

this intrinsic loss without the need to calibrate, measure, or otherwise account for

fiber-to-waveguide coupling losses or, for that matter, any loss mechanism external

to the resonator[48, 62]. Ultimately, this provides a loss measurement technique with

extremely low susceptibility to error and a high degree of confidence in the accuracy

of the result. While this type of resonator has often been used to measure propa-

gation loss in waveguides, the cylindrical symmetry of the ring and disk resonators

typically employed leaves these devices poorly suited to the task of measuring excess

loss in structures that may not share their geometric requirements.

In this chapter, we describe the first complete analysis of the use of a racetrack

resonator to measure the insertion loss of efficient, compact photonic components.

Accurately accounted for and discussed are the error mechanisms present in the

application of this measurement technique, the impact of bus-to-resonator coupling

and contra-directional coupling on the resonator transmission function, and the

ramifications of intracavity losses including bend loss and scattering loss from the

straight-to-bent waveguide transitions inherent in racetrack resonator geometries on

the estimate of the test component insertion loss. Application of this technique to

waveguide width tapers yielded a confidence interval of 0.007dB; a level of precision

that would be difficult, if not impossible, to obtain using the alternative methods

previously discussed.
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In this scheme, a standard racetrack resonator (Fig. 3.2a) is altered with the

straight length opposite the coupling region replaced by two mirror image versions of

the structure to be tested. So long as the structure is symmetric with terminations

well suited to couple to the remainder of the racetrack resonator, there are effectively

no limitations on the nature of the structure tested thus enabling a flexible platform

particularly well suited to the analysis of rectilinear structures. Presented in Fig. 3.1

are a few examples of devices that could be measured and are difficult to otherwise

analyze.

The first example (Fig. 3.1a) is simply that of a waveguide taper[51]. A waveg-

uide taper here provides a modal transformation between differing waveguide geome-

tries over some distance. Manifestations of this type of transformation can include

physical tapering of the core dimensions in one or two dimensions in addition to

refractive index tapering. These structures serve vital roles in a variety of applica-

tions such as modal transformation to provide efficient coupling between dissimilar

waveguides (e.g. single-mode fiber and HIC waveguides)[53, 54], efficient transition-

ing from multi-mode to single-mode waveguides[15], and adiabatic coupling[50], to

name a few. An analogous example shown in Fig. 3.1b is that of the vertical transi-

tion. These transitions, again, produce a modal transformation, but now the guiding

layers are vertically disjoint and potentially in differing material systems. Next we

have the optical tap coupler (Fig. 3.1c) that serves to couple some portion of the

input signal into an adjacent waveguide. This can serve diagnostic purposes when

a small portion of the signal is coupled, be used to form high extinction ratio inter-

ferometric structures[68] or enable coherent detection schemes[69] when designed as

a 3dB coupler. In the final example (Fig. 3.1d) we show that waveguide crossings

may also be analyzed using this structure with some care taken in the design of the

device. The import of waveguide crossings was discussed in Chp. 2 with the loss

platform discussed here providing an efficient means by which such structures may

be analyzed with appropriately designed resonant devices.

Presented here is a description of the theory required to extract the insertion

loss of a given test structure using transmission data from one test and one reference
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device. This theory is then applied to lateral waveguide tapers of varying length

and profile followed by an analysis of the error present in the technique as applied to

this set of devices. In total, 152 resonances from twelve resonators were processed in

addition to transmission data from eight waveguides used to estimate propagation

loss in the passive devices via the aforementioned cutback approach providing a

sufficiently large sample to enable statistically significant estimation of the insertion

loss of each taper along with the expected error of each result. Then, using data from

reference resonators and straight waveguides of varying length, the estimated loss

can be calibrated to a high degree with the expected error in calculation detailed.

Figure 3.1: Racetrack resonator with example test structures: a) lateral taper, b) vertical
transition, c) tap coupler, and d) waveguide crossing.
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3.2 Coupled Mode Theory

We use the temporal coupled mode theory(CMT) as developed by Haus[70] and ex-

tended by Gorodetsky[71], then Borselli[65] to treat the resonators beginning with

the case of negligible coupling between clockwise and counterclockwise traveling

modal fields. Doing so will provide a link between the transmission function of the

resonator and its insertion loss with extraction of the portion of the loss attributable

to the test structure developed later. In the standard two-port add/drop filter con-

figuration (Fig. 3.2), the equations for the clockwise traveling modal field within the

resonator and the transmitted intensity are given by Eqs. 3.1 and 3.2, respectively.

Figure 3.2: a) Schematic of a racetrack resonator and b) segregation of RLP by section.

ECW =
κ

i∆ω − γCWα /2
(3.1)

|Eout|2 = | − Ein + κECW |2 (3.2)

Here, κ is the bus-to-resonator field coupling coefficient, Ein is the input field (as-

sumed to be of unity magnitude henceforth), γCWα is the loss rate of the clockwise

traveling modal field ECW , and ∆ω is the detuning from the resonant frequency.
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The presence of sidewall roughness and the straight-to-bent waveguide transi-

tions introduce scattering loss in addition to coupling the clockwise and counter-

clockwise traveling modal fields in the resonator via reflection of incident fields.

This coupling breaks the degeneracy of the modal fields and introduces an interde-

pendence of their time rate of change of energy amplitudes as they are no longer

orthogonal. The result is a splitting of the resonance transmission function (Fig.

3.3c,d) and a reduction of the accuracy of Eq. 3.2. A precise model for the transmis-

sion function is imperative as the estimated insertion loss is directly derived from

the transmission function fitting process. What follows is a mathematical treatment

of the doublet resonance and a method for extraction of the resonator insertion loss

from the derived transmission function.

The aforementioned degeneracy lifting yields energy amplitude rate equations

for the clockwise (ECW ) and counterclockwise (ECCW ) traveling modal fields that

are no longer separable[71]. We can rewrite the fields in terms of the standing wave

modes originating from interference of the clockwise and counterclockwise traveling

modal fields. These fields (Ec and Es) are identified by their orthogonal azimuthal

dependencies with the transformation between eigensystems given by Eq. 3.3.Ec

Es

 =
1√
2

1 1

1 −1

 ECW

ECCW

 (3.3)

The functional form of the energy amplitudes of the standing wave modes with

loss rates γcα and γsα is identical to the original formulation for the singlet mode ECW

with the addition of the backscattering rate γβ and is given by Eq. 3.4 with the

transmitted intensity now given by Eq. 3.5.

Ec,s =
κ

i (∆ω ± γβ/2)− γc,sα /2
(3.4)

T = | − 1 +
κ√
2

(Ec + Es) |2 (3.5)
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In principal and observation, these modes may experience differential loss leading

to asymmetry in the split resonance[65] (Fig. 3.3d) leaving us to estimate the round-

trip loss at a given wavelength from these values. In the limit of negligible reflections,

the field equations of the singlet and doublet resonances converge allowing us to

relate their modal fields.

lim
γβ→0

ECW =
1√
2

(Ec + Es) (3.6)

Following some algebra and rewriting the loss rates γcα and γsα in terms of the sum

and difference rates γ̄α = (γcα + γsα) /2 and δα = (γcα − γsα) /2 yields the following

relationship between the loss rates of the standing wave and clockwise traveling

modal fields.

γCWα = γ̄α
(
1 + (δα/γ̄α)2

)
(3.7)

The loss rate γCWα is then related to the round-trip loss coefficient αCW via the

following equations for the quality factor QCW .

QCW =
ω0

γCWα
=

2πngL

λ0ln (αCW )
(3.8)

Simplification of the above relation enables calculation of the round-trip loss coef-

ficient associated with an asymmetric doublet resonance given the group index ng

and the resonator path length L along with c, the speed of light.

αCW = exp
(
−ngL/c · γCWα

)
(3.9)
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3.3 The Racetrack Loss Platform

In utilizing the racetrack resonator to measure the excess loss of discrete components,

the straight section of the resonator opposite the coupling region is exchanged for

some structure under test (Fig. 3.2b). Utilization of a resonant structure eliminates

external error sources leaving only internal error sources to be accounted for with

the aggregate loss αCW given by the product of the coefficients associated with each

of the device’s intrinsic loss mechanisms.

In principal, a unique coefficient could be associated with each defect along the

length of the waveguide; however, we restrict the analysis here to three loss coeffi-

cients to describe loss introduced by the structure-under-test (αSUT ), the straight-

to-bent waveguide transitions (αSTB), and all other loss mechanisms within the

structure including absorption, scattering, and bend loss (αAOL). Here, we dif-

ferentiate between the device-under-test(DUT) defined as the resonator and the

structure-under-test(SUT) as shown in Fig. 3.2b, section 3 for clarity. Separating

the losses of the four sections of the modified resonator (Fig. 3.2b) allows us to

write the aggregate loss as follows.

αTOT =

( ∏
i=1,2,4

αAOLi

)
α4
STB · αSUT (3.10)

In estimating the loss of the structure-under-test, all other loss components effec-

tively introduce error in the measurement. This error may be reduced via calibration

of the loss coefficient by a reference structure. Assuming the structures are effec-

tively identical (less the structure-under-test), the loss coefficient of the reference

(Fig. 3.2a) structure may be written as follows.

αREF =
4∏
i=1

αAOLiα
4
STB (3.11)

The ratio of these loss coefficients then gives αTOT/αREF = αSUT/αAOL3 re-

moving all error factors save the propagation loss of a single straight section of the
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resonator. Full calibration of the loss measurement requires accurate estimation of

the loss of this straight section and may be accomplished via typical loss measure-

ment techniques [21, 57–61].

3.4 Device Geometry

The devices tested were fabricated at Sandia National Laboratories’ MESA facility

using the modified CMOS process discussed in Chp. 2. All bus waveguides shared

a fixed width of 400nm with the end facets tapered to 220nm to match the optical

mode of the tapered lensed fiber used to couple to the devices. This same width

was used for the reference portions of the racetrack resonators with a fixed bend

radius of 5µm used to produce reproducible bend loss across the devices tested.

Reproducibility was further enhanced via use of a bend in each bus waveguide with a

fixed radius of 10µm. The purpose of this modification was to eliminate dependence

of the coupling coefficient on the length of the straight section of the resonator as

the modified coupling region behaves approximately as a point coupling.

In order to demonstrate the proposed technique, waveguide tapers of varying

length and profile were analyzed (Tbl. 3.1). These tapers started at a width

of 400nm to match the passive portion of the structure and ended at a width of

250nm as might be used to couple to a lensed tapered optical fiber. Structures with

parabolic, exponential, and linear taper functions were tested along with structures

designed to have a linear effective index taper at a wavelength of 1.55µm. Refer-

ence devices with tapers omitted were additionally tested to enable calibration of

the measured loss. All devices were laterally coupled to a bus waveguide with a

320nm gap between the bus and resonator waveguides. Data was acquired for taper

lengths of 2.5, 5, and 10µm in an attempt to provide some insight into the length

dependence of the excess loss of each taper profile.
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Table 3.1: Schematic of lateral tapers examined and analogous RLP test structures along
with their taper functions in terms of the initial waveguide width (w2), final width (w1)
and their difference (∆w = w2 − w1).

3.5 Experimental Method and Results

All data presented in this section was acquired using the setup described in Sec.

2.5 with wavelength scans acquired over the 1.495 to 1.63µm range with a 1.1pm

step size. The loss and transmission coefficients of each resonance were estimated

via least squares optimization[72] of the fit to the transfer function (Eq. 3.5) via

constrained nonlinear optimization[73] as will be discussed in Chp. 4. Loss coeffi-

cient data for each resonator was then fit to an exponentially decaying function of

the form α̂ (λ) = α̂0 − c1 · exp ((λ− 1.495µm) /c2) . The validity of this estimation

of the wavelength dependence of the loss coefficient was verified via application of

the Anderson-Darling test to each set of residuals[74]. The null hypothesis that the

residuals follow a normal distribution was accepted for all data sets at the 95% con-

fidence level indicating that α̂ (λ) is a reasonable approximation to the wavelength

dependence of the loss coefficient for each of the analyzed devices. In total, 152

resonances from twelve test devices were analyzed with a mean residual in the esti-

mated device insertion loss of 1.1 × 10−5dB and a standard deviation of 0.0072dB

(Fig. 3.6). This resulted in estimation of the excess loss of each taper to within

0.0070 dB at a confidence level of 95%.
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In order to calibrate these results and estimate the expected contribution of each

error source, two further data sets were taken. First, transmission data was taken

for reference racetrack resonators identical to the above structures with the tapers

removed (Fig. 3.6a). The result was then fit to an exponentially decaying function

as previously discussed with the residuals passing the Anderson-Darling test. This

data displayed a 95% confidence interval of 0.0063dB for the 38 resonances analyzed.

The estimated value of the loss coefficients for these devices suggests that omission

of calibration using the reference structure data leads to an error in measurement

between 0.024 and 0.04dB over the 1.50 to 1.60µm wavelength range (Fig. 3.6).

The second set of data taken was transmission data from a set of waveguides

with varying lengths. In total, data was taken for eight structures with lengths

ranging from seven to 59mm in excess of the additional length required to route the

signal. Care was taken to ensure this additional infrastructure remained identical

for all waveguides (Fig. 3.4).

Figure 3.4: Schematic of two devices representative of those used in the cutback loss
experiment.The bends and end-facet couplers were identical for all devices leaving only
the total length of straight waveguide as a design variable.
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At each wavelength, a linear fit was applied to the data and used to estimate the

propagation loss of the 400nm wide waveguide (Fig. 3.5). The data indicate a linear

increase in loss from 3.5 dB to 4.1 dB over the 1.50 to 1.60µm wavelength range.

Fitting of the result to a line produced an estimated 95% confidence interval of 0.20

dB with the same value calculated for a second order polynomial fit to the data. The

loss coefficient of the structure under test may then be modified by the following

calibration factor to account for the loss of this straight section as a function of

wavelength and taper length(TL) both assumed to have units of micrometers.

α̂AOL3( dBcm) = (5.51dB − 6.03λ) (3.12)

Shown in Fig. 3.6 is the reference racetrack filter insertion loss data for 2.5, 5,

and 10µm taper lengths. This value is calculated as the square of the loss coefficient

converted to dB scale as shown in Eq. 3.13.

IL = 10log10

(
α2
)

(3.13)

The lack of statistically significant variation in loss between devices of differing

taper lengths suggests that the portion of the insertion loss attributable to prop-

agation through the straight sections (Fig. 3.2b, sections 1 and 3) is within the

confidence interval of the measurement. From the cutback loss data, this loss for

the devices with 2.5, 5, and 10µm taper lengths is estimated at 0.0019, 0.0038, and

0.0077dB, respectively, at a wavelength of 1.55µm while the confidence interval of

the fit to all data is 0.0063dB. This leaves a difference in loss between the devices

with the longest and shortest taper lengths of 0.0058dB; a value that lies within the

confidence interval of the measurement.

As previously discussed (Sec. 3.3), the insertion loss of a modified racetrack

resonator is composed of the loss attributable to the SUT (Fig. 3.2b, section 3)

and that of the unperturbed resonator structure (Fig. 3.2b, sections 1,2, and 4).
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Figure 3.6: Insertion loss of reference RLP structures (Fig. 3.2a).

Proposed in Sec. 3.3 were three methods of estimating the insertion loss of the

SUT that we return to now with a discussion of the devices required to produce

and the error associated with each estimate. For clarity, the expression for the total

resonator loss is given in Eq. 3.14 with the error of the estimator ÎLSUTn of the

SUT loss ILSUT for the nth calibration process defined as in Eq. 3.15.

ILTOT = ILSUT +
4∑
i=1

ILAOLi + 4 · ILSTB (3.14)

err
(
ÎLSUTn

)
=
(
ILSUT − ÎLSUTn

)
(3.15)

As a zeroth order estimate, we may simply assume that the loss is entirely due to

the SUT (i.e. ÎLSUT0 ≈ ILTOT ) This method is clearly the most convenient as only
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the DUT is required, but leads to significant overestimation of ILSUT (Eq. 3.16).

err
(
ÎLSUT0

)
= err

(
ÎLTOT

)
+

4∑
i=1

ILAOLi + 4 · ILSTB (3.16)

Adding a reference resonator sans SUT enables the first calibration by which

ILSUT is estimated by the total loss minus the loss of this reference structure (i.e.

ÎLSUT1 ≈ ILTOT − ILREF . Doing so improves the quality of the estimator with the

inherent error bias reduced to −ILAOL3(Eq. 3.17).

err
(
ÎLSUT1

)
= err

(
ÎLTOT

)
− ILAOLi + err

(
ÎLREF

)
(3.17)

Finally, given an accurate estimate of the propagation loss in the straight sections

in the resonator(Fig. 3.2b, sections 1 and 3), the bias in ÎLSUT2 may be reduced

to the inherent error of the estimators for ÎLTOT , ÎLREF , and ÎLAOL3 (Eq. 3.18).

While the most accurate, this approach requires additional devices to estimate the

propagation loss of the straight sections of the resonator.

err
(
ÎLSUT2

)
= err

(
ÎLTOT

)
+ err

(
ÎLREF

)
+ err

(
ÎLAOL3

)
(3.18)

Here, the cutback method was used to provide a reliable means of estimating

the propagation loss in the straight waveguide sections while additionally serving as

a comparative method by which the relative accuracy of the resonant and cutback

techniques could be compared. Using a properly designed structure, the propagation

loss estimate could be obtained with a single ring resonator[21] thus yielding a

minimum of three resonators required to estimate ILSUT with optimal precision.

It should be noted that calibration of the racetrack loss platform benefits, to some

degree, from economies of scale in that structures of similar geometries may share
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calibration devices; therefore, the number of calibration devices required per test

device may be substantially reduced in studies of the parametric variational variety.

This leads us to the study at hand wherein the insertion loss of lateral tapers

in SOI waveguides with varying geometry, as discussed in Sec. 3.4, was estimated.

Presented in Figs. 3.7, 3.8, and 3.9 are insertion loss estimates of single tapers

with 2.5, 5, and 10µm lengths, respectively. Shown are the device insertion loss

data (blue asterisks) and a decaying exponential fit to the device insertion loss

(blue line,ÎLSUT0) along with the first (red dashed line,ÎLSUT1) and second (black

line,ÎLSUT2) calibrations as discussed above. From this data, the confidence interval

associated with the decaying exponential fit to ILTOT for all devices was calculated

at 0.014dB corresponding to the value err
(
ÎLTOT

)
. We then estimate the bias

reduction associated with the first and second calibrations as the step-wise difference

in successive calibration steps. Derivation of the confidence intervals of the taper

insertion loss estimates for all devices and for each individual device then yields the

values shown in Tbl. 3.2.

We may conclude, then, that the insertion loss of the racetrack resonators an-

alyzed here is dominated by the bending loss in the bent waveguide sections and

the straight-to-bent waveguide transitions with the straight waveguide sections min-

imally contributing to the sum total. The results of Tbl. 3.2 further indicate that a

confidence interval of less than 0.05dB may be obtained in the SOI system presented

here for tapers lengths up to 50µm long at a wavelength of 1.55µm yielding high

precision with only a first order calibration. Inclusion of the secondary calibration

yields the highest accuracy with a 0.0070dB confidence interval that is effectively

independent of taper length while the confidence interval of the un-calibrated result

at 0.037dB remained substantially lower than that of the cutback method estimated

here to be approximately 0.20dB.
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Length Type CI(ÎL0) CI(ÎL1) CI(ÎL2) ÎL2|1.55µm ∆ÎL2

2.5µm Exponential 0.0386 0.0078 0.0068 0.4985 0.6018
2.5µm Parabolic 0.0429 0.0112 0.0102 0.3777 0.4414
2.5µm Linear neff 0.0392 0.0085 0.0076 0.2698 0.1092
2.5µm Linear 0.0359 0.0051 0.0041 0.2639 0.1891
2.5µm Overall 0.0391 0.0082 0.0073 — —

5µm Exponential 0.0334 0.0053 0.0034 0.0384 0.1609
5µm Parabolic 0.0354 0.0068 0.0049 0.1335 0.1741
5µm Linear neff 0.0351 0.0058 0.0039 0.1894 0.0639
5µm Linear 0.0359 0.0078 0.0059 0.1664 0.1337
5µm Overall 0.0345 0.0064 0.0044 — —

10µm Exponential 0.0301 0.0044 0.0005 0.0106 0.0055
10µm Parabolic 0.0344 0.0089 0.0050 0.0256 0.0364
10µm Linear neff 0.0419 0.0162 0.0123 0.1118 0.0598
10µm Linear 0.0395 0.0145 0.0106 0.0753 0.0604
10µm Overall 0.0372 0.0122 0.0083 — —

Table 3.2: Compiled insertion loss (IL) and confidence interval (CI) data for the twelve

tapers analyzed along with the central value
(
ÎL2|λ=1.55µm

)
and range (∆ÎL2) of the

estimated insertion loss across the 1.50 to 1.60µm wavelength range. Subscripts of the
insertion loss estimates ÎLn correspond to the nth calibration process (Eqs. 3.16 to 3.18).
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3.6 Conclusion

Presented herein is a method by which the excess loss of a discrete photonic com-

ponent may be estimated with a high degree of accuracy while requiring minimal

on-chip real estate. The use of a resonant device eliminates all error sources exter-

nal to the resonator thus eliminating challenges associated with alignment error and

reducing sensitivity to fabrication variations. Of further benefit is the extreme sen-

sitivity of the resonator transmission function to intracavity losses enabling highly

accurate estimation of the loss coefficient associated with each resonance when ap-

propriate curve fitting methods are employed. This behavior enabled an insertion

loss measurement to within ±0.0070dB for lateral width tapers in SOI waveguides

with taper lengths from 2.5 to 10µm over the 1.50 to 1.63µm wavelength range

using a reference resonator, test resonator, and propagation loss data obtained via

the cutback method.

In contrast, using the cutback method to analyze a structure with 0.10dB inser-

tion loss would require a differential of one thousand structures between two test

devices to produce a reasonable contrast in insertion loss of 10dB. Further, with

eight devices and an insertion loss contrast of 20dB, we were able only to obtain a

confidence interval of 0.20dB when using the cutback method to analyze propaga-

tion loss. Given this data, we assume that a significant number of test devices would

be required to obtain a sufficiently low confidence interval to produce statistically

significant estimation of the insertion loss of a single structure and would likely be

prohibitive if not impossible.

The racetrack resonator loss platform(RLP) represents a versatile measurement

technique capable of providing fairly high accuracy using a single device and ex-

tremely high accuracy using three resonant devices; all of which are impervious to

extracavity loss mechanisms. This technique was applied to lateral width tapers in

SOI waveguides starting at 400nm and tapering to 250nm. Several taper functions

were examined including linear, parabolic and exponential functions with a fourth

taper designed to exhibit linearity in the effective index(neff ) at a wavelength of
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1.55µm. Analysis of devices across the 1.50 to 1.63µm wavelength range with taper

lengths of 2.5, 5, and 10µm yielded estimated confidence intervals less than 0.037dB

as-measured with appropriate calibration reducing this value to 0.007dB overall.

Regarding the performance of the tapers, the linear and linear neff tapers pro-

duced the lowest loss and wavelength dependence in the devices with 2.5µm taper

lengths with values of 0.264 and 0.270dB at 1.55µm, respectively. Increasing the

taper lengths to 5µm led to superior performance of the exponential tapers in the

short wavelength regime while their similarly superior loss dispersion produced the

highest loss at long wavelengths. Overall, the linear neff produced the most linear

response and least loss dispersion with an estimated insertion loss of 0.190dB at

1.55µm. Further increasing taper length led to superior performance of the expo-

nential taper with nearly negligible loss dispersion across the analyzed waveband

and a commendable insertion loss of 0.011dB at 1.55µm. By contrast, the linear

taper varied by 0.10dB across the waveband of interest with an estimated insertion

loss of 0.075dB at 1.55µm.

The future of this measurement technique is bright with the potential to en-

able accurate estimation of the insertion loss of a variety of efficient, compact pho-

tonic structures. Examples posited here include tapers in the geometric profile of

the waveguide, vertical transitions in multi-layer optical interconnects, optical tap

couplers, and waveguide crossings. The intent of this technology is to serve as a

fundamental enabler of rapid design, characterization, and optimization cycles for

efficient photonic devices and it is our hope that this work leads to the development

and implementation of a variety of disruptive advances in device technology.
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Figure 3.7: Raw insertion loss data (blue star) for 2.5µm tapers with a) exponential, b)
parabolic, c) linear neff , and d) linear profiles along with the estimators ÎLSUT0 (blue
line), ÎLSUT1 (black line) and ÎLSUT2 (red dashed line).
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Figure 3.8: Raw insertion loss data (blue star) for 5µm tapers with a) exponential, b)
parabolic, c) linear neff , and d) linear profiles along with the estimators ÎLSUT0 (blue
line), ÎLSUT1 (black line) and ÎLSUT2 (red dashed line).
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Figure 3.9: Raw insertion loss data (blue star) for 10µm tapers with a) exponential, b)
parabolic, c) linear neff , and d) linear profiles along with the estimators ÎLSUT0 (blue
line), ÎLSUT1 (black line) and ÎLSUT2 (red dashed line).
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CHAPTER 4

SCATTERING IN ROUGH WAVEGUIDES

4.1 Introduction

Optical waveguides experience a variety of loss mechanisms from absorption to bend

and coupling loss[75] among others. In high index contrast (HIC) waveguides defined

using VLSI processing techniques, scattering often presents itself as the dominant

global loss mechanism with random, vertical striations etched into the sidewalls

during fabrication (Fig. 4.1a,b) coupling some portion of the input signal to ra-

diation modes and the counter-propagating counterpart of the input modal field.

While a large body of work has been dedicated to the study[17, 65, 71, 76–82] and

minimization[83–87] of the coupling to radiation modes, contra-directional coupling

caused by this fabrication induced surface roughness (FISUR) and study the unique

ramifications of the continuous coupling between these counter-propagating modal

fields has received considerably less attention.

Following a review of prior art on the subject, we discuss the ramifications of this

noise source on the transmitted and reflected signals in a passive waveguide and show

that the resulting behavior is analogous to speckle noise as seen in coherent imaging

systems. Then, utilizing a Hamiltonian formulation of coupled mode theory, the

statistical nature of doublet formation in resonant structures will be discussed with

some analysis of the impact on device design provided. It is shown, for the first time,

that the statistical nature of surface roughness induced speckle noise provides an

explanation for the random nature of doublet formation in microphotonic resonators.

Finally, combined analysis of the speckle theory developed here and coupled mode

theory as used to estimate scattering loss leads to the discovery of a theoretical link

between the transmitted intensity noise in rough waveguides and the physical size

of the defects from which the scattering losses arise.
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Figure 4.1: 3D representation of waveguides with (a)one and (b)two FISUR corrupted
sidewalls along with (c)the sidewall roughness as a perturbation of the perfect waveguide.

4.2 Modal Coupling in Rough Waveguides

Interest in the study of scattering loss in rough waveguides has seen a resurgence

of sorts in recent history as the demand for efficiency in photonics continues to

skyrocket. Confinement in HIC waveguides produces a spike in field magnitude

precisely where FISURs cause refractive index perturbations leading to significant

scattering loss rates. In fact, an RMS roughness of less than 10nm can produce

greater than 50dB/cm propagation loss in an SOI waveguide with this loss scaling

exponentially as a function of RMS roughness and decreasing waveguide volume[88].

Several authors have developed approaches to estimate the expected propaga-

tion loss due to scattering with the volume current method (VCM)[17, 78, 80, 81]

and coupled mode theory (CMT)[76, 77] being the predominant approaches. Here,

we follow the CMT theory developed by Poulton[17] as it is rigorous and applica-

ble to the problem treated here. Beginning with Maxwell’s equations, equations

for modal coupling in the presence of a perturbation in the local permittivity are

derived relating the expected scattering loss and contra-directional coupling rates

to the refractive index contrast of the waveguide, level of optical confinement, and

roughness size. These relations will later be used in the analysis of the statistical

behavior of signals in passive waveguides and microphotonic resonators.
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We begin under the assumption that the sidewall roughness may be treated

as a series of perturbations introduced into the waveguide with the fundamental

assumption that these scatterers are sufficiently small that the optical mode remains

approximately that of the unperturbed guide as the field propagates. Given the

propagating optical modes of the unperturbed waveguide defined by their electric

and magnetic fields Eµ and Hµ, respectively, the refractive index profile n0(x, y),

wavevector k, and propagation constant βµ, we can write Maxwell’s equations for

the perfect waveguide (Eq. 4.1,4.2).

(
52
x,y + n2

0 (x, y) k2 − β2
µ

)
Eµ (x, y) = 0 (4.1)

(
52
x,y + n2

0 (x, y) k2 − β2
µ

)
Hµ (x, y) = 0 (4.2)

The approach here may be thought of as applying a transform in which the

permittivity profile of the real waveguide is replaced by a homogenous medium with

permittivity given by the effective permittivity (εµeff ) of the modal field Eµ. The

FISURs are then represented as perturbations in this homogenous medium with

permittivity given by the contrast of the real waveguide (Fig. 4.1c). Assuming

the input mode remains dominant and that the local modal fields must remain

orthogonal and complete, an expression for the coupling between modes µ and ν by

a single perturbation can be derived[17] (Eq. 4.3).

Kµν (z) =
iωε0δε

4P

∫∫ ∞
−∞

(
E∗µt · Eνt −

1

ω2ε20
H∗µt · 5t ×

[
−1

εε0
5t ×Hνt

])
dxdy (4.3)

Here we have defined the permittivity contrast as δε = (ε − ε0) = (n2 − n2
0)

where n and n0 are the core and cladding refractive indices, respectively; P is the

total power. Under the assumption that the power coupled to all other modes

from the input mode is small compared to the total power, the coupling may be
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approximated as a linear function of the deviation f(z) of the waveguide boundary

from that of the ideal waveguide (i.e. f(z)|ideal → 0 ∀ z) by Kµν(z) ≈ f(z)K̂µν .

Defining the coefficient γK as shown in Eq. 4.4 allows us to express the modified

coupling coefficients K̂µν (Eq. 4.5).

γK =


1/ (ωε0ng)

2 , f(z) > 0

0, f(z) = 0

−1/ (ωε0)
2 , f(z) < 0

(4.4)

K̂µν =
iωε0δε

4P

∫ d

−d
dy

[
E∗µt · Eνt + γK

(
H∗µx

∂Eνz
∂y

+
∂H∗µy
∂x

Eµz

)]
x=w+σSW /2

(4.5)

An estimate of the mean amplitude of modal field ν due to coupling from mode

µ after propagating some distance L is then obtained via path integral (Eq. 4.6)

with cµ(0) the magnitude of mode µ at z = 0.

cν(L) = cµ(0)

∫ L

0

Kνµ(z)exp [−i(βν − βµ)z] dz (4.6)

Further reduction of Eq. 4.6 is accomplished under the assumption that the

power in the input mode locally dominates the total power allowing for the afore-

mentioned approximation of Kµν . While enabling estimation of the mean values of

the forward and backward propagating fundamental modes, this treatment fails to

take the coherent nature of the scattered signals as discussed in Sec. 4.3.

4.3 Rayleigh Scattering

Scattering occurs whenever an electromagnetic field impinges on a volumetric dis-

location in the conductivity and/or permittivity of the medium in which it is

propagating[89]. This occurs as the incident E-field induces a time-varying dipole
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moment within the dielectric perturbation that, in turn, acts as a current source

causing the dielectric perturbation to act as a free-standing radiator with phase and

spatial profile determined by the properties of the perturbation and the incident

field. Treatment of this problem is primarily approached via some modification of

Mie theory and in this we will not stray from the bulk of the literature.

Here, the size of a single defect is assumed to be nearly negligible when compared

to the wavelength of our signal in the medium (i.e. σSW � λ); equivalently, the

mean free path τSW between scattering events is assumed to be much longer than the

wavelength (τSW � λ) meaning that scattering events occur sufficiently rarely that

multiple scattering may be ignored. With σSW � λ, the scattering centers (hereafter

referred to as defects) may be approximated as spherically symmetric with phase

variations across the re-radiated signal ignored; these are the assumptions of the

well-known Rayleigh scattering theory[90].

While the magnitude of the field produced by a single defect is quite small, the

total number of defects is quite large for typical propagation lengths (L) and FISUR

sizes (σSW ). Using the nomenclature of the previous section, we begin to discuss

how the field locally changes on each propagation step between defects. Assuming

a single-mode waveguide and sufficiently small perturbations that the fundamental

forward (E+) and backward (E−) traveling modal field profiles within the waveguide

are effectively unchanged as in Sec. 4.2, we can write the total field in terms of these

fundamental modes and the signal lost via coupling to radiation modes (Erad
ν ). If

we then include phase, propagation can be discretized via a set of transfer matrices

describing the interaction with each defect.E+
i+1

E−i+1

 =

 αi ρi

−ρ∗i α∗i

E+
i

E−i

 ≡ P iEi (4.7)

Here we define the complex loss and reflection coefficients of the ith scatterer

as αi = |αi|exp(iφαi) and ρi = |ρi|exp(iφρi) where φαi and φρi are the phase terms

associated with each interaction. Denoting the modal indices of the input modal
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fields E+ and E− ’+’ and ’−’ with the modal indices of the radiation modes written

as νrad, the magnitude of these coefficients may be calculated as in Sec. 4.2 with

|αi| =
√

1−
(∑

νrad
K2

+νrad
+K2

+−
)

and |ρi| = K+− = K−+. Propagation through

a section of waveguide containing a number of defects is then represented by the

product of the their transfer matrices (Eq. 4.8).

Ei+n = (P i+n−1P i+n−2 . . .P i)Ei =
i+n−1∏
j=i

P jEj (4.8)

Given that the number of field components doubles for each defect traversed, we

make the ansatz that upon traversing at least five statistically independent defects,

the law of large numbers (LLN)[91] may be applied; enabling an accurate estimation

of the ultimate solution via statistical analysis. We cannot, however, assume this

implies that only five defects must be traversed as care must be taken to ensure

statistical independence. For example, FISUR corruption often presents as an ex-

ponentially correlated, Normally distributed random sequence with zero mean. The

LLN is then understood to apply to the number of correlation lengths, rather than

defects, traversed. Further, we assume σSW � λ; this places us squarely in the

realm of effective medium theory (EMT) where a λ/10 rule of thumb may be used

to determine the distance between independent defects(LD). As application of the

LLN is critical in what follows and heavily depends on accurately estimating the

distance between independent defects, this will be addressed tout de suite.

In lieu of attempting to rigorously define the behavioral boundary between effec-

tive and bulk media, we seek the pareto optimal length scale between independent

defects here defined as the largest of the roughness size (σSW ), correlation length

(LC), and λ/10. For a single-mode SOI waveguide with a 400×220nm cross-section

and 1.55µm vacuum wavelength (λ0), the group index (ng) is around 4.4 yielding

λ/10 ≈ 35nm. With σSW typically on the order of a few nanometers and LC ranging

from several to many tens of nanometers [88], LD → LC is typically a reasonable

approximation. Here, we go one step further and use a full phase length as our
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chosen length scale to ensure independence. In the aforementioned system, this

corresponds to LD → λ0/ng ≈ 350nm with the statistical approach explored be-

low assumed valid for propagation lengths L greater than 2µm. This will typically

correspond to at least several hundred defects traversed with a sufficient number of

correlation lengths traversed so long as LC ≤ 350nm.

4.4 Random Phasor Sums

We digress now to explore a theoretical framework on which the remaining results

will rest. Following the work of Goodman[91] and Dainty[92], we derive the statis-

tical properties of an optical signal comprised of a random phasor sum and later

demonstrate its relevance to the current problem.

Suppose we have some complex signal a that may be written as a sum of a large

number (N) of random phasors of magnitude |ak| and phase φk (Eq. 4.9) with real

and imaginary components r and i, respectively. Let us further assume that r and

i are uncorrelated, and Normally distributed with equal mean (µRI) and variance

(σ2
RI). The joint distribution on r and i can then be written as in Eq. 4.10.

a =
1√
N

N∑
k=1

|ak|eiφk (4.9)

pRI(r, i) =
1

2πσ2
RI

exp

[
−(r2 + i2)

2σ2
RI

]
(4.10)

This allows us to calculate the marginal density on the amplitude (A) and de-

termine the density on the intensity (I) of the signal a via probability transform

resulting in Rayleigh (Eq.4.11) and Exponential (Eq. 4.12) distributions, respec-

tively, with the mean intensity(〈I〉) related to σRI by 〈I〉 = 2σ2
RI .

p(|A|) =
2|A|
〈I〉

exp

(
−|A|2

〈I〉

)
, |A| ≥ 0 (4.11)
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p(I) =
1

〈I〉
exp

(
−I
〈I〉

)
, I ≥ 0 (4.12)

The measured intensity (I ′) at the detector in a typical transmission measure-

ment setup (Fig.2.10) is an integration over the portion of the modal field coupled

to the detector resulting in a summation over some number of speckle cells (n0) each

with intensity following the distribution in Eq. 4.12. Goodman[91] and Dainty[92]

separately showed via a heuristic argument and Karhunen-Loeve expansion, respec-

tively, that I ′ approximately follows a Gamma distribution (Eq. 4.13).

p(I ′) =

(
n0

〈I〉

)n0 I ′(n0−1)exp (−I ′n0/ 〈I〉)
Γ(n0)

, I ′ ≥ 0 (4.13)

The gamma function Γ(x) is defined as (x−1)! for positive integers and given by

the convergent improper integral in Eq. 4.14 for complex numbers with a positive

real component. It is undefined for negative integers and zero.

Γ(x) =

∫ ∞
0

tx−1e−tdt (4.14)

4.5 Statistical Properties of a Signal in a Passive Waveguide

Returning to the discussion on waveguide propagation, we now attempt to relate the

results of Sec. 4.4 to propagation through a section of passive waveguide assumed

to be sufficiently long that a large number of statistically independent defects are

traversed (i.e. L � LD). We denote the propagating modal fields traveling in the

forward and backward directions as E+ and E−, respectively, with the modal index

µ dropped as the waveguide is assumed to be single-mode. We further assume that

the initial input is in E+ with unity intensity as this simplifies notation without

sacrificing the generality if the result.
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Under the law of large numbers(LLN), we assume that the input modal field E+

propagates down the waveguide interacting with a large number of defects as it goes

(Fig. 4.1). The physical size of these defects is assumed to be Normally distributed,

with zero mean and an exponential autocorrelation function as discussed in Sec. 4.3

and we expect the magnitude of the field coupling coefficients K+ν to be similarly

distributed via Eq. 4.3. The distribution on the phase of these fields is then assumed

to be uniform on [−π, π] as a natural consequence of the requirements of the LLN.

The modal field ν at some fixed point in space p, then, is given by the coherent sum

of the field components coupled from the input mode + to mode ν by each defect

following propagation of each field component to point p. This allows us, by the

arguments of this and the previous section, to represent the total field generated by

coupling from the input mode + to any of the system eigenmodes ν at some fixed

point in space p as a random phasor sum.

The radiation modes are the least interesting here as, in the far field, their to-

tal intensity is given by the incoherent sum of a large number of coherent random

phasor sums and thus the distribution on the attenuation due to coupling to ra-

diation modes converges, by the central limit theorem, to a Normal distribution.

The transmitted and reflected fields, however, are quite interesting as they remain

confined to the waveguide and may continue to interact with each other and the

surrounding environment. We now explore the statistical behavior of these signals

and the ramifications of their corruption by speckle noise.

We expect the reflected signal to follow a speckle pattern with Rayleigh dis-

tributed field magnitude |ER|, Exponentially distributed intensity R, and Gamma

distributed measured intensity R′. For verification of this assertion, we turn to the

work of Morichetti[93] who demonstrated that the reflected intensity follows a com-

plex Gaussian random process regardless of waveguide geometry, material system,

or polarization. Perhaps more importantly, they demonstrated that SOI waveg-

uides with varying cross-sectional geometries and lengths of at least 1mm exhibit

this behavior thus enabling us to apply the treatment developed in Sec. 4.6 to the

structures analyzed in this work.
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Treatment of the transmitted intensity begins with a discussion of the phase

function, or spatial distribution of the radiant exittance, of a defect interacting

with an impinging optical mode. Poulton[17], among others, operates under the

assumption that each defect is well approximated by a spherical radiator. In reality,

FISURs often present as vertical striations (Fig. 4.1) better approximated by dipole

radiators. As one might expect, the phase function differs for these structures and

thus the choice of appropriate phase function is critical in correctly determining

the magnitude of the field coupling coefficients Kµν . Here, the knowledge that

the phase functions for dielectric and spherical radiators are symmetric about the

propagation axis[89] allows us to work under the assumption that the magnitude

of the field coupled to E+ and E− at each defect is identical and, thus, follows the

same distribution; however, some deviation from the raw coupling magnitudes as

calculated by Poulton[17] is to be expected. Johnson[81] provides some discussion

surrounding the corollary to this argument in VCM as applied to loss in photonic

crystal structures.

Assuming that any portion of the field coupled to a radiation mode exits the

optical path, we can apply Beer’s law to the transmitted intensity and define a

magnitude loss coefficient α relating the input and transmitted intensities (sans

random phasor sum) and, ignoring the reflected signal for the moment, write the

transmitted field as the sum of the attenuated input signal and a random phasor

sum (Eq.4.15) corresponding to the total self-coupling (
∑

iK++i) from all defects.

By Goodman[91], the amplitude A†T = |E†T | of this signal is expected to follow a

Rician distribution (Eq.4.16) with I0(x) a modified Bessel function of the first kind,

order zero. Here, we define the loss coefficient (α) as the magnitude reduction in

intensity due to propagation loss. The magnitudes (|ak|) and phases (φk) of the

component fields of the random phasor sum in Eq. 4.15 along the the variance on

the real and imaginary components of said sum (σ2
RI) remained defined as in Sec.
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4.4.

E†T =
√
αe−iφ+(z)z +

1√
N

N∑
k=1

|ak|eiφk (4.15)

p(A†T ) =
A†T
σ2
RI

exp

(
−(A†2T + α)

2σ2
RI

)
I0

(
A†T
√
α

σ2
RI

)
(4.16)

Of later import is the fact that this distribution converges, in the limit of a

large constant phasor (i.e.
√
α � σRI), to a Normal distribution with mean

√
α

and variance σ2
RI [91]. For very large input and relatively low scattering loss then,

this distribution collapses towards a delta function and, in the limit of negligible

scattering, may be treated as a constant instead of a random variable.

For inclusion of the reflected intensity, we turn to conservation of energy, whereby

we require
∑

ν |Eν |2 = 1. In terms of the loss coefficient α(z) and our total transmit-

ted (T (z)) and reflected (R(z)) intensities, this becomes R + T = α where we have

shown that R follows an Exponential distribution and α is Normally distributed.

Without loss of generality, we obtain a similar relation for the measured intensities

(T ′,R′) and loss coefficient (α′) where inefficiencies due to coupling are incorporated

as a constant to the loss term (i.e. R′ + T ′ = α′ =
∏
η · α). Rewriting α′ in terms

of a constant (ᾱ′) and a zero mean, Normally distributed random variable δ′α and

rearranging, we have T ′ = (ᾱ′ − R′) + δ′α. Defining S ′ = ᾱ′ − R′ then allows us to

write the distribution on S ′ (Eq. 4.17) via probability transform of the distribution

on R′ (Eq. 4.13) in terms of the mean reflected intensity (〈R〉), and the number of

speckle cells in the measured reflected intensity (nr).

p(S ′) =

(
nr
〈R〉

)nr (ᾱ− S ′)(nr−1)exp (−(ᾱ− S ′)′nr/ 〈R〉)
Γ(nr)

, S ′ ≤ α′ (4.17)

The measured transmitted intensity (T ′) is then the sum of a Normally dis-

tributed random variable (δ′α) and a random variable S ′ that follows a Gamma
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distribution (Eq. 4.17) flipped on the horizontal axis with support only for S ′ ≤ ᾱ′.

If we now include white noise of some intensity N ′ common in this type of

measurement[94], the resulting distribution on T ′ is simply the convolution of these

distributions (Eq. 4.18).

p(T ′) = p(S ′) ∗ p(δ′α) ∗ p(N ′) (4.18)

In what follows, we will refer to this as a ’smoothed’ Gamma distribution as it is

common practice to smooth a noisy signal by convolving it with a Gaussian smooth-

ing window of sufficiently narrow size to reduce noise while minimally eroding the

signal. While a complete statistical analysis of measured transmitted intensity noise

is presented in Sec. 4.5, a side-by-side visual comparison of experimentally obtained

and simulated transmitted intensity noise signals as presented in Fig. 4.2 provides

a first order qualitative analysis. The simulated noise signal is an exponentially

correlated random variable distributed as in Eq. 4.18.

Given some set of transmission data from which we can estimate 〈R〉 and nr as

these parameters define the shape of p(T ′), the variance of the real and imaginary

components of the reflected field and the variance on the magnitude of the compo-

nents of the random phasor sum may be obtained directly via 〈R〉 = 〈|ak|2〉 = 2σ2
RI .

Turning back to Poulton[17], the magnitude of the field coupled from the input

field E+ to the backward traveling fundamental mode E− at defect k (i.e. |ak|) is

given by Eq. 4.19 with the contra-directional coupling coefficient K̂+− defined in

Eq. 4.5 and the physical deviation from the ideal boundary denoted f(zk). This

relation provides a means by which the size of the sidewall roughness may be esti-

mated given transmission data from a single-mode passive waveguide; an extremely

powerful result now explored.

|ak| = |f(zk)|K̂+− (4.19)
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Figure 4.2: Speckle corrupted experimental data (a) and a simulated signal following a
smoothed Gamma distribution(b).

In order to estimate 〈|ak|2〉, the distribution on |ak| must first be derived. It

will be shown that doing so is relatively straight forward in the simplest case and,

unfortunately, somewhat complicated in the most common cases; all treatments

apply to single-mode waveguides. Initially addressed is the case of a single rough

boundary in a low index contrast waveguide. Here, K̂+−(zk) reduces to a constant

(κ) with the magnetic contribution ignored [17]. As previously stated, we assume

the boundary deviation function f(z) follows a Normal distribution (Eq. 4.20) with

zero mean and variance σ2
SW leaving |f(zk)| to follow a Half-normal distribution

(Eq. 4.21) with mean σSW
√

2/
√
π and variance σ2

SW (1− 2/π).
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N(µ, σ) =
1

σ
√

2π
exp

[
(x− µ)2 /2σ2

]
(4.20)

HN(µ, σ) = 2N(µ, σ)U(x) (4.21)

The Half-normal distribution is simply twice the product of a Normal distribution

with the unit step function (Eq. 4.22) and may also be described as a rectified

Gaussian distribution or as a special case of the folded normal distribution. Here,

the field magnitude |ak| trivially follows a scaled version of the distribution on |f(zk)|
with mean and variance κσSW

√
2/
√
π and (κσSW )2 (1− 2/π), respectively.

U(x) =

0, x < 0

1, x ≥ 0
(4.22)

Typical waveguides have two rough boundaries whose deviation functions f1(z)

and f2(z) are assumed to be independent, identically distributed (iid) random vari-

ables. This introduces a second component to the local field magnitude |ak| as shown

in Eq. 4.23 where.

|ak| → κ|f1(zk)|+ κ|f2(zk)| (4.23)

The distribution on |ak| is then given by convolution of the (assumed identical)

Half-normal distributions on κf1(zk) and κf2(zk).

p
(
|ak|
)
→ HN(0, κσSW ) ∗ HN(0, κσSW ) (4.24)

Moving now to the case of a single rough boundary in a high index contrast

waveguide, the magnetic field contribution to the contra-directional coupling may



82

no longer be ignored; therefore, K̂+− is then conditionally dependent on the sign of

the deviation function f(z) (Eq. 4.4).

K̂+− →

κ−, f(z) < 0

κ+, f(z) ≥ 0
(4.25)

The values κ− and κ+ are assumed to be constants that differ by a slight, but

non-trivial amount. Introducing coefficients Cn+ (Eq. 4.26) and Cn− (Eq. 4.27),

the local field magnitude |ak| is given, in this case, by Eq. 4.28..

Cn+ = κ+fn(zk)U
(
f(zk)

)
(4.26)

Cn− = κ−fn(zk)
(

1− U
(
f(zk)

))
(4.27)

|ak| →
∣∣∣C1+

∣∣∣+
∣∣∣C1−

∣∣∣ (4.28)

The two terms in Eq. 4.28 correspond to two Half-normally distributed random

variables with µ+ = µ− = 0, σ+ = κ+σSW , and σ− = κ−σSW . We can then write

the distribution on |ak| as shown in Eq. 4.29.

p
(
|ak|
)
→ HN(0, κ+σSW ) ∗ HN(0, κ−σSW ) (4.29)

Finally, we examine the case of a waveguide with two rough boundaries in a

high index contrast system. Again assigning the roughness function fn(z) and step

function Un(z) = U(fn(z)) to rough boundary n and operating under the assumption

that the local coupling coefficients (κ+, κ−) are equivalent for both boundaries, we
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can write the magnitude of the contra-directionally coupled field at defect k with

field magnitudes |ank | of the form shown in Eq. 4.30.

|ak| →
(
|C1+|+ |C1−|

)
+
(
|C2+|+ |C2−|

)
(4.30)

The distribution on |ak| is then obtained by convolving the distributions on |a1k|
and |a2k| yielding Eq. 4.31 with s± = κ±σSW introduced to simplify notation.

p
(
|ak|
)
→
(

HN(0, s+) ∗ HN(0, s−)
)
∗
(

HN(0, s+) ∗ HN(0, s−)
)

(4.31)

While the link between 〈R〉 and σSW has been theoretically derived here, this

set of calculations heavily depends on accurate estimate of the contra-directional

coupling coefficient and, as presented, requires manual estimation of 〈|ak|2〉 in all but

the simplest cases. Accurate calculation of the contra-directional coupling coefficient

in SOI waveguides, development of closed-form solutions to the distributions on |ak|,
and experimentally validating the theoretical treatment presented heretofore will be

the subject of future work. For convenience, the results of the previous section are

compiled in Tbl. 4.1.

4.6 Statistical Behavior of Resonance Splitting

Given that FISURs give rise to unique behavior in the simplest case (i.e. a passive,

single-mode waveguide), it is not unexpected that a system with feedback will simi-

larly be altered by the now-statistical nature of the fields within the device. Defects

within a microphotonic resonator not only generate counter-propagating random

phasor sums, but additionally cause continuous coupling between the fundamental

modes traveling in each direction around the resonator and said random phasor

sums via multiple scattering[95]. In the formalism of Sec. 4.4, a field ai comprised

of a sum of N random phasors incident on a single defect generates a field ai+1
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Low Permittivity Contrast, one rough boundary

|ak|l,1 = |κf1(zk)|

p
(
|ak|l,1

)
= HN(0, κσSW )

Low Permittivity Contrast, two rough boundaries

|ak|l,2 = |κf1(zk)|+ |κf2(zk)|

p
(
|ak|l,2

)
= HN(0, κσSW ) ∗ HN(0, κσSW )

High Permittivity Contrast, one rough boundary

|ak|h,1 = |C1+|+ |C1−|

p
(
|ak|h,1

)
= HN(0, s+) ∗ HN(0, s−)

High Permittivity Contrast, two rough boundaries

|ak|h,2 = |C1+|+ |C1−|+ |C2+|+ |C2−|

p
(
|ak|h,2

)
=
(

HN(0, s+) ∗ HN(0, s−)
)
∗
(

HN(0, s+) ∗ HN(0, s−)
)

Variable Definitions

Cn+ = κ+fn(zk)U
(
f(zk)

)
Cn− = κ−fn(zk)

(
1− U

(
f(zk)

))
s± = κ±σSW

Table 4.1: Summary of relations for estimating the field element magnitudes along with
their probability distributions for high and low permittivity contrast waveguide systems
containing one and two rough boundaries.
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with 2N components. While keeping track of the fields separately at each defect is

untenable, the constant coupling between modes enables the use of rate equations

for the modal fields with all fields of equivalent phase (i.e. modulo(2π)). Follow-

ing the temporal coupled mode theory developed by Haus[70] as later extended by

Gorodetsky[17] and Borselli[65], we can write the temporal eigen-equations for the

clockwise (a+) and counterclockwise (a−) traveling modal fields of a resonator sans

contra-directional and external coupling as in Eqs. 4.32 and 4.33.

da+

dt
= i∆ωa+ − iγt

2
(4.32)

da−

dt
= i∆ωa− − iγt

2
(4.33)

Here we introduce the loss rate γt and deviation from resonant frequency ∆ω =

(ω − ω0). Multiplying by i~ and simplifying the notation via the use of block

matrices, we have Eq. 4.34.

i~
d

dt

a+
a−

 = ~ (γt/2−∆ω)

1 0

0 1

a+
a−

 (4.34)

Noting that Eq. 4.34 is of the same form as the Time Dependent Schrödinger

Equation (TDSE)[96] with the analogues to the wavefunction (Ψ) and Hamiltonian

(H0) of the unperturbed system given in Eqs. 4.35 and 4.36, respectively.

Ψ→

a+
a−

 (4.35)

H0 → ~ (γt/2−∆ω)

1 0

0 1

 (4.36)
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Introducing contra-directional coupling via the backscattering rate coefficient γβ

allows us to write the total Hamiltonian (H) in terms of H0 and the perturbation

Hamiltonian (H ′) (Eq. 4.37).

H = H0 +H ′ = ~

(γt/2−∆ω)

1 0

0 1

+
γβ
2

0 1

1 0

 (4.37)

Because the eigenfunctions are continuous and continuously differentiable, and

our equivalent Hamiltonian is hermitian, this system behaves exactly as a degen-

erate, two-level energy eigensystem with H ′ representing an external perturbation.

This perturbation causes a split in the no-longer degenerate energy levels with the

new energy levels found by diagonalizing the total Hamiltonian[97]. This diag-

onalization further yields a new set of orthogonal eigenfunctions that physically

correspond to the standing wave modes formed by interference of the forward and

backward traveling modal fields with sinusoidal and cosinusoidal azimuthal depen-

dence. For simplicity, we refer to these as the high(s) and low(c) energy eigenfunc-

tions corresponding to the standing wave modes of sinusoidal(s) and cosinusoidal(c)

azimuthal dependence with modified energy levels given by Eqs. 4.38 and 4.39,

respectively.

Ec = −~ (γt/2−∆ω + γβ/2) (4.38)

Es = −~ (γt/2−∆ω − γβ/2) (4.39)

This result is powerful in that it tells us directly that the frequency difference

between eigenmodes of the perturbed resonator is directly proportional to the mean

backscattering rate, i.e. ∆ωc,s = γβ. Returning to Sec. 4.2, we see that the backscat-

tering rate is simply the amplitude of the cumulative field coupled to the counter-

propagating mode on one round-trip within the resonator. Then, assuming the law
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# CW # CW Gap RPL # CW Gap RPL

1 300 5 300 280 6µm 9 400 300 5µm
2 350 6 300 290 6µm 10 400 320 5µm
3 400 7 300 300 6µm 11 400 300 10µm
4 400 8 300 310 6µm 12 400 300 20µm

Table 4.2: Geometric parameters of the straight waveguides (1-4), four port ring res-
onators (5-8), and two port racetrack resonators (9-12) measured. Device number (#),
bus width (CW), resonator path length (RPL), and bus-to-resonator gap (Gap) shown.

of large numbers (LLN) applies, γβ follows a Rayleigh distribution with the analo-

gous distribution on ∆ωc,s in Eq. 4.40. The impact of this result on the resonator

transmission function will be discussed in Sec. 4.9.

p(∆ωc,s) =
2∆ωc,s
〈∆ωc,s〉

exp

(−∆ω2
c,s

〈∆ωc,s〉

)
(4.40)

4.7 Curve Fitting in the Presence of Speckle Noise

In order to corroborate the theoretical development of Sec. 4.6, transmission data

was obtained for twelve devices of varying geometries (Tbl. 4.2) including passive

waveguides and ring and racetrack resonators in two and four port coupling config-

urations. This data was acquired using the test setup described in Sec. 2.5 with

wavelength scans taken over the 1.495 to 1.63µm range and a 0.1pm step size unless

otherwise indicated.

4.7.1 Removal of the Loss Envelope

Transmission data is assumed to consist of several components including the trans-

mitted intensity noise, the transmission function of the device under test, and a

smoothly varying, wavelength dependent transmission function corresponding to the

insertion loss of the test setup denoted here as the loss envelope. Proper analysis of

either the transmitted intensity noise and/or device transmission function requires
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distillation of each from the raw data. This process begins with the application of

a morphological erosion[98] technique whereby an exponential smoothing kernel is

iteratively applied via convolution to the data set in leading and trailing configura-

tions with the maximum of these data sets maintained as the current value for the

next iteration (Fig. 4.3). Normalization of the data by this loss envelope (Fig. 4.4)

effectively removes this component from the transmission data (Fig. 4.5a).

4.7.2 Locating the Resonance Peaks

Next, a noise-robust resonance locating algorithm is applied to determine the lo-

cation of all resonances within the data set. Operating in log scale, this algorithm

begins by defining the complete set of peaks within the data as the set of points for

which the derivative of the signal is null (Fig. 4.5b). In digital data, this translates

to points for which the sign of the locally estimated derivative differs from that of

their nearest larger neighbor.

The process continues by finding the largest peak, adding its location to the

set of resonance positions, and removing neighboring data from the set (Fig. 4.6).

The neighborhood of the peak is defined as the set of adjacent points for which the

signal is above the noise band. Definition of the noise band is non-trivial as speckle

noise is skewed towards the resonance peaks and the resonance peaks necessarily

introduce a bias in estimation of the noise band. Estimating the noise band (η)

as three times the standard deviation of the points within the data set that fall

within three standard deviations (3σTOT ) of the reference signal level (T ′) as in Eq.

4.41 amounts to a first-order perturbative estimate of the signal with the resonance

peaks removed. This implementation of adaptive noise band estimation allows the

algorithm to effectively find peaks in data signals with a large spread in extinction

ratios while preventing selection of outliers in the noise as false positives.

η = 3 · std (T ′ ≥ −3σTOT ) (4.41)
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Figure 4.3: Demonstration of morphological erosion with leading (green line) and trailing
(blue line) exponential moving average smoothing filters applied to experimental data.
Iterative application 1, 2, 3, and 20 times yields figures (a), (b), (c), and (d), respectively.
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1) identifies the locally largest resonance, 2) stores it’s location and 3) removes neigh-
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The above process is then repeated until all peaks lying outside the noise band

are included in the set of resonance locations. This step is tuned to be somewhat

exclusive; erring on the side of type I (rejection of resonance peaks) rather than type

II (inclusion of noise outliers) errors. The unique nature of the photonic resonator

yields peak positions that are approximately periodic with some nonlinearity to this

periodicity introduced by dispersion in the group index. As such, so long as we find

a sufficient number of peaks to enable accurate fitting to the free spectral range

(FSR) as a function of frequency, we can predict, with reasonable accuracy, the

location of missed peaks.

A direct fit of this type requires a statistically significant number of resonance

peak data points and can thus be prohibitive for structures with large FSR. Perfor-

mance is improved by fitting this function before and after adding the next largest

peak to the peak location data sets with ’improvement’ defined as a reduction in the

mean squared error (MSE) of a fit to a second order polynomial. If the fit degrades,

this peak is rejected with the neighboring data removed from the set as described

above. The process continues until some user-defined number of ’bad’ peaks (five

here) are found at which point the algorithm exits. In this way, we are able to

include peaks that may have been obscured by large noise outliers while eliminat-

ing those outliers which may have both magnitudes and bandwidths (arising from

correlation in the data) that could easily be mistaken for resonances.

4.7.3 Parametric Estimation

Curve fitting, in most cases, assumes iid noise that follows a Normal distribution

allowing use of the ordinary least squares (OLS) fitting approach. When this is the

case, parametric estimation via minimization of the sum of squared errors (SSE)

corresponds to maximum likelihood estimation (MLE) and produces the minimum

variance unbiased estimator (MVUE) of the estimated parameter. This result stems

from the Gauss-Markov theorem[72] which requires the data to be a linear function

of the fit parameters; it further requires that the error be uncorrelated with zero

mean (unbiased) and uniform variance (homoskedastic).
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Speckle is generally multiplicative[99] leading to significant heteroskedasticity

(position dependent variance) with a skewed noise distribution producing biased

residuals. A simple shift in the data is insufficient in treating this bias as het-

eroskedasticity manifests as significantly lower variance on-resonance (nearly negli-

gible in resonances with high extinction ratio) than far from resonance leading to a

signal-dependent bias.

Heteroskedasticity and correlation in the data are rigorously accounted for via

generalized least squares (GLS) fitting. In GLS, given a matrix X of predictor

variables and a vector of n unknown parameters β = (β1, β2, . . . , βn), a random

vector of the form Y = Xβ+ ε is estimated with εi the error in the estimate of data

point yi[72]. Minimization of the error vector ε in the least squares sense then occurs

when the sum of squared errors given by Eq. 4.42 is minimized by some optimal

estimator β̂ of the parameter vector β. The matrix Σ is a positive definite matrix

giving the correlation and relative variance of the error components (var(ε) = σ2Σ).

SSE =
N∑
n=1

ε2n = (Y −Xβ)T Σ−1 (Y −Xβ) (4.42)

When using the OLS approach, Σ reduces to the identity matrix and the

optimal estimator of β is given by β̂ = (XTX)−1XT . In the general case,

β̂ = (XTΣ−1X)−1XTΣ−1Y and is solved via Cholesky decomposition (Σ→ SST ) of

the covariance matrix Σ in terms of the triangular matrix S. Regressing S−1X on

S−1Y via OLS then yields the optimal estimator β̂. Given a typical data set con-

taining several hundred points, this amounts to keeping track of covariance matrices

with total elements nearing six figures; this is clearly a prohibitive proposition for

large data sets as available time and computer memory will rapidly be exceeded.

While heteroskedasticity and correlation cannot be completely ignored, the for-

mer may be accounted for via weighted least squares (WLS). In WLS, the direct

sum in Eq. 4.43 is replaced by the weighted sum of Eq. 4.44 where the weights wn

are proportional to some estimate of the local variance σ̂n. In this way, the influence
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of heteroskedasticity in the data is reduced with efficacy determined by the quality

of the estimate of the local variance. Use of WLS also mitigates the aforementioned

biasing issue as the fit is effectively restricted to the well-behaved portion of the

data thus circumventing this potential source of fitting error.

N∑
n=1

ε2n =
N∑
n=1

(yn − βxn)2 (4.43)

N∑
n=1

ε2n =
N∑
n=1

wn(yn − βxn)2 (4.44)

Correlation is difficult to account for by means other than GLS. As discussed

in Sec. 4.3, this correlation may be ignored when sampling over a large number

of correlation lengths. This is certainly the case off-resonance (for structures with

sufficiently high Finesse) while on-resonance, the multiplicative nature of speckle

noise acts as a damping constant in the regions where correlation would produce

the greatest impact. Application of WLS may be assumed to provide sufficiently

accurate results with the requirement for application of GLS relaxed by the very

qualities of speckle noise that caused this potential complication in the first place.

4.8 Accurate Fitting of Doublet Resonances

Given a set of coefficients for the round-trip propagation loss α, bus-to-waveguide

field coupling coefficient κ as related to the transmission coefficient t of the coupling

region via κ =
√

1− t2, and phase accumulated on round-trip propagation φ, the

transmission functions of two (T2) and four (T4) port resonators may be written as

in Eqs. 4.45 and 4.46, respectively.

T2 =

∣∣∣∣ t− αexp(−iφ)

1− αtexp(−iφ)

∣∣∣∣2 (4.45)

T4 =

∣∣∣∣ t− αtexp(−iφ)

1− αt2exp(−iφ)

∣∣∣∣2 (4.46)
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In the presence of contra-directional coupling, Eqs. 4.45 and 4.46 become linear

combinations of two singlet resonance lineshapes corresponding to the cosinusoidal

and sinusoidal standing wave modes as discussed in Sec. 4.6. Denoting the combined

transmission function in the presence of contra-directional coupling T ρX , we have the

two and four port results (Eqs. 4.47 and 4.48, respectively).

T ρ2 =

∣∣∣∣ tc − αcexp(−iφc)1− αctcexp(−iφc)
+

ts − αsexp(−iφs)
1− αstsexp(−iφs)

∣∣∣∣2 (4.47)

T ρ4 =

∣∣∣∣∣tc − αctcexp(−iφc)1− αct2cexp(−iφc)

2

+
ts − αstsexp(−iφs)
1− αst2sexp(−iφs)

∣∣∣∣∣
2

(4.48)

Here we have separately defined the loss, coupling, and transmission coefficients

associated with the orthogonal standing wave modes of the pertubed system adding

the superscripts s and c to denote the sinusoidal and cosinusoidal modes, respec-

tively. Not surprisingly, the parametric complexity of the doublet resonance fitting

problem doubles from the initial three to, now, six variables. Worse, the natural

symmetry of a singlet resonance allows for separate fitting of the location (λ0) and

shape (α, t) parameters while asymmetry in the doublet resonance can lead to an

apparent shift in the resonant wavelengths (λc0, λ
s
0) thus requiring a full six parame-

ter fit. Further, in using fit quality as the metric by which the optimal parameter set

is chosen, we expect the error function to have a large number of local minima thus

requiring an intelligent approach to avoiding these false optima to which standard

gradient-decent type solvers are highly attracted.

A final concern specific to T ρ2 is the degeneracy in the transfer function between

t and α (i.e. switching the value of these coefficients does not necessarily lead to a

poorly fitting transmission function). This wreaks havoc on the error function and

effectively doubles the number of local minima while also perturbing the gradient of

this function thus presenting an additional barrier in the fitting process. By fitting

the transmission function T ρ4 regardless of the resonator geometry and applying
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the transformations t4 → t2 and α4t4 → α2 where the subscripts here indicate the

number of ports, we are able to effectively eliminate the issue of degeneracy while

maintaining the accuracy of our estimates.

The global optimization of a function of several variables is a fairly com-

mon problem that is extremely difficult to solve. Solvers based on simulated

annealing[100, 101], genetic algorithms[102], gradient-descent solvers[73, 103] with

multiple initial conditions, and various combinations of these and other approaches

have been developed and deployed in a variety of problem spaces with varying levels

of success. In all such solvers, determination of the extent of the solution space and

quality of the primogenial parametric estimate play a fundamental role in the ac-

curacy of the fit. When fitting doublet resonances, this issue is further exacerbated

by the need for extremely high accuracies with parametric variation on the order of

10−4 producing observable modification of the transmission function.

In order to ameliorate these issues and develop a reliable, accurate solver requir-

ing an acceptable level of computing resources, a perturbative approach exploiting

the separable nature of the signal is first applied to systematically reduce the search

space and provide an accurate initial estimate of the fit parameters. Here, a sin-

gle transmission peak (T4, Eq. 4.46) is fit to both the left and right halves of the

data via WLS (Fig. 4.7a,b). This can be thought of as approximating the coher-

ent sum T ρ4 = |ac4 + as4|
2 by an incoherent sum T̂ ρ4 = T c4 + T s4 with known error

T ρ4 − T̂
ρ
4 = 2a∗cas where ac and as are the E-fields associated with the cosinusoidal

and sinusoidal modes, respectively and T c4 and T s4 are their transmission functions.

Keeping the best fit resonance, T ρ4 is again fit with these parameters held constant

while varying the parameters associated with the worst fit resonance. For example,

suppose the initial best fit is to ac with parameters β̂c =
[
α̂c, t̂c, λ̂c0

]
. The second

step will then be to find the parameter set βs = [αs, ts, λ
s
0] minimizing error in the

fit to T ρ4 with β̂c held constant (Fig. 4.7c). Alternately estimating βc and βs in

iterative fashion eventually leads to a convergence in fit quality at which point, we

assume the best fit to T ρ4 using this approach has been obtained (Fig. 4.7e).

Anecdotally, this approach appeared to produce the optimal estimate for most
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Figure 4.7: Sample application of the iterative fitting algorithm used to accurately es-
timate the parameters of a doublet resonance beginning with initial best fits to the left
(a) and right (b) halves of the data to a singlet resonance followed by alternate fitting of
the right (c) and left (d) halves of the data having kept the best result from the initial
fits (in this case, left). In this case, the fit converges after five iterations (e).
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of the data sets analyzed in this work; however, we rely on this approach only to

obtain a solution that lies within the same basin of attraction[104] as the optimal fit

parameters. A full, six parameter fit is then obtained via application of a standard

gradient-descent based algorithm with the perturbative fit ensuring this fit converges

to the correct result.

While the sensitivity of the perturbative approach to local minima is significantly

reduced, it is not without fault. Particularly irksome is the tendency of any solver

to overfit a lineshape given an excessively complex model as manifests here when

the resonance is well approximated as a singlet. Assuming the model nicely fits the

initial resonance, this leaves the secondary fit effectively attempting to fit a singlet

resonance to noise with egregious results when extremely high or low parametric

values are supplied to the algorithm as potential solution sets. It is important,

then, to choose a sufficiently narrow parameter space to prevent overfitting while

enabling the algorithm to accurately estimate all observable parametric values.

Limitation on λ0 is fairly straight-forward as we assume the resonance and thus

the peak wavelength is within the data set; choosing points above some minimum

level of the weighting function as the subset of data in which the resonance must

exist then further restricts λ0 if necessary. Parameter space selection for t and α is

more challenging as these values often vary a great deal between devices and allowing

the algorithm to search the full space (0 to 1) produces the maximum number of

errors due to overfitting.

This potential pitfall is avoided via adaptive parametric ranging by which sin-

glet fits to each half of the data (as described above) are performed over some

number (nt, nα) of ranges with the limits on t and α given by [.999, .9995]2(nt−1)

and [.9998, .9999]2(nα−1), respectively, in this example. For each nt, nα is iteratively

increased until fit quality ceases to improve. This temporary best-fit is then stored

for each nt with the smallest value of the limits on t and α set as the lower bound

and the square root of the largest value set as the upper bound on both parame-

ters. Setting the limits on both parameters in this way circumvents any issues with

parametric aliasing that may otherwise incorrectly set the solution space.
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Device 1 2 3 4 5 6 7 8 9 10 11

Bus (nm) 350 350 350 350 350 400 400 400 400 400 400

Gap (nm) 280 310 340 370 400 280 300 320 360 400 440

Table 4.3: Bus width and lateral gap in 50µm diameter rings of 400nm guide width.

4.9 Results and Discussion

Presented in Fig.4.8 is accumulated noise data from the devices in Tbl.4.3. The

number of data points in each set varied as the number and bandwidths of the

resonances varied with the largest data set comprised of 122674 points and the

smallest including 85405 points. In total, 1.3 × 106 data points were included in

the analysis; scatter plots of the probability distribution function (PDF), emperical

distribution function (EDF), and correlation function (CF) for all data are presented

in Fig. 4.8 with a best-fit to the distribution functions obtained via optimization of

quadratic error in the EDF in a process analogous to the Anderson-Darling test[74,

105] for Normally distributed random variables. The fit distribution here is given

by the convolution of a Gamma distribution with two Normal distributions as in

Eq. 4.18.

Using the procedure outlined in Sec. 4.8, transfer functions from twelve ring

resonators in a four port configuration with various coupling geometries (Tbl. 4.3)

were analyzed. The nominal ring diameter and guide width in all cases were 50µm

and 400nm, respectively with cross-sectional geometry as described in Sec. 3.4.

Each device displayed a total of 38 resonances across a 1.495 to 1.630µm wavelength

range with a total of 418 resonances analyzed. Loss and transmission coefficient data

from the aforementioned fits are shown in Fig. 4.9 with the probability (PDF) and

empirical (EDF) distributions on the observed resonance splitting across all devices

presented in Fig. 4.10 along with a fit to this data using a Rayleigh distribution as

discussed in Sec. 4.6.
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flattened, normalized transmitted intensities of the devices in Tbl. 4.3 along with fits
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Notation Change Description

ak →∈k Field contribution to random phasor sum from defect k

K̂+− → κ Contra-directional coupling coefficient

fk = f(zk) Discretrized boundary deviation function

σ2
SW → σ2 Variance of the deviation function f(z)

Table 4.4: Nomenclature of Sec. 4.5 modified as indicated to facilitate development of a
method for comparative analysis of resonance splitting distributions.

4.10 Extension to Other Material Systems

The theoretical development presented in Sec. 4.5 is not limited to the case of SOI

waveguides. It is of interest, then, to examine the behavioral nature of resonance

splitting in other material systems and waveguide geometries using experimental

results from the SOI waveguide case of Sec. 4.9 as an initial estimate from which the

behavior of the latter may be estimated. We begin by modifying the nomenclature

of Sec. 4.5 to enable a clear discussion of the relation between parametric variables

in the various material systems and then use the experimental results of Sec. 4.9 to

estimate the expected distributions on the resonance splitting in silicon nitride and

single mode fiber waveguide systems. A description of this new nomenclature along

with the link to that of Sec. 4.5 is presented in Tbl. 4.4.

Denoting the contra-directional coupling coefficient in the SOI waveguide system

κSOI , we can write the magnitude of the kth elementary field | ∈kSOI | of the random

phasor sum (Eq. 4.49) where we define the magnitude deviation from the ideal

waveguide boundary for the ith element as fkSOI .

| ∈kSOI | = |fkSOI · κSOI | (4.49)



104

The distribution on the resonance splitting is then directly determined via the

relationship between the elementary field magnitudes and the reflected intensity

(Eq. 4.50).

〈RSOI〉 =
〈
| ∈kSOI |2

〉
(4.50)

Examination of the relations for | ∈kSOI | (Eq. 4.49) and κSOI (Tbl. 4.4) shows

that, to first order, the expectation value of the reflected intensity is solely depen-

dent on the magnitude of the deviation from the ideal waveguide boundary, the

permittivity contrast of the waveguide system, and the magnitude of the field along

the waveguide boundary. Defining the constant ηSOI as in Eq. 4.51, and the overlap

integral of the modal field with the scattering region (Eq. 4.52) allows us to derive

a simplified relation for contra-directional coupling coefficient κSOI (Eq. 4.53).

ηSOI =
iωε0

4PSOI
(4.51)

ΓSOI =

∫ d

−d
E∗+t · E−t|x=w+σSOI/2 (4.52)

κSOI = ηSOIΓSOIδεSOI (4.53)

The magnetic contribution to κSOI is ignored here as it is expected to minimally

contribute to the overall error in the later estimates of the splitting distributions

of lower index contrast waveguide systems. The directions x and y are understood

to mean the lateral and vertical position coordinates, respectively, with the width

and height of the waveguide given by w and h = 2d. We are now able to relate the

magnitudes of the elementary fields | ∈kSOI | to the newly defined parameters (Eq.

4.54).

| ∈kSOI | = |fkSOIηSOIΓSOIδεSOI | (4.54)



105

It should be noted that the above derivation corresponds to a single rough bound-

ary as derived by Poulton[17]. Direct application to the case of two rough boundaries

as is expected in VLSI fabricated waveguides is approached via replacement of the

deviation functions of the left and right boundaries by a single, larger effective devi-

ation value. Fields generated by defects on opposing sidewalls sharing longitudinal

position share phase values; the total field generated at position zk is then given by

Eq. 4.54 where we have defined the left and right boundary deviation functions for

the purpose of this discussion as fkL and fkR, respectively.

∈k= |fkLκ|exp(iφkL) + |fkRκ|exp(iφkR) (4.55)

The field components associated with the two boundaries add coherently and

are assumed to be of equivalent phase as their longitudinal positions are identical.

The magnitude of the elementary field | ∈k | is then given by the linear sum of Eq.

4.56.

| ∈k | = |fkL + fkR|κ (4.56)

An equivalent roughness can then be defined (Eq. 4.57) providing a relationship

between the magnitudes of the elementary fields | ∈ | and a single deviation function

feq(z).

fkeq = fkL + fkR (4.57)

Assuming the sidewall deviation functions fL and fR are iid random vari-

ables following a Normal distribution with zero mean and equivalent variances (i.e.

σ2
0 = σ2

L = σ2
R) , the equivalent deviation feq then follows a zero mean Normal

distribution with variance σ2
eq = 2 · sigma20. Ultimately, this results in equivalent
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theoretical treatments of waveguides with one and two rough boundaries requiring

simple scaling of the deviation function to correctly account for the physical dis-

crepancy between the two systems. In what follows, the deviation functions will be

assumed to correspond to the equivalent deviation function for each system treated

as opposed to that of a single boundary with the subscript eq removed for clarity.

Returning to Eq. 4.50, we now attempt to relate the mean reflected intensity

〈RSOI〉 and the variance of the sidewall roughness σ2
SOI . The second moment of the

magnitudes of the elementary fields denoted
〈
| ∈kSOI |2

〉
is defined in Eq. 4.58.

〈
| ∈kSOI |2

〉
=

1

N

N∑
k=1

|fkSOIηSOIΓSOIδεSOI |2 (4.58)

Removing the constant valued ηSOI and ΓSOI from the sum, we have Eq. 4.59.

〈
| ∈kSOI |2

〉
= |ηSOIΓSOIδεSOI |2 ·

(
1

N

N∑
k=1

|fkSOI |2
)

(4.59)

For zero mean, Normally distributed deviation functions, the sum in Eq. 4.59

is immediately recognized as the variance of the deviation function given by σ2
SOI

allowing us to write the expectation value of the reflected intensity (Eq. 4.60).

〈RSOI〉 = |ηSOIΓSOIδεSOIσSOI |2 (4.60)

In principal, this provides a means by which the equivalent magnitude of the side-

wall roughness may be estimated by knowledge of the distribution on the reflected

intensity subject to the caveats discussed in Sec. 4.5.

Here, we will use Eq. 4.60 to estimate the relative behavior of various waveguide

systems given our reference data for the SOI waveguides of Sec. 4.9. For two

systems arbitrarily labelled I and II with roughness functions of variance σ2
I and
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σ2
II , respectively, the ratio of their mean reflected intensities is given by Eq. 4.61

〈RI〉
〈RII〉

=
|ηIΓIδεIσI |2

|ηIIΓIIδεIIσII |2
(4.61)

For signals of equivalent frequency (ωI = ωII) and input power (PI = PII), Eq.

4.61 reduces to a product dependent only on the boundary overlap integrals Γ and

the variance of the roughness functions σ (Eq. 4.62).

〈RI〉
〈RII〉

=

(
ΓI
ΓII
· δεI
δεII
· σI
σII

)2

(4.62)

The relation provided by Eq. 4.62 is extremely useful as it establishes a link be-

tween the signals of two unrelated waveguide systems given knowledge of the modal

field profile, permittivity contrast, and the physical parameters associated with the

as-fabricated sidewall roughness. The modal field profile may be estimated via a

variety of methods including FEM and FDTD simulations while the permittivity

contrast should be well known; the sidewall roughness may be analyzed by several

methods including SEM, AFM, TEM, etc. of the fabricated waveguides at various

steps in the fabrication process. Given a set of experimental data analyzed as in

Sec. 4.9, then, device performance upon parametric variation of the waveguide and

roughness geometries may be theoretically explored via the relative relation of Eq.

4.62 enabling rapid trend analysis without the need for experimental analysis of

fully fabricated devices for each geometric variation. As an example, we attempt

to estimate, by the foregone theoretical development, the probability distribution

functions associated with resonance splitting in silica clad silicon nitride and single-

mode fiber waveguide systems using the experimental results associated with the

SOI waveguides of Sec. 4.9. The geometry of the silicon nitride waveguide analyzed

is described in Sec. 2.2 with a width of 1.2µm and height of 0.25µm while SMF-

28[REF] fiber is used as the reference single-mode fiber (SMF) with an effective

refractive index of 1.4682 at a wavelength of 1.55µm, refractive index contrast of
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0.36%, and a core diameter of 0.82µm.

Several test cases are examined with the first providing a comparative estimate

of the resonance splitting distribution of SOI, silicon nitride, and SMF waveguides

with similar roughness variances (Fig. 4.11). In all cases, a wavelength of 1.55µm is

assumed yielding permittivity contrast values of approximately 10, 2, and 0.015 for

the SOI, silicon nitride, and SMF waveguides, respectively. From these values alone

we expect reduction of the reflected intensity by a factor of five in the silicon nitride

waveguide with the corresponding reduction in the SMF waveguide exceeding a fac-

tor of five hundred. Roughness in the SOI and silicon nitride waveguides is assumed

to be introduced during fabrication producing rough sidewalls comprised of vertical

striations (Fig. 4.1) while the top and bottom boundaries of the waveguides are

assumed to be smooth. The SMF waveguide is assumed to exhibit a random rough-

ness profile along its circumference. The coefficients Γ of these waveguide systems

was then estimated utilizing FDTD simulation data for the SOI and SiN waveguides

while the analytical form of the SMF waveguide mode was used to produce it’s rough

boundary overlap coefficient. Values of 3.2× 10−3, 5.1× 10−4, and 1.8× 10−4 were

obtained for the SOI, silicon nitride, and SMF waveguides corresponding to a rela-

tive reflected intensity reduction by just under/over an order of magnitude for the

silicon nitride/SMF waveguide as compared to the value associated with the SOI

waveguide. For equivalent roughness values, this leads to an overall reduction in

reflected intensity by a factor of almost three thousand for the silicon nitride waveg-

uide with the corresponding value for the SMF waveguide exceeding fourteen orders

of magnitude. Converting the ratio of mean reflected intensity values to mean res-

onance splitting in terms of wavelength via Eq. 4.40 and using the experimentally

determined value 〈∆λ〉SOI = 87pm, the corresponding mean splitting values of the

silicon nitride and SMF waveguides can be estimated at 2pm and 10am, respectively.

The approach presented here enables a technique whereby the statistical distri-

bution of a resonant structures may be accurately estimated given a set of data for

a similar device. The accuracy of this technique is likely to depend heavily on the

level of extrapolation from the reference data set. For example, it is expected that
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Figure 4.11: Comparison of expected splitting distributions of SOI (blue line), silicon
nitride (green line), and SMF (red line) waveguides. Identical data sets are plotted in
linear (a) and semilog (b) wavelength scales for clarity.
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estimating the performance of a device given some small change in roughness size

will be significantly more accurate than estimating the performance of a waveguide

system of significantly different geometry, permittivity contrast, and roughness size.

Exploration of the error mechanisms associated with this estimation technique will

be left to future work.

4.11 Conclusion

Sidewall roughness is necessary byproduct in VLSI fabricated waveguides typically

manifesting as small, vertical striations along the length of the waveguide whose

deviation from the ideal waveguide boundary as a function of longitudinal posi-

tion is well described as and exponentially correlated, Normally distributed random

variable with zero mean. As the size of each defect is typically much smaller than

the signal wavelength, several authors have validated the use of Rayleigh scatter-

ing theory in treating scattering in rough waveguides with volume current method

(VCM) and coupled mode theory (CMT) formulations built on this foundation. It

was assumed that, for sufficiently long propagation lengths, the reflected intensity

would be well represented as a random phasor sum via representation of each defect

as a discretized source contributing to the reflected intensity; a result validated by

Morichetti’s[93] results showing that the reflected signal was well described by a

complex Gaussian random process.

Treatment of the transmitted intensity required inclusion of the unaltered signal

traversing the scattering centers along with the random phasor sum self-coupled to

the incident modal field. Inclusion of scattering loss given by coupling from each

defect to the continuous spectrum of radiation modes and the signal lost due to

contra-directional coupling via application of conservation of energy to the trans-

mitted intensity enabled derivation of an analytical form for the distribution on the

transmitted intensity given by the convolution of a Gamma distribution with two

normal distributions representing the distributions on the scattering loss and an

additive noise signal assumed to be introduced in the measured signal as is common
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in typical measurement setups.

Distillation of transmitted intensity noise from twelve passive SOI waveguide de-

vices totaling 1.3×106 data points enabled experimental validation of the theoretical

treatment describing the transmitted intensity noise expected in rough waveguides

with the unique nature of the noise distribution and fit quality lending weight to the

statistical significance of the result. Having obtained fits to the probability distri-

butions and autocorrelation functions of the twelve devices analyzed, a model was

developed to produce simulated noise data whose behavioral signature effectively

mimicked that of observed transmission data.

Further cultivation of the aforementioned theoretical development then yielded a

relation between the parametric values of the transmitted intensity noise distribution

and the size of the sidewall roughness as described by the variance of the sidewall

deviation function. While a theoretical link was provided, the accuracy of this

result will depend heavily on the accuracy of the CMT formulation used and the

precision of the measurement technique used to determine the sidewall roughness

size. Experimental validation of this result along with an exploration of the error

sources associated with this measurement technique are left to future work.

Moving to the impact of speckle noise in resonant devices, we showed that intra-

cavity contra-directional coupling breaks the degeneracy of the device Hamiltonian

leading to the formation of doublet resonances as has been observed in the literature

for a number of material systems and device configurations. Uniquely derived here

was an expression for the statistical distribution on the magnitude of the transmis-

sion function corollary to energy level splitting given by the frequency separation of

the singlet resonances of which the doublet is comprised. Resonance splitting was

shown to follow a Rayleigh distribution indicating that few pure singlet resonances

should be observed in systems whose primary loss mechanism is Rayleigh scattering.

Examining the relation between the mean reflected intensity, wavelength split-

ting, and sidewall roughness size allowed for derivation of a relative expression for

comparing the resonant splitting distribution expected for differing waveguide sys-

tems, this relation was shown to depend on the magnitude of the field in the region
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of the rough boundary, permittivity contrast, and roughness size. A first order

theoretical estimation of the resonance splitting distributions for silicon nitride and

SMF waveguide systems was presented with the accuracy of the estimate assumed

to increase as the change in waveguide system as defined by the aforementioned

parameters decreases. Exploration of this approach and experimental validation of

the result is left to future work.

Obtained the experimental results of this chapter heavily relied on precise fitting

of a large number of doublet resonances of which the transmitted intensity of various

resonators was comprised. As the noise on the transmitted intensity was previously

determined to follow a correlated, skewed probability distribution, Gauss-Markov

was violated in this system thus rigorously requiring the use of generalized least

squares fitting to accurately estimate the fit parameters associated with each trans-

mission function. Having postulated the use of weighted least squares in mitigating

the impact of both heteroskedasticity and correlation in the data, 418 resonances

from eleven four-port ring resonators were fit. Support for the merit of this ap-

proach was found in the Normally distributed residuals of the loss and transmission

coefficient fit values whose similar variances further supported the assertion that the

optimal parametric fit values were obtained.
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CHAPTER 5

CONCLUSION

Centralization of computing resources, a significant reduction in the cost associ-

ated with end-user hardware, and exceptional growth in data generation conspire

against the most stalwart of today’s data centers continuously demanding exponen-

tial scaling of computing resources. With transmission losses in electrical devices

rapidly approaching prohibitive cost and energy usage barriers, silicon photonics

represents a bastion of hope promising outrageous bandwidths while expecting to

leverage the existing VLSI fabrication infrastructure to provide heretofore unseen

economies of scale and monolithic integration in a field rife with discretized compo-

nents and boutique hardware solutions. Silicon photonics will need to overcome a

number of barriers before we see widespread deployment of these technologies with

some contribution to the following challenges delivered in this work.

First, monolithic integration implies densification of devices on a single substrate

with optical routing functions performed on-chip in addition to the operations per-

formed by the devices themselves. Exploration of the loss and crosstalk ramifications

of the increasingly large number of devices and waveguides required by such systems

provides insight into the scalability of monolithically integrated photonics. First,

we examined a multi-layer optical approach with silicon and silicon nitride optical

waveguides fabricated in vertically disjoint device layers with the intent of enabling

densification through minimized interaction between layers. It was shown that,

while the silicon layer is minimally perturbed, the silicon nitride waveguides exhibit

significant scattering loss from waveguide crossing regions for typical device layer

separations. Increasing layer separation appears to be a straight-forward solution

with scattering loss decreasing exponentially with increased layer separation; how-

ever, in real systems, signals are expected to transition between layers in order to

arrive at various devices in one layer or the other. We have then, a tradeoff space



114

with the efficiency of these vertical transitions trending in opposition to the crossing-

induced scattering loss. This optimization space was explored for the elementary

unit of a complex OEIC, namely, a straight waveguide traversing some (variable)

number of waveguide crossings. The results of this study indicate that multi-layer

OEICs should provide superior performance over their planar counterparts when

a large number of crossings are traversed while a significant reduction in the scat-

tering loss experienced by a signal in the silicon nitride layer will be required for

this approach to prove feasible, much less ideal, in waveguides traversing crossings

numbering in the single and double digits.

The second challenge addressed was the difficulty associated with estimating the

insertion loss of discrete components whose increasingly smaller size and higher ef-

ficiency often make typical approaches, such as the cut-back technique, prohibitive.

Data was presented estimating propagation loss in a straight waveguide using the

cutback technique with eight devices of varying length analyzed. The resulting

confidence interval was estimated at 0.20dB/cm suggesting difficulty in this embod-

iment of the cutback method of accurately estimating propagation loss values lower

than one or two dB/cm. This was followed by analysis of laterally tapered waveg-

uides in an SOI system with initial and final widths of 400 and 250nm, respectively.

A total of twelve devices were analyzed with four taper profiles (linear, exponen-

tial, parabolic, and linear neff ) and three taper lengths(2.5, 5, and 10µm). The

aggregate confidence interval for these devices was found to be 0.007dB following

calibration of the insertion loss estimation using a reference device and propaga-

tion loss data from the aforementioned study. An aggregate confidence interval of

0.037dB was obtained for the raw data while a first order calibration using only a

reference racetrack resonator produced an aggregate confidence interval of 0.009dB.

The linear and linear neff tapers exhibited the lowest loss in the set of 2.5µm tapers

with insertion loss values of 0.264 and 0.270dB, respectively, while the exponen-

tial tapers significantly outperformed the other devices when the taper length was

increased to 10µm posting an insertion loss value of 0.011dB at 1.55µm where its

linear counterpart displayed a moribund 0.075dB loss.
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Finally, scattering loss is a well-known phenomenon in high-index-contrast

waveguides; however, the signal coupled into the forward and backward traveling

guided modes of the waveguide has received significantly inferior attention. The

large number of these fields with small raw magnitudes sets up random phasor sums

in the transmitted and reflected fields leading to the emergence of speckle noise in

the transmitted and reflected intensities. Uniquely described here were the ramifi-

cations of this process on the transfer function of a resonant structure. While the

reflections are known to break the degeneracy in microresonators leading to dou-

blet formation, the statistical nature of the distribution on the magnitude of this

splitting had yet to be explored. It was determined that the splitting shares direct

proportionality with the magnitude of the reflected signal and, so, follows a similar

distribution that was determined to be well described by the convolution of a Nor-

mal distribution with a Rayleigh distribution. Following a discussion of the unique

concerns presented by this heteroskedastic, correlated noise source in which the most

efficient path to effective fitting was determined to be the application of WLS, data

from eleven four port ring resonators with 400nm guide widths, a 220nm device

layer thickness and 50µm diameters was presented with a total of 418 resonance fits

obtained. Experimental data supported the conclusions of the theoretical develop-

ment with the model and measured empirical distribution functions well matched.

The apparent Normality of the distribution on the residuals of this fit in addition

to those of the loss and transmission coefficients further support the hypothesis

that the appropriate distribution was derived. Similar analysis of the transmitted

intensity noise from twelve SOI devices totaling 1.3 million data points indicated

that the smoothed gamma distribution discussed in Sec. 4.5 correctly described the

behavior of the speckle corrupted transmitted intensity. Finally, combination of the

statistical treatment of the transmitted intensity and estimation of propagation loss

due to scattering using coupled mode theory created a link between the variance

in the transmitted intensity noise and the physical size of the sidewall roughness.

Exploration of this link and validation of the developed theory will be left to future

work.
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5.1 Future Work

In this work, several challenges facing photonics today were discussed with some

progress made in each area; there remains, however, a good deal of work to be

done. For example, in order to produce efficient multi-layer optical networks, cross-

ing structures will be required exhibiting excess loss significantly lower than their

planar counterparts while relaxing the layer separation necessary to obtain this

loss. There exist many potential structures designed to enhance performance in

planar waveguide crossings that may find application in the multi-layer case such as

multi-mode interferomenters, sub-wavelength grating waveguide, and Bloch-mode

crossings. It may also be found that a more suitable secondary propagation layer is

preferable or that improvements in silicon nitride deposition technology reduce film

stress sufficiently to produce thicker waveguides whose modal extent in the vertical

direction is significantly reduced. The fact remains that densely integrated multi-

layer OEICs with sufficiently low loss and crosstalk to enable widespread adoption

will remain elusive unless and until this challenge is overcome.

Although the statistical nature of resonance splitting has immediate impact in

the design and realization of resonant structures in HIC waveguide systems, this

phenomenon could lead to a wealth of novel devices. The coherent nature of the

noise opens the door for possibilities such as homodyne modulation schemes while

the unique distributions on the transmitted and reflected signals could allow one

to determine the portions of the signal that are coherent and incoherently added;

one use of this behavior might be to estimate the rate of polarization conversion, for

example. The potential also exists to use speckle interferometry to obtain unique in-

formation or produce resonant structures following higher order filter functions when

designed appropriately with the statistical nature of doublet formation included.

The understanding developed in this work will hopefully lead to the manifesta-

tion of novel devices in HIC systems and multi-layer OEICs alike with the racetrack

resonator loss platform providing a mean for efficient extraction of performance

parameters in all cases.
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