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Abstract

Together with the increasing number of applications in vastly different parts of the
electromagnetic spectrum, more versatile, stable, and capable light generation and manipulation
techniques are required in integrated photonics. In this thesis, using CMOS fabrication
capabilities, and a single layer back-end deposition process, CMOS-compatible lasers are
developed using aluminum oxide as the host medium. First, a low temperature deposition
process is detailed, and erbium-based lasers are demonstrated in the C-band. Then, thulium is
studied and characterized as a dopant for applications at longer wavelengths. On-chip frequency
stability issues are addressed by investigating the thermo-optic characteristics of various CMOS-
compatible media. Negative thermo-optic coefficient of titanium dioxide is utilized to
compensate for the all-positive thermal index shifts in the Si/SiN waveguide platform. An
athermal resonator with resonances that exhibit ultra-low thermal shifts is created and used to
stabilize a continuous-wave laser. Compared to a conventional SiN resonator, the athermal
resonator is shown to significantly reduce the frequency noise of a locked laser. Switching to
design-based solutions, the concept of spectrally-selective waveguides that can spatially confine
the mode depending on the wavelength are demonstrated for the first time. The spectrally-
selective waveguides are then used to design and demonstrate the first on-chip transmissive
dichroic filter with the sharpest roll-offs to date. Finally, directional coupler based solutions are
studied to address wavelength selectivity for octave-wide signals, and propose designs for ultra-
wideband couplers.
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Chapter 1: Introduction and Motivation

1 INTRODUCTION AND
MOTIVATION

This chapter introduces some of the initial driving forces behind the advent of silicon photonics,
discusses the design and testing cycle, and outlines how the thesis is organized into the

subsequent chapters.

1.1 The Silicon Photonics Technology

Most of the information-based technology we know today has stemmed from one of the
most influential innovations of all time in 1948: the transistor. After the demonstration of the
first integrated circuit with two transistors in 1959, with fast-paced improvements in
complementary metal-oxide-semiconductor (CMOS) technology, transistor gate lengths have
shrunk from micrometer scales to the 14 nm nodes we now have in 2017. As a result of this
integration density, standard CPUs today have billions of transistors where every single one
performs within specification. Due to the profound impact of this fabrication quality on device
performance, most state-of-the-art foundries have automated production lines where minimal

human interference is required for most mass-produced wafers. As a result of this scaling
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(Moore’s Law), the manufacturing cost per transistor has also reduced dramatically to about a

few microcents per transistor today.

Another method the CMOS industry has used to successfully increase computation speed is
to use circuits with faster operating clocks. Similar to the integration density, clock speeds have
also seen dramatic increases from just a few MHz around the beginning of the 1980s to the over
4 GHz clocks we have in modern microprocessors today. The increased clock speeds have also
resulted in increased power and consequent cooling requirements. Therefore, processors
consisting of multiple cores have been integrated in silicon chips where appropriately designed
software applications can parallelize computation processes. When multiple components of a
central processor are performing simultaneous tasks, the need for communication between
different processor cores or various registers is also highly increased. As a result, running a
multi-threaded computation does not simply decrease the computation time by a factor equal to
the number of threads used. This latency in communication and the resulting bottleneck have

been some of the initial driving forces behind the silicon photonics technology.

While addressing the increased communication bandwidth requirements in microprocessors,
it is also important to keep power consumption to a minimum, and establish communication
channels with minimum noise. Optical communication technologies frequently used in rack-to-
rack interconnects can achieve low-power and low-noise data transmission in typical data centers
today. Silicon photonics as a discipline aims to integrate functionalities required for optical
communications just like in rack-to-rack data transmission, as well as to introduce novel on-chip

capabilities for sensing, display, and computation applications.

Making use of the already developed CMOS fabrication capabilities, the photonics industry
is currently going through the miniaturization trend the electronics industry went through in the
second half of the 20" century. This is clearly seen in the comparison shown in Figure 1-1 where
the cm-sized arrayed waveguide grating is compared to what is possible today with the
integration density provided in the silicon-on-oxide (SOI) CMOS platform. With devices that
can bend and route optical signals with physical dimensions comparable to the wavelength of
light, device footprint has decreased by over 8 orders of magnitude. Partly due to the high index
contrast between Si and its native oxide SiO;, we now have easy access to foundries with

capabilities that can fit hundreds of devices within a 10 mm? footprint.
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Figure 1-1: Scaling trends in integrated photonics technologies with two examples: A cm-scale
AWG from the 1990s, and a collection of integrated phase shifters from a recent SOI fabrication
run [1]

Another set of advantages stems from the material properties of Si itself. As a
semiconductor material, one of the most useful properties of Si is that it can be doped in order to
modify its electrical characteristics. With precise implantation technologies, doped Si allows us
to integrate components such as resistors, diodes, and capacitors within silicon photonic devices,
and control local electrical variables such as electric field and current density. With the
capability of precise electrical control and readout, we are able to design and implement devices
that can transduce information between the optical and electrical domains. Combined with the
high refractive index contrast available in the SOI platform, the electro-optic and thermo-optic
effects can be amplified in geometries where the guided optical mode can be geometrically

confined to regions that have efficient electrical and thermal control.

When combined with the precise waveguide fabrication technology, these capabilities have
allowed the photonics community to demonstrate many devices including low-loss waveguides,
heaters, resonators, filters, modulators, detectors, phase shifters, etc. Some examples are shown
in Figure 1-2 highlighting the fabrication capabilities and what is possible with the CMOS
photonics technology today.
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Figure 1-2: Example silicon photonic devices fabricated using SOI technology in a CMOS
foundry [1-6]

1.2 The MIT Silicon Photonics Platform

For most of the fabrication in our projects, we have collaborated with the College of
Nanoscale Science and Engineering (CNSE) at SUNY Polytechnic University. Working together
with collaborators from UC Berkeley, we developed a platform that can integrate optical and
electronic devices on the same die with the use of a wafer-bonding process. By making use of
several layers of p- and n-type dopants and the available growth of Ge on Si, this platform makes
it possible to actively control devices by the aforementioned electro-optic and thermo-optic
effects. In addition to the Si and SiN laye;rs used for passive waveguiding in the platform, we
also added a back-end-of-line deposition process for rare-earth doped aluminum oxide for lasers
and amplifiers. The fabrication stack is designed in a way that the only step after the CMOS
processing is the deposition of the aluminum oxide layer into the previously etched trenches; and
no further patterning or etching steps are required. A diagram of the process layers are shown in
Figure 1-3. For the Si layer, there are full and partial etch layers that allow for finer control of
light. There are multiple SiN layers with different thicknesses designed to assist in guiding light
in and out of the Si waveguides, on- and off-chip coupling, and for lasers and amplifiers where
the lateral mode guidance depends on the nitride stack. Two metal layers and vias are placed for
interacting with the electrically-controlled devices. Having multiple metal layers allows design

flexibility in wiring pads and contacts to the devices, which is especially useful from a system
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perspective when integrating more complicated circuits where a large number of electrical

control signals are required.
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Figure 1-3: Diagram showing the cross-section of process layers for integrated photonics
components showing layers for waveguiding and electrical control as well as trench for back-
end-of-line aluminum oxide deposition

The lasers and amplifiers in this platform only make use of the SiN layers and deep trench
etch for the back-end deposition of aluminum oxide. For rapid testing of these laser structures,
there is therefore no need to integrate metal, via, or sometimes even Si layers into the process
stack. This “SiN only” or “SiN and Si only” designs help improve the turnaround time of the
fabrication process, and eliminate errors that might arise from fabrication complexity of the
added layers. During the time that I spent at MIT, we have prepared many masks of both the
“SiN-dnly” type, and of the fully integrated type. The design process for each one of these masks
starts with specifications of design goals and target performance metrics. Then, using finite-
difference eigenmode solutions (FDE/modesolver), finite-difference time-domain (FDTD)
simulations, the eigenmode expansion (EME) method, and analytical coupled-mode theory,
devices are designed and simulated to meet these specific metrics. After the device design is
complete, layout is done using Cadence tools, although many other commercial layout packages

exist. During this stage, it is a good idea to parametrize the devices as much as possible in order
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to streamline further system design tasks. Before the masks are ready to be sent for fabrication,

they look like the examples shown below in Figure 1-4.

3 2

AT

“SiN and Si only” Build Example Fully Integrated Build Example

LRILTIR T

Figure 1-4: Examples of two types of masks prepared sed for silicon photonic design. “SiN and
Si only” masks do not include electrically-controlled devices, whereas the “Fully Integrated
Builds” have complete electro- and thermo-optic capability.

The last fabrication step is the back-end-of-line deposition of rare-earth doped aluminum
oxide within the Microsystems Technology Laboratories and Nanoprecision Deposition
Laboratory at MIT using reactive sputtering tools made by manufacturers AJA and KJL. This is
a process that had been developed earlier on [7] and has been adapted for use in our platform due

to low-noise and narrow linewidth performance of the resulting rare-earth-based lasers.

Fabricated materials, devices, and systems are tested for their performance using various
optical and electronic equipment. Like most integrated photonics technology today, many
devices and systems designed throughout my time at MIT have required multiple iterations of the
design/fabricate/test phases. As expected, many devices still have room for improvement that can
be realized by learning from previous results and slightly modifying the designs. These details
are provided together with concluding remarks at the end of each chapter in relation to the

material discussed in that chapter.

1.3 Organization of This Thesis

This thesis revolves around the development of new capabilities in the aforementioned

silicon photonic platform with the use of new materials, novel device design, and system-level
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integration. Consequently, just like many photonic development efforts, the following chapters
are presented in material->device>system order. The first two chapters focus on material-based
solutions for integration of lasers and characterization of erbium- and thulium- doped gain
media. The next chapter discusses the development and use of titanium dioxide from a device
perspective in order to address thermal stability issues. The last two chapters focus on more
advanced design techniques for spectral splitting/combining applications by making use of
coupled-mode theory of guided optical modes.

In Chapter 2, the development of a new reactive sputtering method is discussed with the use
of the substrate bias. The investigation focuses on the effects of deposition variables such as
temperature and substrate bias on the resulting film quality. This chapter’s focus is on the
development of erbium doped aluminum oxide. Then, using a periodically varying structure, a
distributed feedback laser is designed and fabricated. Laser characterization and
threshold/efficiency performance metrics are presented. Then, the low temperature deposition is

utilized for creating a fully-integrated on-chip communications link.

In Chapter 3, I study the erbium- and thulium- doped gain media in more detail. I develop a
frequency-domain method to characterize not only the lifetime or the absorption cross-section in
these media, but the full transfer function that models the rate equations. I first verify the model
in doped silica fibers, and then use the model to characterize the newly developed thulium-doped

aluminum oxide material.

In Chapter 4, I utilize the reactive sputtering technique to introduce titanium dioxide into our
fabrication platform to make use of its negative thermo-optic coefficient. By adding a thin
titanium dioxide layer, I create thermally stable reference resonators, and show effects of the
layer thickness on the athermal behavior. I then lock an external laser to the athermal reference
and characterize the phase noise of the resulting locked signal to evaluate the performance of the

athermal resonator.

In Chapter 5, I review the basics of coupled mode theory and study how the power is
distributed in a pair of coupled waveguides. Utilizing the findings here, I design a new type of
waveguide cross-section in Si in order to spectrally separate a wide range of wavelengths. Using
the novel spectrally-selective waveguides, I design and demonstrate the first broadband dichroic

filter on-chip.
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In Chapter 6, I use directional coupler-based designs to create more broadband couplers that
can be used for wavelength splitting/coupling functionalities. I first investigate the spectral
dependence of a directional coupler. Then, using an unbalanced interferometer idea, I create an
ultra-broadband spectral splitter design that can be used for applications involving wideband

signals like a frequency comb or a supercontinuum source.
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2 CMOS-COMPATIBLE ERBIUM-
DOPED LLASERS

In this chapter, I first review the recently developed lower temperature deposition process for
A1,O3:Er**, and characterize the resulting thin film for its optical characteristics. Then, I design,
fabricate and test lasers that can operate using the lower temperature deposited gain medium.
Finally, I design and test a system that can monolithically integrate the lower temperature laser, a
modulator, a filter, and a detector on a Si chip for the first time, and characterize the system

response of this fully-integrated communications link.

2.1 Lower Temperature Deposition of Amorphous Aluminum Oxide

The use of rare-earth-doped glass media in integrated optics applications has been studied
for amplification and generation of light since its first demonstration in 1991 [8]. Of the
numerous possible host glasses for rare-earth-dopants, the interest in amorphous aluminum oxide
(Al203) has many reasons. Al,O3’s higher refractive index than those of similar host media such
as silica, phosphate glass, or fluoride glass enables higher integration density of optical
components [9-12]. Al2O3 also provides good rare-earth ion solubility [13], and is more easily

fabricated via physical vapor deposition techniques as compared to crystalline hosts that require
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epitaxial growth [14]. Moreover, smaller thermal and excitation-induced refractive index
changes help provide more stable gain [15-18], making rare-earth-doped Al>Os a potential gain
medium with better noise performance than that of III-V semiconductors [19-22]. The wide gain-
bandwidth of various rare-earth dopants also helps to achieve wavelength tunability and design
flexibility throughout their emission spectra [23-26]. Such advantages have led to recent
demonstrations of erbium-doped Al,03 (Al203:Er’*) waveguide amplifiers [27], as well as high-

power, integrated continuous-wave and pulsed lasers [28-30].

For a waveguide material having such promising gain characteristics, a reliable and robust
fabrication process is crucial. So far, the reactive radio frequency (RF) magnetron sputtering in a
mainly argon (Ar) environment has been found to be the most reliable due to its relatively high-
rate, OH-free deposition on large area substrates. However, although background optical losses
as low as 0.11 dB/cm have been reported in undoped Al2O; films that were deposited with this
method, a deposition temperature of 550 °C was required in order to reduce the background loss
[7]. Previously, it has been empirically shown that post-processing of CMOS wafers at
temperatures over 425 °C to 525 °C can compromise the integrity of the metal contacts and vias

by resistance increase and dopant activation [31-33], as shown in the examples in Figure 2-1.
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Figure 2-1: Resistance increase in various CMOS contacts and vias with post annealing

temperatures over 425 °C, reproduced from [33] and [32]

This degradation in contacts and vias significantly limits the performance of an integrated
optical system, where active devices such as modulators, filters, and detectors inherently require

low-resistance contacts for high-speed operation. Therefore, for full monolithic integration of
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CMOS and photonic structures on the same die, it is essential to develop a deposition procedure
that can reliably yield low loss AlO; films at lower temperatures within CMOS post-processing
thermal budgets. One way to improve the sputtered film quality is to use a substrate bias, where
the substrate is bombarded by Ar" ions during deposition. This technique has been shown to
enhance optical transmission, and improve film surface quality for other dielectrics such as TiN
[34]. However, the effect of substrate bias on the Al2Os3 film quality at CMOS-compatible

temperatures has not been studied prior to the beginning of this project.

Here, we first investigate how the application of a substrate bias can compensate for the
reduced deposition temperatures for reactively sputtered Al2O3. We determine the optimum
fabrication parameters that yield the Al,0; film with the lowest optical propagation loss, while
still maintaining backend CMOS-compatibility. Using these parameters, we fabricate and
characterize Al>O3:Er’* films for use in active photonics devices. We then design, fabricate, and
characterize a distributed feedback (DFB) laser that uses the newly developed AlO3:Er’* as its
gain medium. Finally, we integrate the DFB laser together with other active silicon photonic
components including tunable filters, modulators, and detectors and create a fully-integrated

communications link on-chip.

2.2 Review of Al,O3; Material Development and Optimization

The ALOs3:Er** gain medium was developed just before the beginning of the thesis work
outlined here, and was deposited using a Kurt J. Lesker Lab 18 thin film sputtering system with
magnetron sputtering guns and RF power supplies. The system was consistently kept under
vacuum with a base pressure of 107’ Torr; and samples were loaded with the use of a load lock.
The ability to separately control the target and substrate shutters allowed for a more reliable
deposition process, yielding films with consistent quality and thickness. First, the undoped Al,O3
film was studied. The films were reactively sputtered from an Al target with 99.999 % purity in
an Ar/O; environment of 3-5 mT process pressure as regulated primarily by the Ar flow rate. Oz
was separately introduced and the flow rate was kept around 4.0 - 4.3 sccm, after which the bias
voltage on the Al target started to decrease significantly [35]. This allowed for high deposition
rates (5 - 6 nm/min) of optical quality, stoichiometric Al,0O3, without fully oxidizing the Al
target. With this O, flow, an RF power of 400 W was applied to the Al target, resulting in a bias
voltage of 210 V.
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The optical quality of the sputtered Al2O3 films was characterized using a Metricon 2010/M
prism coupling system with lasers at 633 nm, 829 nm, and 1550 nm. Film thickness, index, and
propagation losses were measured using slab waveguides formed by 1 pm thick Al2O3 films
deposited on thermally oxidized Si/SiO substrates. The thermal oxide thickness was 6 pm. To
obtain the optimum deposition parameters for the best optical quality Al>Os, a set of depositions
was performed at temperatures ranging from 125 °C to 450 °C, and with substrate biases ranging
from 0 W to 90 W.
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Figure 2-2: Dependence of propagation loss in the Al;Oj3 thin film on deposition temperature and
the substrate bias. Temperature dependence on the left is with 90 W of substrate bias. Bias
dependence on the right is at 250 °C deposition temperature.

Plotted in Figure 2-2 are propagation losses measured from films that were deposited with
different substrate temperatures and different substrate biases. Films with the lowest optical
losses were obtained at an optimum temperature of approximately 250 °C, and with the highest
possible substrate bias of 90 W. The measured propagation loss in the Al2O;3 film using these
ideal parameters was as low as 0.1 dB/cm at 1550 nm where the refractive index was naros =
1.578. At temperatures significantly below or above 250 °C, or with a smaller substrate bias,

propagation losses over 10 dB/cm were measured.

At lower temperatures and insufficient substrate biases, the increased loss can be explained
by the reduced surface mobility, which is known to cause clusters and voids in the deposited
layer [7]. This is corroborated by the surface roughness measurements from films that were
deposited with 0 W and 90 W of substrate biases at a temperature of 250 °C. According to the

atomic force micrographs in Figure 2-3, for the film deposited without a substrate bias, a root
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mean square roughness (Rq) of 3.34 nm is obtained over a 1 pm? area; and a rough surface
morphology 1s observed. In contrast, when 90 W of substrate bias is used, the surface roughness
is reduced by almost an order of magnitude to Rq = 0.35 nm, providing a much smoother surface
that can help achieve lower propagation losses. For films deposited at temperatures higher than
250 °C, Rq remained below 0.6 nm, indicating no significant contribution to the observed optical

losses.

Figure 2-3: Atomic force micrographs of films deposited with no substrate bias (left), and 90 W
of substrate bias (right)

The increased losses for temperatures higher than 250 °C can be explained by the enhanced
surface mobility of the sputtered molecules [36], which can lead to formation of AlO3
nanocrystals. Previously, nanocrystalline structure formation has been observed at temperatures
much below those required for poly- or single-crystalline formation. Examples include
nanocrystals synthesized at 280 °C for aluminum europium oxide ((Ali—~Eux)203) [37], and
sputtered at 200 °C and room temperature for tungsten oxide [38] and indium zinc oxide [39]
respectively. Consequently, the application of substrate bias in combination with an increasing
deposition temperature above 250 °C can lead to nanocrystal formation in the sputtered Al2O3
films. Increased optical losses at higher temperatures can be attributed to scattering from these

nanoscale boundaries between the nanocrystals formed.

2.2.1 Refractive Index Measurements

In addition to achieving low loss at the lasing wavelengths, it is also crucial to determine the
refractive index of the fabricated film precisely. It was previously mentioned that the prism
coupling measurements yielded a refractive index of napos = 1.578 for the lowest-loss film.

However, measurements showed that the index depended heavily on the amount of substrate bias
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applied. Comparing films deposited with different amounts of substrate biases, we characterized
the percentage of constituent atoms in the sputtered film by using an X-ray photoelectron
spectroscopy (XPS) tool. Results are summarized in Figure 2-4. It was discovered that the
difference in the refractive index of the films with and without substrate bias was correlated to
the amount of Ar found in the films. For instance, with the use of a 90 W bias, approximately
3 % Ar was incorporated into the film. The refractive index was found to also decrease by
approximately 3 % to 1.58-1.60 (90 W bias) from the nominal values of 1.65-1.67 (no bias).
Therefore, the change in refractive index can be attributed to the constant Ar" bombardment of

the substrate during deposition, which results in small amounts of Ar in the fabricated film.
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Figure 2-4: Refractive indices of and Ar atomic percentage in films with and without substrate
bias. Refractive index variation calculated from measurements of multiple films with 90 W bias.
Ar atomic percentage increase corresponds to the observed decrease in the refractive index.

2.3 Characterization of Er** Dopant Ions

Once the optimum deposition parameters have been determined for the undoped Al20s,
doped films were fabricated by means of co-sputtering where an Er and an Al target were
simultaneously sputtered. The concentration of Er’* ions was controlled by the bias voltage
across the Er target during fabrication. Then, the dopant concentration is extracted from the

linear relationship
a(d) = ag + agps(A) = ay + 101log(e) I'Nyops (1) (2.1)

where a(A) is the wavelength dependent absorption in dB/cm, a, is the background absorption
due to scattering, I' is the confinement factor in the doped gain medium, N, is the dopant

concentration per unit volume in cm?, and 6,,5(A) is the absorption cross-section in cm?. The
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factor of 10log(e) is used to convert from cm™ to dB/cm. Here, a, and I' are assumed to be
wavelength independent within the measurement window of 1505 nm - 1575 nm. Shown in
Figure 2-5 are the absorption results as functions of wavelength for two films with erbium target
voltages of VEr=75V and Vg =60V, as measured by the prism coupling method. In this
measurement, light from an Agilent 81600B tunable laser source was coupled through a rotating
prism to the slab modes in ALO; films sputtered on Si/SiO; substrates. The loss was
characterized at each wavelength from the decay of the scattered light intensity along the
propagation direction, as measured from a fiber mounted on a motorized stage. Background
intensity was subtracted by setting the reading offset to zero when the incident light was turned
off. The recorded intensity as a function of propagation length was then analyzed using an
exponential fit. In the 1505 nm - 1575 nm wavelength range, the error in the exponential fits

remained below + 0.1 dB/cm.

.\
p

S
i
=
]
<
w
<
A
=
©
X
-t
=
B
o)
3
n

ol

* r‘*!

r W" 9.5x 10" cm™

1510 1530 1550 1570 0 2 4 6
Wavelength (nm) Absorption Cross-Section (102 cm?)

N
N
-

 vyvwy?Y

Propagation Loss (dB/cm)
— w
#
W
.
&
g
=
Propagation Loss (dB/cm)
w

i

Ve, =60V

(=]
o

Figure 2-5: Absorption spectra and dopant concentration of films deposited with 60 V and 75 V
of bias on the Er target

In order to determine N, and a,, the absorption is replotted on the right in Figure 2-5 as a
function of ag,ps(4), which was previously reported in [7] by Worhoff et al. Then, according to
the model in equation (2.1), each dataset is analyzed with a linear fit, yielding dopant
concentrations of Ny 5y = 1.9 x 102 cm™ and Ny goy = 9.5 x 10! cm™ for Ve:=75V and
VEr = 60 V respectively. Background losses on the order of 0.1 dB/cm were reliably achieved at

both concentrations, as indicated by the vertical intercepts of the linear fits.
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2.4 Laser Design and Characterization

After the spectral properties of the newly developed Al;O3:Er’* films were characterized,
this gain material was used to design an optically-pumped, quarter-wave phase shifted DFB
laser. The CMOS process flow and the laser design was planned in a way that allowed the laser
to be fabricated in a 300 mm CMOS foundry with the exception of the back-end sputtered
Al203:Er** gain medium.

2.4.1 Laser Fabrication Process

(a) (b) (c) (d)

Quarter-Wave
Phase Shift

WS Si0, MWSIN W ALOE

Figure 2-6: Fabrication process flow for the integrated DFB laser

The fabrication process flow is illustrated in Figure 2-6: First, a 6 um thick layer of SiO2 and
a 200 nm thick layer of SiN were deposited by plasma-enhanced chemical vapor deposition
(PECVD) in (a). In order to minimize absorption losses, the plasma conditions were optimized
for a low hydrogen content in the deposited layers, while maintaining a high refractive index for
the SiN. The SiO; and SiN layers were both chemically-mechanically polished (CMP) in order to
achieve the accurate final thicknesses, and to reduce scattering losses due to surface roughness.
The SiN layer was then patterned using 193 nm immersion lithography and reactive ion etching,
creating the waveguide and feedback structures, and the quarter-wave phase shift as shown in
(b). After the SiN layer, a thin layer of SiO2 was deposited using PECVD, for which a final
thickness of 100 nm was achieved using CMP, where the resulting structure is shown in (c).
Finally, large trenches were etched on the die borders for fiber coupling. After the wafers were
diced, the Al,O3:Er’" gain medium was deposited as a back-end process as indicated in (d), using

the techniques described above.
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2.4.2 Guided Modes and Distributed Feedback in the Laser Cavity

The laser was designed using the fundamental modes for both the pump and signal, in order
to achieve maximum overlap within the gain medium, and to avoid any potential losses that
would be observed by any higher order modes. It is possible to design a SiN waveguide using
multiple core segments for more accurate control of the guided mode profiles. The specific goal
of this segmented SiN design detailed in Figure 2-7 is to achieve high confinement and overlap
of the fundamental transverse electric (TE) signal and pump modes within the gain medium.
Compared to a single wider segment, multiple segments of SiN allow the fundamental TE modes
to achieve good overlap with the gain medium, while still being laterally confined. These
confinement and overlap factors are optimized with the design shown on the left in Figure 2-7,
where the width of each SiN segment is wsin = 450 nm, and they are separated from each other
by a gap of gsiv =400 nm. The thickness of the SiN layer and the vertical spacing from the gain
medium are hsiy = 200 nm and hgap = 200 nm, as dictated by the CMOS fabrication process. The
nominal thickness of the deposited AL,Os:Er’* layer was 1.2 um, with a radial variation of

approximately 5 % from the center to the edge of the 200 mm substrate holder.
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Figure 2-7: Cross-section of laser cavity showing the buried SiN waveguide and grating
segments (not to scale). Fundamental TE modes of 980 nm pump and 1550 nm signal in the laser
cavity.

Using these design parameters, the field profiles for the fundamental TE modes at the pump
and signal wavelengths are simulated, and shown on the right in Figure 2-7. The gain medium
confinement of the pump and signal modes are calculated to be I'; =0.841 and I's=0.828
respectively. The intensity overlap of these two modes in the gain medium is y = 0.903. This
high overlap is enabled by the segmented SiN design, as it allows the shorter wavelength pump
mode, which is otherwise mainly confined in the nitride layer in a single segment design, to

expand into the gain medium. The pump-signal overlap y is reduced when using the transverse
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magnetic (TM) mode for either the signal or the pump. Also, since the TM modes in this design
can potentially suffer from coupling to substrate modes, more cavity losses would be expected.
Moreover, the waveguide is also sufficiently birefringent that the TM mode resonance is outside
of the C-band. Therefore due to their larger overlap factor, reduced in-cavity losses, and by
appropriate grating design, fundamental TE signal and pump modes can provide the largest

possible gain per unit length.

Feedback is provided by the buried SiN grating of width wg = 300 nm on either side of the
waveguide segments. The grating is separated from the adjacent waveguide segment by a gap of
ggrt = 300 nm. The grating strength is determined by how strongly the signal mode interacts with
the grating, and is calculated as x =7.56 cm™' between the forward and backward traveling
modes in the 1.5 cm long laser cavity. Grating duty cycle was chosen to be 50 %. The grating

period is calculated from the Bragg condition given by

Ao
A= 2.2
2ngg (2:2)

at the signal wavelength of Ao = 1550 nm. Considering the Al,O3:Er’* thickness variation, the
period was varied from A =490 nm to 496 nm, in order for the laser to operate within the 1530
nm - 1565 nm C-band.

2.4.3 Laser Performance and Characterization

The integrated laser is characterized using the setup shown in Figure 2-8. 976 nm fiber-
coupled pump diodes were used with polarization controllers to pump the on-chip laser from
both sides. Single-mode cleaved fibers were used to couple the pump and signal light on and off
chip. The laser emission was collected by a fiber wavelength division multiplexer, and recorded

using an optical spectrum analyzer.

976 nm ) C X X )
pump PC

integrated laser OSA

Figure 2-8: Diagram of the laser characterization setup
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Using 220 mW of total on-chip pump power, a single-mode signal output of 2.6 mW is
recorded at 1552.98 nm, where the emission spectrum is given in Figure 2-9. The output here is
measured with a spectral resolution of 50 pm, the smallest available on a Yokogawa AQ6375
optical spectrum analyzer. No output above the noise floor is measured at any other wavelengths,
as expected from the quarter-wave phase shifted DFB design. Moreover, the output wavelength
matches well with the design target of 1550 nm for the TE signal mode, indicating single-mode
TE output from the fabricated laser. This performance was achieved with an Er** doping

concentration of No = 1.2 x 10%° cm3.
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Figure 2-9: Laser emission spectrum and performance as measured by the output power with
respect to the pump input power

Next, the laser performance is evaluated by measuring the output power at the signal
wavelength as a function of pump power. The response plotted on the right in Figure 2-9 was
recorded with the optimum pump polarization, corresponding once again to the maximum
intensity overlap y expected with TE pump and signal modes. The pump threshold was measured
to be Pi = 24.9 mW. With increasing pump power over the threshold, the laser operated with a
slope efficiency of ns = 1.3 %. These results indicate similar performance to lasers whose gain
media are fabricated at temperatures over 550 °C [40, 41], demonstrating the functionality of the
newly developed 250 °C deposition process for the AlOs;:Er’* gain medium. Potential
improvements in the threshold and the slope efficiency can be achieved by recycling the residual
pump back into the laser cavity. One can also enhance overall laser efficiency by improving

pump coupling losses on-chip and to the gain medium.
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2.5 Conclusion

I have demonstrated a substrate-bias-assisted sputtering method for the fabrication of
undoped and rare-earth-doped Al2Os3 thin films. The substrate bias allows for backend CMOS-
compatible deposition temperatures as low as 250 °C. This deposition process allows us to
integrate amplifiers and lasers with other active silicon photonic devices such as modulators,
filters, and detectors that rely on low-resistance metal contacts and vias for high-speed operation.
Additionally, other rare-earth-dopants such as neodymium, ytterbium, thulium, or holmium can
also be co-sputtered with the 250 °C Al,O3 film. These dopants can be used in creating
amplifiers and lasers at various near-to-mid infrared wavelengths for new applications. This
marks an important step towards electronic-photonic integration for communications

applications.
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3 SPECTROSCOPY OF RARE-
EARTH DOPED MEDIA

This chapter focuses on the development and the spectroscopy of the thulium-doped aluminum
oxide (A1203:Tm*") medium. First, some fabrication details are provided. Then, methods for
characterizing the newly developed material are studied. Experimental measurements of the

excited state lifetime and absorption cross-sections are provided.

3.1 Fabrication Details for Thulium-doped Aluminum Oxide

The fabrication of Al,O3:Tm>?* is carried out in a similar manner as AlO3:Er** developed
previously, with the exception of the substrate bias. Al and Tm targets are simultaneously
sputtered in a vacuum chamber using an Ar' plasma. All depositions were done using an AJA
Orion sputtering tool with 300 W RF power supplies and 20 sccm (standard cubic centimeters
per minute) mass flow controllers. The pressure in the sputtering chamber was controlled by the
opening of the gate valve to the inlet of a turbomolecular pump. This gate valve position was
adjusted automatically by a PID controller that matched the pressure reading in the chamber to

the pressure setpoint provided by the user. This allowed the simultaneous setting of both the gas
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flows and the chamber pressure. A photograph of the AJA Orion sputtering system is shown in

Figure 3-1.

Figure 3-1: A photograph of the AJA Orion sputtering tool located in EML of Microsystems
Technology Laboratories at MIT, and a close-up view of the sputtering chamber with upside-
down magnetron guns on the cover

Some sputtering systems have an important distinction in how they control the pressure in
the chamber. By allowing the gate valve position to be adjusted by a quick PID controller, the
AJA system allows independent control of gas flows and pressure. In contrast, the KJL Lab 18
system previously described achieves pressure control by direct control of the gas flow rates by
the MFCs. In such systems, the gate valve typically doesn’t move, or has only a number of
position settings. Consequently, the flow rate directly determines the pressure of the chamber;
and a PID controller is used for adjusting the MFC setpoints. The accuracy of both methods
depend on the robustness of their respective PID controllers and the precision of the controlled
variables (the gate valve position and the MFC flow rates respectively). However, from an
operational perspective, it has proven to be useful to have independent control of both the flow
rates and the chamber pressure, which can only be achieved by a moving gate valve as in the

AJA system.

AlO3:Tm*" was sputtered reactively from separate Al and Tm targets in an Ar/O
environment. The process pressure was set at 3 mT, and was PID controlled by the gate valve

position controller described above. The Ar flow rate was kept constant at 11 sccm. A 99.999 %
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pure Al target was sputtered with an RF power of 200 W, yielding a bias voltage between 400-
450 V. This bias voltage was manually maintained by controlling the O2 flow into the chamber.
Using a dedicated MFC, the O; flow was manually adjusted during deposition in order to

produce stoichiometric Al>Os at the substrate.

It is well known that excessive amounts of reactive gas flow (typically Oz or N3) causes
target poisoning reactive sputtering due to the majority of the target surface being covered by an
oxide or a nitride [42]. With a poisoned target, one effectively sputters from an oxide or a nitride
target which can be useful in maintaining the desired oxide or nitride stoichiometry. However, a
poisoned target also results in almost an order of magnitude slower deposition rates when
compared to a non-poisoned target [35]. The goal of manually adjusting the Oz flow during
deposition is therefore to avoid poisoning the Al target while maintaining a high deposition rate.
This is achieved with the Oz flow that operates the target at the edge of poisoning, just before the
bias voltage significantly drops. This flow rate depends on many factors such as the size of the
vacuum chamber, how efficiently the chamber is pumped, and the positions of the gas inlets. For
the specific AJA Orion tool used here, the appropriate O flow at the beginning of the deposition
was around 1.0-1.2 sccm, after which the bias dropped significantly. This flow rate had to be
slowly increased during deposition to around 1.5 sccm, in order to keep a consistent bias on the

Al target.

Upon consecutive depositions using the same Al target, the bias voltage on the Al target was
observed to decrease. After approximately 10 runs, the Al bias remained around 370-400 V
during deposition compared to the 400-450 V with a new target. Moreover, with an aging target,
the deposition rate increased. Rates of up to 7.0 nm/min were recorded compared to the typical
~5 nm/min obtained with a new target. This can be attributed to the erosion pattern on the target
surface as shown in Figure 3-2. The racetrack pattern visible on the target is due to the circular
arrangements of the neodymium magnets in the magnetron sputtering gun that confine the Ar"
ions close to the target surface. As a result, the area over which the Ar" ions are confined sputters
more strongly, and causes the circular indentation. The increased surface area due to this uneven
erosion can explain the increased sputtering yield. Since there was no way to monitor the
deposited material thickness during deposition, the rate of the previous run was taken as
reference for thickness control and deposition time. Despite the typical £5 % change in the

deposition rate between runs, referencing the deposition time on the previous run’s deposition
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rate has been generally sufficient, as most of the integrated lasers were designed to tolerate small

changes in layer thicknesses.

Diameter: 10cm
e el

Figure 3-2: The circular erosion patterns on a used Al targets with 10 cm and 5 cm diameters.
The circular arrangement of magnets on the sputtering gun “imprinted” on the targets after ~15
uses, as the target sputters more from the circular disk marked by these magnets.

A schematic drawing of the sputtering chamber is shown in Figure 3-3, reproduced from
[43]. In this configuration, the targets are mounted inside sputtering guns facing downwards
towards the substrate. The substrate is mounted on a rotating stage placed on top of two heating
lamps that are capable of heating the substrate up to 600 °C. No load lock chamber was available
in this system; so the chamber was vented each time a new deposition needed to be started.
Although this may seem inconvenient at first, venting and cleaning the chamber with a
household vacuum helped eliminate flakes and other particles that may have otherwise ended up
in the deposited film. Before each run, the vacuum chamber was pumped down to below 10
Torr base pressure to eliminate contaminants including any remaining water vapor from the
deposited film. During the last 20 min of this pump down procedure, the substrate heater was
slowly ramped up to the deposition temperature of 550 °C to assist outgassing the chamber.
Compared to the procedure described in Chapter 2, this process required a much higher
temperature due to the absence of the substrate bias. This was followed by a 5 minute pre-
deposition process onto the target shutters to clean the target surfaces of any contaminants or its
native oxide layer. Then the deposition was carried out for the amount of time corresponding to

the desired layer thickness, as calculated from the previous deposition rate.
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Figure 3-3: Schematic drawing of the sputtering chamber showing the Ar and O gas inlets, Al
and Tm sputtering sources, and the heated substrate holder.

3.2 Thulium Dopant Concentration

For a dopant whose absorption cross-sections are well known, it is relatively easy to
calculate the atomic concentration per unit volume. By measuring absorption at a number of
wavelengths, one can calculate the scaling factor between the absorption cross-section and this
measured absorption. The dopant concentration is again calculated as shown in equation (2.1).
As before, if the absorption cross-section g,s(4) is known at each wavelength, N, can be
calculated from a linear fit between a(A) and g,,5(1) . However, prior to this work, no
measurements of Al2O3:Tm?" absorption cross-sections had been performed. Although Tm**-
doped silica fiber had been previously studied [44], no information existed for the case of the

alumina host.

To this end, in order to accurately characterize the absorption cross-sections, an independent
measurement of dopant concentration has been performed. Using Rutherford back-scattering
(RBS), atomic concentrations of Tm have been extracted for films deposited with different Tm>*
concentrations. Each film was deposited at a thickness of approximately 1 pm, on thermally-
oxidized Si samples, where the thermal oxide thickness is 6 pm. An example RBS measurement
is shown in Figure 3-4 where the measured spectrum is fitted to calculate the atomic
concentrations of each element present in the film. For the example shown here, the fit to the top

layer composition yielded atomic percentages of 39.502 %, 60.241 %, and 0.257 % for Al, O,
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and Tm respectively. The fit also yielded an atomic density of 0.940 x 10** atoms/cm’.
Multiplying the atomic density with the percentage of the Tm atoms, we get a dopant
concentration of 2.42 x 102 cm™ corresponding to the atomic concentration obtained when the

Tm target is sputtered with 15 W of RF power.

Energy (MeV)

0.5 1.0 1.5 2.0
35 1“‘| T l T T T ‘ T T T ‘ T T T [ ]
[ D13708 DODOS-MIT 15w Tm i
30 [ Simulation of Tm-Al-O/O-Si =
[\ i
o 25 r ]
R ]
= [ 1
720 F -
] = _
N ]
Fist ]
S 1
< 10 = =]
5F .
B O Tm ]

0 L T T T ‘ T T | T T T | T T T | T T T l T

200 400 600 800 1000

Channel

Figure 3-4: An example Rutherford back-scattering measurement for calculating Tm>* dopant
concentration in Al,03:Tm>" films

This measurement is then repeated for films deposited by using different RF powers
delivered to the Tm target. The calculated concentration is then plotted against the RF power
applied as shown in Figure 3-5. The exponential fit to the data is indicated by the dashed line,
and is given by

N, = (0.0339 x 10%°)p1-5909% ¢y =3 (3.1)

3.3 Absorption Cross-Section at the Pump Wavelength

Once the concentration is known, the absorption cross-section can be calculated using the

model in equation (2.1). For the first measurement around 785 nm, a Toptica DCL TA Pro
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tunable laser system with a tuning range of 770 nm to 800 nm was used. At each measurement
wavelength and for each film with the known dopant concentration, the absorption in the
fundamental slab mode in the Al,03:Tm** layer was characterized in the prism coupling setup.
The intensity confinement factor of the fundamental slab mode was calculated as 0.968 at
785 nm, and was assumed to be constant for the 775-799 nm measurement window. Using the
known concentration from the RBS measurements, the absorption cross-section was calculated
for each wavelength and for each film with different Tm?" concentrations. These results are
plotted in Figure 3-6 showing the maximum measured absorption at 789 nm with an absorption
cross-section of (6.74 + 0.27) x 10! cm?. The absorption band has similar spectral structure to

that observed in Tm**-doped fiber.
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Figure 3-5: Tm’>" concentration in the sputtered film as a function of sputtering power delivered
to the Tm target

3.4 Frequency-Domain Methods

The lifetime of the excited state (also referred to as the upper lasing state), together with the
transition cross-sections, are essential pieces of information for understanding population level
dynamics in gain media. Many optical phenomena including emission, absorption, saturation,
and even high-order effects like energy transfer upconversion and cross-relaxation can be
modeled by using excited state lifetimes and transition rates between energy states [45-49]. For
Al,O3:Tm*", just like the absorption cross-sections, no accurate measurement of the excited state

lifetime existed at the beginning of this project.
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Figure 3-6: Absorption cross-section of Al,Q3:Tm>** from 775 nm to 800 nm
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Figure 3-7: Absorption cross-section of Al;03:Tm** from 1500 nm to 1640 nm

Typically, excited state lifetimes are measured using pulsed or square-wave excitation
signals after which the system’s expected low-pass transient response and the characteristic
decay time are analyzed with an exponential decay [50]. In order to resolve the transient
response, such time-resolved methods require pump excitations that are much shorter or that can
be modulated with rise/fall times much faster than the lifetime to be measured [51]. Depending

on the required duration, the excitation signal can be shaped with the use of a mechanical
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chopper [52], modulated by a pulsed electrical pump [53], or a pulsed source like a femtosecond
laser can be used directly [54]. In all cases, a high responsivity photodetector is also typically
required for a good signal-to-noise ratio at low input powers. In contrast to the fast excitation
schemes, the low-pass characteristics of the system can be studied in the frequency domain by
measuring its amplitude and phase response with a variable sinusoidal excitation. One example
of a frequency domain measurement is the phase-shift method where the phase delay between
the output signal and the excitation waveform is used to identify the system lifetime [55]. A
similar family of methods include amplitude-based frequency-domain methods where the
lifetime is measured by monitoring the pump frequency that halves the output intensity [56].
However, despite their versatility, the general family of frequency-domain spectroscopic
techniques have not been studied in detail for characterization of solid state gain media.
Moreover, no analyses on pump and signal power dependence or applications to measurements

other than the lifetime have been found.

Here, 1 study the above described frequency-domain analysis in detail by deriving the
complete transfer function between a modulated pump input and the signal output in rare-earth
doped glass media. I analyze the dependence of system behavior on signal and pump rates in the
frequency domain, and confirm the transfer function approximation by numerical simulations of
the nonlinear rate equations. I then use this system description for accurately measuring the
spontaneous emission lifetime and pump absorption cross-sections in rare-earth doped gain
media. After verifying our methods in Er** and Tm?*-doped fibers, we characterize Al,Q3:Tm**
waveguides. These newly found parameters can be utilized to design more efficient amplifiers

and lasers in the 1.8 — 1.9 um gain band of Tm3*.

3.4.1 Two-Level Population Model with a Modulated Pump

To model a sinusoidally-modulated excitation in rare-earth doped media, we represent the
gain medium with a two-level system. The use of a two-level system is validated by the
assumption that rare-earth ions in any one of the higher energy states rapidly decay to the upper
lasing state due to the short lifetimes in these higher energy states [47]. The populations of the
two levels are governed by the rate equations that describe the rate of change of the number of
rare-earth ions in the ground or excited states. Here, we will refer to the total population by N¢,

the population in the ground state by N,, and the population in the excited state by N;, where
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Ny + N; = N, at all times. As N, is constant, the rates of change of Ny and N; have the same
magnitude with opposite signs. This rate of change is dictated by stimulated signal and pump
absorptions from the ground state, and the stimulated and spontaneous signal emission from the

excited state as shown in Figure 3-8.
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Figure 3-8: Two-level population model indicating signal absorption (SA), stimulated emission
(SE), pump absorption (PA), and spontaneous emission.

The change in the population levels is described by

d N d N.
dt °  dt !
N, (3:2)
= —0O5qPsNo — apa‘f’pNO(l + m(t)) + O5ePsN; + -
i i timulated -~
timulated land b i s
stimulated signal and pump absorption emission spom':an.eous
emission

where ¢, and ¢ are the rates of pump and signal photons per unit area, gs,, 0,4, Os are the
signal absorption, pump absorption, and signal emission cross-sections, and 7 the spontaneous
emission lifetime. Pump and signal rates can be expressed as ¢, = I, 5/ (hvpls) where h is
Planck’s constant, I, s are the intensities, and v,, 5 are the frequencies of the pump and signal
photons respectively. Here, we have added a modulation term m(t) to represent the introduced
perturbation to the otherwise constant pump rate. In order to eliminate the excited state
population N; from equation (3.2), we can rewrite it in terms of the total and ground state

populations, and separate the modulation dependent pump absorption as follows.

d Nt - NO
ENO = “'“Gsa¢sN0 + Jse¢s(Nt - NO) - Jpad’pND(l + m(t)) + —T—
(3.3)

1 1
= _NO ((asa + Jse)¢s B o-paqbp + ;) + Nt (Use¢'5 i ;) - Upa(ppNDm(t)
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Then, using the coefficient of Ny from equation (3.3), we can define an effective lifetime where

1

1
at; = (05q + 05e) s + O'paﬁbp + T (3.4)

Using this definition, equation (3.3) can be rewritten as

d No

1
ENO = - a + N, (Used)s + ',;) - Upad’pNOm(t) (3.5)

Moreover, if we choose to operate with a signal rate much less than the pump rate (¢s < ¢,),
the effective lifetime can be approximated by

! +1 3.6)
Tots ~ Gpa¢p T ( .

This yields 1/7efr as a linear function of ¢,,, with a proportionality constant of o, and a vertical
intercept of 1/7. From the description in equation (3.6), 0,5, and 1/7 can be independently
determined from a dataset of (¢b,, 1/7¢g) pairs. Also, even if the exact pump rate ¢, cannot be

characterized due to various pump coupling losses, as long as the pump power from the source is

well known, the vertical intercept 1/7 can still be precisely calculated.

3.4.1.1 Modulation to Population Levels

In order to decouple the modulation dependence from the nominal population levels, we let
Ny = Ny(ss) + ANy, where Ny(sg) is the steady state population in the ground state, and AN, is the
change introduced due to the pump modulation. In other words, Ny = Ny(ss) when m(t) = 0.

Consequently, the rates of change of N, and AN, are equal:

dN —dAN
ac o = gr Mo (3.7)

As Ny(ss) is the steady state population level with no pump modulation, it can be calculated
from equation (3.5) by setting m(t) = 0.

d _ No(ss)

1
(_i't'NO(ss) =0= et + N, (Usefl’s + ;)

(38)
1
= No(ss) = Ny Tefr (Gse(ps + :E)
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We can then use the rate of change and the steady state population from equations (5.1) and (3.8)

to rewrite equation (3.5):

d

Ny 1
EZANO = —Z;; + N; (ase¢s + ',;) - apa¢pNom(t)

Nocss) + AN, 1
= — = 4 N (000 + ) ~ Gty (Noges) + ANo)m(®)
e
(3.9)

1
N;Tegs (ased)s + .'[') + AN, 1
=- + N; (Gse¢s + _)
Teff T

- 0-pa(l)p(NO(ss) + ANO)m(t)

Simplifying equation (3.9) yields the nonlinear differential equation describing the “changing”
part of the ground state population AN,:

4 ANy = 2o (Nogss) + ANp)m(t)
dt 0 — Tef apa¢p 0(ss) 0 m (310)

We can further simplify equation (3.10) by limiting the operation to cases where the steady
state ground state population is much larger than the change in the ground state population:
Ny(ss) » AN,. This is possible for small modulation depths where |[m(t)| « 1 resulting in small
changes in the population levels. Under this assumption, we obtain the linear differential

equation describing the change in the ground state population level given by

d AN,

dt Teff

= 0paPpNossym(t) (3.11)

We can then evaluate the Laplace transform of both sides in equation (3.11) to get the transfer
function between the pump modulation input and the resulting change in the ground state
population level. This yields

ANy (s)
Teff

sANy(s) = — - Gpa¢pN0(ss)M(S) (3.12)

Solving for the transfer function, we get

ANy (s) _ apa¢pN0(ss)Teff

= 3.13
M(s) 1+ STegr ( )

Hi(s) =
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where AN, (s) and M(s) are Laplace transforms of AN, and m(t) respectively. Equation (5.1)
describes a single-pole low-pass filter with corner frequency s; = 1/7¢. Physically, the low-
pass response of H, (s) indicates that the population levels will lag behind the modulation m(t);
and the system will respond to the modulation with a bandwidth determined by the effective

lifetime Tqf;.

So far, we assumed that all the pump power input into the system goes into modulating the
population levels where the signal mode spatially exists. Although this is a good approximation
for fibers, many waveguides in the tight confinement regime have non-perfectly overlapping
pump and signal modes due to strong waveguide dispersion. We must therefore include the

pump-signal intensity overlap (I') within the gain medium by letting
2
| Il epes dal

— ¢ = (3.14)
o =Pl e Il epepda [f_eiesda

where e, and e; are the electric fields at the pump and signal wavelengths, and G indicates cross-

sectional boundary of the gain medium.

3.4.1.2 From Population Levels to the Change in Recorded Intensity

It is important to realize that H,(s) only represents the transfer function from the pump
modulation m(t) to the changing part of the ground state population level AN,. Although the
population level directly influences the absorption in the medium, it is not directly observable.
To this end, we need to relate the population levels to a directly observable variable like the
photodetector reading of the signal output intensity where the input is at a constant intensity. The

following analysis is based on this two-stage system description illustrated in Figure 3-9 below.

System Input Measurable Output

Pump - Signal
Modulation Output

Hy(s) H,(s)

Figure 3-9: Multi-stage system overview of two-level population model
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We can describe the photodetector reading by the absorption modulated in the gain medium

due to the changing population levels:
Poys = Pin exp(—0g5qNoL + 05N L)

= P eXp((aseNt — (0gq + ase)NO)L)

(3.15)
= Py, exp ((UseNt — (050 + o'se)No(ss))L) eXp((_(asa + ase)ANo)L)
= Pr eXp((_(Usa + O'se)ANO)L)
where we defined the constant
Pr = Pin exp ((0seN: = (0sq + 05e)NoGss))L) (3.16)

We make the same assumption that since AN, is small compared to Ny(ss). Then, the time-

dependent part in P,,,; can be approximated by a Taylor expansion:
Poye = Pr(1 — (05 + 05e)ANGL) (3.17)

We can also define the steady-state and time-dependent parts of the output signal power as
Pout = P out(ss) + APy, yielding
P out(sy — Py
(3.18)
APy = —Pr(05q + 05¢)ANGL

We can again evaluate the Laplace transform of both sides in equation (3.18) and obtain the
transfer function between the changing population levels and the resulting change in the signal
intensity:

AP,y (s) _

Hy(s) = AN, (s) =

'_Pout(ss) (Gsa + Gse) L (3-19)

Here, since Pout(ss) is a constant, H,(s) is just a scaling factor, and indicates that there is no

phase difference between the population level change and the signal output power. Therefore the

only phase shift between the pump modulation and the signal output is due to H,(s).

Finally, the overall transfer function is given by the product of the individual transfer

functions:
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APout(S) _ ANO(S) APout(S)
M(s) — M(s) ANy(s)

H(s) =

= Hy(s)H(s) (3.20)
Evaluating equation (3.20), we get

H(s) = OpaPpNocss)TetPout(ss) (Tsa + Tse)L 1+ STog (3.21)

According to the low-pass frequency dependence indicated in equation (3.21), the signal output
power will lag behind the pump modulation by an amount determined by the effective lifetime
Tefr- For modulations slower than g, the signal tracks the modulation closely, since the system
is able to effectively respond to changes within its bandwidth. For modulations with time scales
quicker than 7.g, the system will attenuate the change in the signal output power, due to the low-

pass filter response.

3.4.2 Numerical Simulations of Signal Output

In order to validate the approximations we made in the derivation of the low-pass response
model in equation (3.21), we investigate numerical solutions to equation (3.2) using various
pump modulation parameters. For these numerical solutions, we assumed typical spectroscopic
parameters from rare-earth doped glasses where N, = 10%° cm?, 6,4545e ~ 1072 cm?, and 7 =
500 ps in a 10 cm long fiber with mode diameter of 5 um. Unless indicated otherwise by the
variables in each numerical simulation, a pump modulation frequency of f = 2 kHz, a signal
input power of P, = 10 uW, and a steady-state pump power of 300 mW were used, yielding
2nfToe = 0.5.

First, we characterize the system response as a function of the modulation amplitude m,
using a sinusoidal pump modulation of the form m(t) = mg sin(2nft). In Figure 3-10, we plot
the normalized signal output in arbitrary units for 0.1 < my < 0.9. With increasing mg, the
signal output deviates from the sinusoidal response predicted by the linear system model in
equation (3.21). For instance when m, = 0.9, the output signal tends to quickly saturate before
the end of the first half-cycle of the pump modulation, due to the large initial increase in the
pump rate. This large pump power also results in the near-complete population depletion of the
ground state, saturating the amplifier and flattening the otherwise sinusoidal output signal level.

In contrast, for small m,, the output signal remains sinusoidal and can be modeled with the
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transfer function approximation above. Consequently, we set my = 0.1 for all subsequent

simulations and measurements.

Modulated Signal Output (a.u.)

0.5 1.0 15 2.0
Time (ms)

Figure 3-10: Signal output waveform as a function of modulation amplitude m,

Next, we study the effects of the pump modulation frequency on the resultant signal. In
Figure 3-11, we plot the signal output waveform with pump modulation frequencies from 50 Hz
to 20 kHz with a nominal pump power of 300 mW. For each modulation frequency, the variation
in the signal output AP,,,; is normalized to its own steady state value of Py (ss)- The dashed line
indicates the expected 3 dB system bandwidth of f = 1/2mT.¢ Where T is calculated with the
spectroscopic parameters above. For modulations slower than the system bandwidth, the signal
output stays in phase with the modulation input. On the other hand, with faster modulations, the
signal output lags behind the pump input as indicated by the tilting phase of the colored
waveform. On the dashed line, the phase shift is exactly /4 where the modulation frequency is
equal to the system bandwidth. The numerical solutions also verify the predicted attenuation of
the output signal for modulations above the 3 dB filter cutoff. This is indicated by the reduced

contrast of the plotted waveform with increasing modulation frequency.
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Figure 3-11: Signal output waveform as a function of pump modulation frequency from 50 Hz to
20 kHz.

Finally in Figure 3-12, we analyze the pump power dependence of the signal output
waveform. As before, for each pump power simulated, AP,,, is normalized to its own steady
state value of Pgy¢(ss). Equivalent pump rates are plotted in the secondary vertical axis in
corresponding spectroscopic units from equation (3.4). According to the numerical solutions, for
pump powers less than 14 dBm (¢,0,,7 < 1), the ground state stays mostly filled, and no
significant change is expected in the signal output as absorption is only weakly modulated. For
pump powers over 24 dBm (¢,0,,7 > 10), gain is saturated due to the mostly-filled excited
state; and the output signal power again does not exhibit significant change with respect to its
steady state value. In contrast, when 1 < ¢,0,,7 < 10, changes in pump power result in large
variations in the signal phase shift. This variation is induced by T¢’s dependence on the pump
rate ¢,, and is indicated by the “tilts” in the plotted signal waveforms. A higher pump rate
results in a shorter effective lifetime; and the system exhibits a smaller phase shift due to reduced
2nf Togr product. Here, the dashed line indicates the expected phase shift from the transfer
function in equation (3.21), and is equal to the angle of the complex quantity 1/(1 + STeg). The
phase difference between the signal waveforms under low and high pump rates is approximately
1/2, corresponding to the phase shift experienced in a single-stage low pass filter. Moreover, the
excellent agreement of this dashed line with the tilted signal waveforms once again proves the

validity of the approximations in the above derivation.
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Figure 3-12: Signal output waveform as a function of pump power from 5 dBm to 33 dBm.

3.4.3 Experimental Characterization of Rare-Earth Doped Gain Media

We can utilize the change in the phase shift of the output signal to study system dynamics
for various gain media. Specifically, due to the pump rate dependence of the effective lifetime,
power dependent system response can be analyzed in order to accurately characterize
spectroscopic parameters such as absorption and emission cross-sections, and the spontaneous
emission lifetime. The experimental setup is shown in Figure 3-13, where a rare-earth doped
fiber or waveguide is pumped with a modulated pump laser. The signal is coupled to the gain
medium with the use of a fiber wavelength division multiplexer. Modulated signal output is
measured with a photodetector, and its amplitude and phase are compared to the modulation
input using a lock-in amplifier. For an accurate analysis by the lock-in amplifier, it is important
to strongly attenuate any residual pump light at the detector. Even though typical 1.5 — 1.9 um
InGaAs detectors usually have reduced responsivity at the shorter pump wavelengths for many
rare-earth ions (976 nm for Er’*, 785 nm for Tm**), we added a Si window for a stronger pump
attenuation. The use of counter-propagating pump and signal inputs can also provide additional

extinction of the pump at the detector if necessary.
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é Lock-In
Amplifier

Device Under Test

Figure 3-13: Experimental setup for frequency-domain spectroscopy of rare-earth doped fibers
and waveguides

The key to accurate spectral characterization is identification of the effective lifetime T.¢ as
a function of pump power as per equation (3.6). We first verify this method by measuring the
lifetime of two gain media that are well documented in literature: Er**-doped silica fiber, and
Tm**-doped silica fiber. With the use of the lock-in amplifier, we measure the magnitude and
phase of the transfer function between the change in the signal output and the pump modulation

as a function of pump power.

3.4.3.1 Er**-doped silica fiber

Magnitude (dB)

10! 10?
Frequency (Hz)

Figure 3-14: Magnitude of transfer function H(s) for Er**-doped silica fiber

For the Er'*-doped fiber, the magnitude and phase responses are plotted in Figure 3-14 and
Figure 3-15 with the circles. For this measurement, the 1550 nm signal power in the fiber was

approximately 100 pW, much smaller than the 976 nm pump power (> 1.5 mW).
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Figure 3-15: Phase of transfer function H(s) for Er’*-doped silica fiber

A least-squares fit was applied for each pump power to obtain the solid lines corresponding
to the analytical transfer functions expected according to the model above. Both the magnitude
and phase responses show excellent agreement with the single-pole filter description. Moreover,
with increasing pump rate, filter cutoff (1/2m7.¢) shifted to higher frequencies due to the
reduced effective lifetime. With two-pole filter fits to account for the possibility of a shorter
lifetime of a higher energy state, a second pole was found at a much higher frequency, but no

significant changes were observed in the magnitude and phase data around the first pole.

Using these transfer function fits, we then plot the location of the first pole as a function of
pump power in Figure 3-16. The data are accurately represented by the linear fit (solid line), in
agreement with the linear pump power dependence in our definition of the effective lifetime. The
vertical intercept here corresponds to an unpumped gain medium, and is therefore equal to the
inverse of the spontaneous emission lifetime 1/t as before. For the Er**-doped fiber, T was
measured to be 9.72 + 0.11 ms from the linear fit, matching literature data for many types of
Er**-doped silica fiber [57]. This measurement verifies our effective lifetime model and its pump
power dependence, and demonstrates how it can be used to measure the spontaneous emission
lifetime for new gain media. We can also determine the pump absorption cross-section from the

slope in Figure 3-16 using equation (3.6). After converting from the plotted pump power (B,) to
the pump rate using ¢, = P,/Ahv,, the slope yields o, = (2.24 1 0.04) X 10725 m? at the
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pump wavelength of 976 nm, where we calculated the circular mode area (A) using a 9 pm mode
diameter. This measurement again matches with previously reported data from various Er3*-

doped silica fibers [58].
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Figure 3-16: First pole location of the low-pass filter fits to the measured transfer functions H (s)
in Er**-doped silica fiber as a function of pump power

3.4.3.2 Tm>**-doped silica fiber

Next, we study the Tm**-doped silica fiber in the same manner in Figure 3-17, Figure 3-18,
and Figure 3-19. Corresponding to Tm** emission and absorption spectra, we used 1900 nm and
785 nm signal and pump laser diodes, with powers of 90 uyW and > 1 mW respectively. As
before, at each pump power, we fit transfer functions using the measured magnitude and phase
responses, and represent the inverse of the effective lifetimes with a linear fit. It is known that
the spontaneous emission lifetime in typical Tm**-doped silica fibers (~ 500 ps) is significantly
shorter than that in Er’*-doped silica (~ 10 ms). Therefore, shorter lifetimes corresponding to
higher energy levels can more significantly alter the phase response around 1/2m7q¢ for Tm>".
This explains why the phase response slightly differs from the transfer function fits at
frequencies above 1 kHz in Figure 3-18. Consequently, two-pole filter fits were used to capture
any shorter lifetimes that may be influencing system response at these higher frequencies. The
second, high-frequency pole most likely reflects the fast relaxations from higher energy states.
But this pole wasn’t used to quantify any of these faster system dynamics in this analysis.

Additionally, due to the shorter lifetime, we used higher pump powers than in case of Er** in
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order to resolve the differences in the four magnitude and phase responses plotted in Figure 3-17
and Figure 3-18 at different pump powers. Nevertheless, the linear fit to the first pole locations in
Figure 3-19 indicates a spontaneous emission lifetime of 611 + 42 s, agreeing with previous
results [44, 59]. Similarly, the pump absorption cross-section at 785 nm is calculated from the

slope of the linear fit, and yields 0,, = (5.60 + 0.76) x 1072°> m?, in agreement with previous

measurements in Tm>*-doped silica fiber [59].
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Figure 3-17: Magnitude of transfer function H(s) for Tm**-doped silica fiber
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Figure 3-18: Phase of transfer function H(s) for Tm**-doped silica fiber
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Figure 3-19: First pole location of the low-pass filter fits to the measured transfer functions H(s)
in Tm**-doped silica fiber as a function of pump power

3.4.3.3 Al203:Tm’" waveguide

After verifying the frequency-domain methods derived here, we characterize our newly
developed Al;03:Tm*" gain medium. We use the inverted ridge waveguide design in Figure 3-20
consisting of a hsiv =200 nm thick multi-segment SiN structure and a hapos = 1.1 um thick
back-end deposited gain medium. The SiN layer was fabricated in a 300 mm CMOS foundry via
plasma enhanced chemical vapor deposition and patterned using deep reactive ion etching into
wsin=300nm wide segments separated by gaps of gsin=350nm. The Tm?*' dopant

concentration was 1.6 x 10%° cm™, as measured by Rutherford back-scattering.
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Figure 3-20: Inverted ridge waveguide design with multi-segment SiN structure and blanket-
deposited Al203:Tm>" layer
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This specific waveguide design confines majority of pump and signal fundamental
transverse electric (TE) modes in the blanket-deposited gain medium as indicated by the mode
intensity profiles in Figure 3-21 and Figure 3-22. Here, the pump mode at 785 nm can be
estimated as an ellipse of 1 um x 4.5 um in size, with a corresponding mode area of A =

14.1 pm?.

Figure 3-21: Intensity profile of the fundamental TE pump mode at 785 nm for the inverted ridge
waveguide design

A=1900 nm

Figure 3-22: Intensity profile of the fundamental TE signal mode at 1900 nm for the inverted
ridge waveguide design

Corresponding magnitude and phase responses for the Al,03:Tm>" waveguide are given in
Figure 3-23 and Figure 3-24 respectively. Here, similar to the Tm>*-doped silica fiber, we used
two pole filter fits and plotted the corresponding first pole locations in Figure 3-25. The linear fit
yields the spontaneous emission lifetime of 568 + 48 pus, and an absorption cross-section of
0pa = (5.59 + 0.43) x 10725 m®. These results are similar to those measured in Tm**-doped
silica fiber. More importantly, this absorption cross-section at 785 nm measured using the
frequency domain analysis agrees with the prism coupling measurement shown earlier in Figure
3-6. Note that the magnitude and phase responses in Figure 3-23 and Figure 3-24 were measured
with pump powers only up to 20 mW, whereas the same measurement for Tm>**-doped silica
fiber required 150 mW. This is due to the pump mode area being smaller by a factor of 4.5 in the

waveguide and resulting higher pump rate ¢,,.
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Figure 3-23: Magnitude of transfer function H(s) for Al203:Tm>* waveguide
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Figure 3-24: Phase of transfer function H(s) for A,O3:Tm>" waveguide

3.5 Conclusion

We developed and standardized the fabrication methodology for Al,O3:Tm*' using a
reactive sputtering process, similar to the process used for Al,Os:Er’* before. We identified an
empirical relationship between the RF power delivered to the Tm target during deposition and

the Tm>" dopant concentration in the resulting film. We then measured the absorption cross-
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sections around the pump wavelengths of 785 nm and 1630 nm, using the prism coupling

technique and tunable pump lasers.
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Figure 3-25: First pole location of the low-pass filter fits to the measured transfer functions H(s)
in Al;03:Tm*" waveguide as a function of pump power

For characterizing the lifetime in the newly developed medium, we have identified and
detailed a family of frequency domain methods to characterize the system response in optically-
pumped rare-earth doped gain media. The methods outlined are based on describing the effective
system lifetime as a linear function of the pump rate, and characterizing how this lifetime
dictates system bandwidth. We used a two-level model to describe the energy levels in the gain
medium, and derived a low-pass filter response between the modulated pump and the resulting
population levels that determine the signal gain and absorption. We verified our methods by
confirming the well-known spontaneous emission lifetimes and pump absorption cross-sections
in Er'* and Tm3*-doped silica fibers. Then we characterized our newly developed Al,O3:Tm*
waveguides and measured the spontaneous emission lifetime and 785 nm absorption cross-

section as 7 = 568 + 48 ps and g, = (5.59 + 0.43) x 10725 m? respectively.

The methods described here can be expanded by modeling the gain media as 3-level or 4-
level systems. Obtaining an analytical description with more transitions can yield more accurate

system representations and allow spectroscopic measurements of more complex kinetics such as
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upper state transition or relaxation cross-sections and lifetimes. The pump power dependence of
system bandwidth can also be utilized in other media such as semiconductors for excited-state

lifetime measurements.
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4 LASER STABILIZATION VIA
ATHERMAL RESONATOR
REFERENCE

In this chapter, I use the techniques developed for the physical vapor deposition of
aluminum oxide to design and fabricate devices with titanium dioxide (TiO2). I make use of the
negative thermo-optic coefficient of TiO2 to design a resonator with specific resonances that
aren’t affected by thermal fluctuations. I then use the developed resonators to build a laser
stabilization system using the Pound-Drever-Hall technique. Finally, I characterize the stabilized
laser using an external mode-locked laser reference and analyze the improvements in the

linewidth of the locked laser.

4.1 Thermal Stability in Integrated Photonics

The thermal response of an integrated photonic device is determined by the temperature
dependence of the materials it is made of. Physically, there are two different phenomena that

influence the behavior of light for integrated devices:

1. thermal expansion
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2. thermo-optic effect

Thermal expansion refers to the phenomenon of a material changing in length, area, or
volume as a response to a change in its temperature. The expansion in length is described by a
linear expansion coefficient a; where the relative change in length is given by the product of a;

and the change in temperature
— = a; AT (4.1)

For planar waveguide geometries where widths and heights are on the order of a few hundred
nm, expansion in width and height are extremely small. The effects of these tiny changes in
width and height on the effective indices of guided modes are even smaller. Therefore, we will

only consider the thermal expansion in length for the waveguides studied here.

The thermo-optic coefficient describes the change in the refractive index of a material due to
a change in its temperature. Similar to the coefficient of thermal expansion it is represented by a
linear rate of change around the refractive index at a known temperature. The linear dependence

can be expressed by
dn
= — T — 4.2
n(T)=ny + = (T —T,) (4.2)

where the refractive index at temperature T, is ny. It is important to note that the thermo-optic
shift is independent of thermal expansion. The index change is not related to the physical
expansion or contraction of the material where the inter-atomic or inter-molecular distance

changes. The index change is attributed to the electronic band structure of the material [60].

Tunable Phase Shifter Tunable C-Band Filters

Figure 4-1: Examples of thermally tunable resonant devices: phase shifters [5] and filters [61]
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The change of refractive index with temperature allows for tunable integrated devices such
as various resonators, Bragg filters, or Mach —Zehnder interferometers (MZI). Scanning electron
micrographs of some examples including phase shifters and filters are shown in Figure 4-1. In
such a ring resonator, the resonance condition states that the optical path length must be an

integer multiple of the wavelength in the resonator. This is summarized by
21tn0(27l'R0) = 4”2R0n0 = mﬂ, (4.3)

where m is the mode number, and R, is the radius of the ring resonator. When a temperature
change AT is introduced the amount of spectral shift in the resonance for the same mode number

m can be calculated from

2nn(T)(2nR(T)) = mA

dn
4m2R, (no + d—TAT) (14 a, AT) =m(A+ A2) (4.4)

adn

dn )
T + noa:L) AT + —a,(AT) )

— 4n?R ( (
T 0 n0+ dT

For small changes in temperature, the second order term with (AT)? can be neglected, yielding

2 dn 2
4m“R, (no + (d_T + noaL) AT) =~ 4mw“Ryng + m AA
(4.5)
=>A,1 41%R, (dn+ )_A(dn )_A(ldn+ )
AT~ " m \ar T ™%) T \gr tem ) = A Gr TR

Therefore, when estimating the effects of thermal changes in spectral behavior, the correct
parameters to compare are dn/dT and nya;. These parameters are summarized in Table 4-1 for

commonly used materials in silicon photonics.

Clearly, thermal expansion for Si is an order of magnitude weaker than the thermo-optic
shift. Additionally, the thermo-optic shift in Si is an order of magnitude stronger than the
thermo-optic shift in other materials. Therefore, the strongest and the most efficient resonance
shifts are obtained using thermal tuning in micro-resonators with a Si waveguide core. The
smaller thermo-optic coefficients of SiN, Al;Os;, or TiO; indicate that achieving the same
spectral shift in a resonator with waveguide core made from these materials would require much

larger amounts of power. However, it is important to mention that the as thermal expansion has
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to be multiplied by the refractive index, the nga; product can be as large as dn/dT for materials

with high refractive indices and low thermo-optic coefficients such as TiO».

Material | n, dn/dT (K1) noa, (K1)

Si  |3.48| 1.86x104[62] | ~9 x 10 [63]

SiN | 1.97 | 2.5-4 x 105 [64, 65] | ~3 x 106 [66]

Si0z | 1.45| 095x105[64] | ~9x106[67]

AOs |1.65| 4.9x105[68] |~1.3x10"[69]

TiOz |223| -23x105[68] |~2.2x105[70]

Table 4-1: Thermo-optic and thermal expansion coefficients of common materials in silicon
photonics

Using equation (4.5), typical thermal shifts in Si and SiN resonators can be estimated as
approximately 10 GHz/K and 1-2 GHz/K respectively. The exact shift depends on the
confinement of the resonant mode within the waveguide core, as the core and cladding generally
have significantly different thermo-optic coefficients. Although such shifts are extremely useful
in designing thermally tunable or reconfigurable devices, they can also lead to stability issues.
Thermal detuning of filters may cause communication systems to drop out parts of transmitted
data, or drift out of spectral alignment. This is why despite the benefits of thermal tunability,
non-zero thermo-optic coefficients can lead to significant thermal stability issues in integrated

photonic systems.

One of the most common ways to mitigate thermally-induced resonance shifts is to use
thermo-electric coolers (TEC) to stabilize the temperature of optical devices. An example of such
a device is shown in Figure 4-2. The electrically controlled cooler consists of alternating types of
semiconductor material sandwiched between electrically insulating and thermally conductive
ceramic sheets. Utilizing the Peltier effect, coolers like the one shown here work by carrying heat
from one ceramic plate to the other by means of a DC current. When the junction is conducting
with the application of a sufficient voltage, the junction current moves heat between the two

ceramic plates. In most cases, one plate is placed in contact with a heat sink; and the temperature
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of the other plate is controlled with a PID loop that modulates the junction voltage for a desired

temperature reading.

Heat Absorbed (Cold Side)

Peltier TEC Madules, TETech Inc.
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Figure 4-2: Schematic drawing of a thermo-electric cooler (TEC), and a histogram of average
power consumption of common commercial models

Although Peltier TECs are useful for component-level testing, their use in large photonic
systems is limited due to their large power consumption. For a typical TEC with an area of 1
inch? (~650 mm?), the average power consumption can reach as high as 10 W, mainly due to the
constant current flow required to sustain the desired temperature difference between the two
ceramic plates. As integrated devices and systems are designed with low power budgets in mind,

such power requirements preclude widespread use of TECs in integrated systems.

Another way to address thermal stability in integrated photonics is to make use of materials
with positive and negative thermo-optic coefficients in tandem to compensate for the thermal
resonance shift in equation (4.5). Among the materials with negative thermo-optic coefficients
are TiO; as well as various polymers [71, 72], where some examples are shown in Figure 4-3.
The discussion here will be limited to TiO2 as most polymers cannot be easily integrated in a

CMOS-based platform.

In the following sections, we investigate the noise components in a conventional SiN
resonator, and quantify the expected thermal noise. Then we design and characterize an athermal
resonator whose resonances exhibit no thermal shift within a specific range of temperatures.
Finally, we use the Pound-Drever-Hall technique to lock a semiconductor laser to these
resonators, and measure the spectral coherence of the resulting signals with an external mode-

locked laser reference.
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Figure 4-3: Materials with negative thermo-optic coefficients including polymers [72] such as
epoxy, PMMA, silicone, and the most common inorganic example TiO [68]

4.2 Phase Noise in Resonators

In order to understand how to design a resonator with less thermal noise than a conventional
resonator, we first analyze the phase noise in a laser line in relation to the laser cavity, or a
separate reference cavity that the laser stays locked to. In this manner, one effectively transfers
the spectral stability of the reference cavity to the laser line. Whether a separate reference cavity
is employed or not, phase noise refers to random fluctuations in the phase of the electric field in

the laser line, and can be simply expressed by the waveform cos(¢ + A¢).

One of the most well-known sources of phase noise is spontaneous emission itself. In this
case, the noise in the instantaneous frequency of the laser is white, and the resulting laser
lineshape is Lorentzian. This is studied in detail by Schawlow and Townes in their 1958 paper
[73] where they derived the resulting laser linewidth. This result was later modified by Melvin
Lax who showed in 1967 that the laser linewidth is actually smaller by a factor of two [74]. This
modified result Schawlow-Townes linewidth is given by

n-(thW) 2 (46)

Avgy = ——v,

where vy, is the continuous-wave lasing frequency, P, is the steady-state output power from
the cavity, Q is the quality factor of the cavity, and h is Planck’s constant. Here, Avgr is

expressed as the full-width at half-max of the optical output spectrum.
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In addition to the spontaneous emission phase noise that gives rise to the Schawlow-Townes
linewidth, there are many other sources of noise including mechanical vibrations in the
environment, changes in the pump power, and thermal fluctuations. Here, we will limit our
discussion to the thermal fluctuations and how using materials with opposite signs of thermo-
optic coefficients can help reduce thermal noise. We first start by expressing the phase noise

power spectral density due to thermal fluctuations by

4kzT? /1dn 21 (vew\2
S, (f) = __(___ ) (_) 4.7
where kg is Boltzmann’s constant, T is temperature, G is thermal conductance to the substrate or
another heatsink, n is the effective index of the resonator mode, and f is the offset frequency
from the lasing frequency vy [75]. We can model the thermal fluctuations as a “random walk”

process where the temperature at time t is given by
T, =Ty + (AT), + (AT), + -+ + (AT), (4.8)

Due to independence of individual walks, the variance in this random walk process can be

calculated as
Var[T;] = Var[(AT),] + Var[(AT),] + - + Var[(AT),] = o%t (4.9)

where we defined the variance for the temperature fluctuation at each time step as ¢2. In such a
random walk process with linearly growing variance, the thermal linewidth can be calculated

from the power spectral density of phase noise in equation (4.7) by

Lan Vi (4.10)

16m2k,T? /1d 2
Avy = S(pT(f)a)z = [LGL( n + CZL) ]

where the offset frequency is expressed as w = 2nf.

Putting together the phase noise contributions from the spontaneous emission and thermal

sources, the total phase noise and resulting linewidth can be written as

hvew — 4kgT? (1 dn 2 vcw)z
_ ~an Yew 411
So(f) [ampothZ t—¢ \nart “L) ( f (411)

and
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Av = Avgr + AVihermal =

Thvcey N 162k, T? (1 dn

2
lan 2 412
Pyt 02 ¢ \nar ' “L) l Vew (4.12)

In the following parts of this section, we use equation (4.12) to evaluate the Schawlow-

Townes and thermal linewidths in a typical SiN resonator and compare contributions of each to

the resulting laser linewidth.

4.3 A Conventional SiN Resonator

In order to evaluate the potential benefits of a thermally-stabilized resonator, we first
investigate a SiN ring resonator with SiO cladding and a SiN bus waveguide as shown in Figure
4-4. The measured spectral response of this resonator is also shown in Figure 4-4 where the

transmission has been normalized to 0 dB.
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Figure 4-4: Photograph of a SiN resonator with SiN bus waveguide taken through a microscope
objective, and the measured transmission response for one resonance around 1550 nm

With a radius of 80 pm, and a waveguide cross-section of 1 pm x 200 nm, this SiN resonator
has a measured 3 dB bandwidth of 2.3 nm, resulting in a loaded quality factor of approximately
Q, = 67,000. The measured extinction ratio is 7, = 17.9 dB. The effective index in the
fundamental TE guided mode in the resonator cross section is calculated from mode solutions as

shown below in Figure 4-5, and is equal to 1.5183 at 1550 nm.
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Figure 4-5: Fundamental TE mode profile in the SiN resonator

Another important parameter needed to characterize the thermal noise of the SiN resonator
is its thermal conductance G to the substrate. The thermal conductance is a measure of how fast a
material can conduct thermal energy to a heatsink. It can be defined similar to the electrical
conductance, and is given by G = k A/L where k is the material’s thermal conductivity, A is the
cross-sectional area that the heat is conducted through, and L is the separation between the
material and the heatsink. Although one can employ a commercial solver like COMSOL to
exactly evaluate the thermal conductance, we can approximate it simply by looking at the
geometry of the resonator. Since the resonator is buried in SiOz, the thermal conductivity that is
needed is that of SiO». For the area, we can assume that the heat conductance effectively happens
over a circular ring with the same center as the resonator, but with a radial width that is equal to
a few times the waveguide width, which will be denoted with pw for the width of w. Finally, the
length is the separation of the SiN resonator from the Si substrate, and is approximately the
height of the buried oxide. Putting together these geometrical parameters and material properties,

we get

(4.13)

A w(R% — R?) n((R +pw)? — (R — pw)?) 2mkRpw

L L L L
Using a thermal conductivity of k = 1.4 W/mK, a resonator radius of R = 80 um, a waveguide
width of w = 1.5 um, and a buried oxide thickness of L = 2 um, we get an approximate thermal
conductance on the order of of G =0.002 W/K where we assumed p to be around 4. In this case,
we are assuming that the ring resonator conducts heat to the substrate through a hollow circular
cylinder whose thickness is 4 times the waveguide width. Although one can use more advanced

simulation techniques to calculate G exactly, the assumptions here are only to determine the

order of magnitude for the thermal conductance, for comparison of the two linewidths. This
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estimated thermal conductance and the other parameters of the SiN resonator are summarized in
Table 4-2 below.

Property Value | Property Value

Radius 80 um Neff 1.5183

Coupling Gap | 1um dn/dT 3x10-5

Q 67,000 | dL/(LdT) | 1.5x10-6

Ie 17.9dB G 0.002 W/K

Table 4-2: Parameters for a typical SiN resonator in on a CMOS-fabricated silicon photonic chip

Using the parameters in Table 4-2, and a typical steady state continuous-wave output power
of Pyt = 5 mW, we can calculate the linewidth due to phase noise from spontaneous emission
and thermal fluctuations according to (4.12). Evaluating the Shawlow-Townes linewidth, we get
Avgr = 300Hz, which is much narrower than the linewidths of typical diode or fiber lasers used
in typical applications. On the other hand, linewidth due to thermal noise is calculated as
AVihermal = 1.6MHz. It is also important to mention that the SiN resonator studied here is almost
a best case scenario. Most Si resonators have much smaller thermal conductances to the substrate
due to their smaller size (higher mode confinement). Moreover, since Si has an order of

magnitude larger thermo-optic coefficient than SiN, the thermal noise is much larger.

From this estimation, we conclude that the phase noise in a conventional SiN resonator is
dominated by thermal fluctuations. As AVihermal > AVsr, the expected linewidth from a laser
locked to such a cavity is much wider than the Schawlow-Townes linewidth. One could design a
larger resonator width or a longer Fabry-Perot resonator with Bragg grating reflectors on either
side in order to increase the thermal conductance G to the substrate. However, the four orders of
magnitude difference between Avipermal and 4vgy indicates that the required resonator would
need to be cm-scale in radius or length. Such large device footprints are not desirable in the
design of integrated photonic circuits due to the extremely valuable die space. However, one can
in fact aim to reduce the (1/n)(dn/dT) + a, term in the thermal linewidth. This term is directly

related to the thermally-induced resonance shift A1/AT in equation (4.5), and therefore can be
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altered by the use of materials with opposite signs of thermo-optic coefficients, as will be

explained in the next section.

4.4 The TiO,-SiN Athermal Resonator

As TiO; is one of the most widely known materials with a negative thermo-optic coefficient
(other than polymers), its use in the design of the athermal resonator is natural. In fact, there have
been numerous previous demonstrations of TiO:-clad resonators that take advantage of TiO2’s
negative thermo-optic coefficient. However, as the CMOS process-flow described in the
previous chapter is completed in a standardized foundry, the TiO2 layer must again be deposited
as a back-end-of-line process. Just like the laser structures, it is again beneficial to design
resonators where no etch or patterning steps would be required after a blanket deposition of a

TiO; layer, as shown by the proposed resonator design in Figure 4-6.

SO, SN ITIO,

trench etch

Width (um)

Figure 4-6: The design of the TiO2-SiN athermal resonator with TiO: top layer and buried SiN
segments. Electric field profile of the fundamental TE mode at 1550 nm

Here, the cross-section consists of five 600-nm-wide and 200-nm-thick segments of SiN
separated by gaps of 400 nm. The sputtered layer of TiO: is separated from the buried SiN
segments with a 200 nm thick layer of PECVD SiO,. The trench etch on top of the SiN segments
controls where the mode interacts with the TiO2 layer, and also helps guide the whispering
gallery mode with the sidewall. In this case, since TiO; has a significantly higher refractive index
than both the SiN and SiO; (Table 4-1), the majority of the fundamental TE mode is confined in
the TiO; layer. The sliver of the nitride remaining on the right of the five segments is due to the
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design rules on the second SiN layer being used as an etch stop, where this second nitride layer
has to slightly protrude outside of the trench etch. That’s the reason why a small segment of this
second SiN layer remains to the right of the trench etch in Figure 4-6.

4.4.1 Ti0, Sputtering Process

The TiO: layer was sputtered in the same deposition chamber as the erbium-doped lasers
discussed previously. Samples were mounted upside down on the back of a 6 Si wafer, with the
use of a high-temperature, silver-based, inorganic epoxy. The chamber was pumped down to a
base pressure of below 10 Torr before each deposition. Ar and O, were introduced into the
chamber using separate mass flow controllers. A titanium target with 99.999% purity was used.
Plasma was ignited at a pressure of approximately 12 mT, with an initial RF power of 50 W on

the Ti target. A deposition power of 400 W was used, from the 600 W power supply.

An important difference between the TiO: layer required for the athermal resonators and the
Al0;3 layers required for lasers is the layer thickness. As the rare-earth doped Al2Os3 is the gain
medium for the laser, the mode has to have a large confinement in the Al,O3 in order to
experience enough round-trip gain in the laser cavity. This requires use of micrometer-thick
films, especially since Al,O3 has a relatively small refractive index compared to SiN, and just
above that of SiO». On the other hand, the athermal resonator does not strictly require guiding in
the TiO2 medium. It only requires a sufficient amount of confinement to compensate for the
positive thermo-optic coefficients of SiN and SiO;. Moreover, TiO; has a significantly larger
refractive index than both of SiN and SiO. Therefore, a thin layer is sufficient to provide the

required confinement as shown in Figure 4-6.

Consequently, the deposition rate for the TiO; layer does not have to be as high as a few
nm/min which is required for Al,03. As a result, the TiO; layer was chosen to be deposited with
the Ti target completely oxidized (poisoned), with an excessive amount of Oz flow into the
chamber. Compared to operating the Al target just below the O, flow that causes its bias to drop,
an O; flow of 5sccm was used for the Ti target, making the Ti bias stay as low as 150 V
throughout the deposition. As a result, even though the deposition rate was much slower
compared to Al>Os, the correct stoichiometry of TiO2 was obtained without having to adjust Oz

flow during deposition. On average a deposition rate of 0.33 nm/min was obtained.
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4.4.2 Spectral Response of the Athermal Resonator

In a multi-layered structure like the one shown in Figure 4-6, one can use the respective

mode confinement in the materials to estimate the thermo-optic coefficient of the mode as

q

dnes dn;

~ L 4.14

aT Z Liar (4.14)
1=

Therefore, the larger the confinement of the mode in the TiO layer, the more negative the
thermo-optic coefficient will be. Since TiO: is deposited as a back-end process, we can exploit
this fact to engineer the thermo-optic coefficient by controlling the thickness of the TiO: layer. In
this case, using the confinement factors from the mode profile in Figure 4-6, and the
approximation in equation (4.14), the required TiO: thickness was found to be approximately

130 nm.

After fabrication of the resonator, in order to see the amount of thermally-induced shift in
the resonances, we place the fabricated resonator on a TEC stage and measure its spectral
behavior with the use of a tunable continuous-wave laser operating in the C-band. By tracking a
single resonance, the shifts due to thermo-optic coefficients and the thermal expansion
coefficients are captured in the measurement. The tracked resonance is shown in Figure 4-7.
From the 3 dB bandwidth, the loaded quality factor is calculated as Q; = 70,000, which is almost
the same as that of the SiN resonator (67,000) in Figure 4-4. The extinction ratio is 18.4 dB,
which again is similar to the extinction obtained with the SiN resonator (17.9 dB). It is important
to note that the TiO>-SiN resonator was not designed or fabricated to be similar to the SiN
resonator studied previously. However, in order to provide a meaningful comparison, an
appropriate SiN resonator was chosen to match the quality factor and the extinction ratio from

the Ti0,-SiN resonator.

From the frequency shift measurement in Figure 4-7, since the derivatives on either side of
the maximum have the same order of magnitude (+50 MHz/K and -80 MHz/K), we can conclude
that the linear thermal shift is practically eliminated. The frequency shift therefore now has a
near-parabolic dependence with a negligible linear coefficient. This is a good approximation
around the athermal operation temperature of 32 °C for this TiO2 thickness. This suggests that by
slightly adjusting the thickness of the deposited TiO> layer, one can shift the athermal operation
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point corresponding to the temperature at which the frequency shift has a near-zero derivative.
However, as the linear thermo-optic coefficient has been almost completely mitigated, the
amounts of change require to shift the athermal operation temperature are only a few nm. If the
TiO: layer is much thicker than ~130 nm, then the mode gets completely confined in the TiO,
core, and therefore exhibits a negative thermal dependence by the approximation in equation
(4.14).
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Figure 4-7: Tracked resonance of the athermal resonator, and the frequency shift of the
resonance as a function of temperature

In order to quantify the effects of TiOz thickness on the athermal response, resonators have
been fabricated with slightly different thicknesses of TiO2. The thickness for each film was
characterized by using an approximately 2 cm by 2 cm Si sample that was placed in the
deposition chamber together with the chips with the resonators. The thickness of the top TiO>
layer on the Si sample was then measured using a FILMETRICS system where the reflection
from the sample was characterized as a function of wavelength. This technique is similar to
ellipsometry, but it instead uses a normal incidence interferometer to measure the intensity of
reflected light as a function of wavelength. Then, the layer thickness and refractive index of the
top layer are numerically fitted to the measured response, yielding the TiO: thickness in the
resonators that were deposited simultaneously. A photograph of this normal-incidence

interferometer and an example measurement and fit are shown in Figure 4-8.
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Figure 4-8: The normal-incidence interferometer for measuring the thickness of the sputtered
TiO> layer with an example measurement and fit

The spectral response of the resonators were characterized for TiO: layer thicknesses of
125 nm, 130 nm, 134 nm, and 139 nm. As before, one resonance in the C-band was identified
and tracked as a function of temperature. The resulting frequency shifts are plotted in Figure 4-9.
For each tracked resonance, the frequency shift has been centered at zero at the vertex of the
parabola where the resonator operates athermally. With increasing TiO: thickness, the athermal
operation temperature shifts to the right towards higher temperatures. The explanation for this
shift follows here: Consider the athermal operation point around 28 °C for the TiO; thickness of
125 nm. Since the mode has zero thermo-optic shift at this temperature, a slightly thicker layer of
TiO2 would introduce an overall negative thermo-optic coefficient for the guided mode. A
negative thermo-optic coefficient means a negative shift in the resonance wavelength with
increased temperature, and a corresponding positive shift in the resonance frequency. A positive
derivative of frequency shift corresponds to having the rising edge of the parabola at the previous
athermal operation temperature of 28 °C (green). That indicates the vertex of the parabola must
shift to higher temperatures, leaving the rising edge around the previous vertex. This corresponds
to a frequency shift curve that is shifted to the right, as shown by any of the other examples with
130 nm (blue), 134 nm (purple), and 139 nm (red).

Being able to fabricate resonators with “adjustable” athermal operation temperatures is
useful in applications where the operation temperature may be different than room temperature
due to environmental conditions, or the amount of optical power inside the resonator. This TiO:

thickness is easily controlled by adjusting the deposition time on the resonators, and can be used
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as an effective means of controlling temperature dependence of spectral response. In the next
section, we utilize these athermal resonators and the implications of the thermally-dominated

phase noise in SiN resonators to stabilize and analyze an external laser.
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Figure 4-9: Frequency shift of the tracked resonance as a function of temperature for four
different TiO> thicknesses indicating the influence of layer thickness on athermal operating
temperature

4.5 Laser Stabilization using the Athermal Resonator

Since we know that the phase noise in a typical SiN resonator is dominated by the thermal
component, we can use the athermal resonator as a reference cavity to thermally stabilize a laser.
This is achieved by using the Pound-Drever-Hall technique [76] where a laser is locked to a
reference cavity by means of identifying and minimizing an error signal corresponding to the
mismatch of the laser line and the resonator reference. Apart from the original reference given
above, many other papers can be found discussing the operation principles and details of the
locking technique with applications in not only laser stabilization [77], but also in interferometry

[78], spectroscopy [79, 80], and sensing [81, 82].

In general, the Pound-Drever-Hall technique relies on phase modulating an optical signal
and identifying the spectral positions of the generated sidebands with respect to a reference
resonance. Near resonance, as the phase response of the resonator has opposite signs on either
side of the resonance, one can use the sidebands in order to identify how close to and on which
side of the reference the laser line is spectrally located. The error signal is generated by detecting
the reflected or transmitted light from the resonator with the use of a photodetector. This error is

then mixed down to baseband using the local oscillator driving the phase modulator. Any
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harmonics at multiples of the local oscillator frequency are electrically filtered. Finally, using a
controller and the modified baseband error signal, a modulation feedback is produced to
spectrally shift the source laser to the reference resonance. When the laser lines up with this
resonance, as the sidebands are equally separated from the reference, the generated error signal is

zero. More details and mathematical analyses can be found in the references above [77-82].

4.5.1 Pound-Drever-Hall Locking Loop

A schematic of the constructed Pound-Drever-Hall locking setup is shown in Figure 4-10
where green indicates optical instruments and fibers, and blue indicates electn"cal instruments
and RF cable (BNC/SMA). In the first part of the setup indicated by the red dashed box, in
addition to the athermal resonator developed here, we used an Anritsu C-band continuous-wave
tunable laser, a fiber-coupled phase modulator, and standard SMF-28 fiber patchcords. The light
from the CW laser was first amplified with the use of an EDFA to mitigate the coupling losses
from fiber-to-fiber connections as well as the on- and off-chip coupling losses. The phase
modulator was driven by a 10 GHz local oscillator. Since the phase modulator required a TE
input, we used a polarization controller between the CW laser and the modulator. If the output
from the laser is TE polarized, one can also use polarization maintaining fiber between the laser
and the phase modulator. The modulated signal is then coupled on-chip with the use of another
fiber and another polarization controller. The reason for the second polarization controller is that
all the waveguides on-chip are designed to guide TE modes. If available, one could also use
polarization maintaining fiber between the modulator and the on-chip resonator. Modulated TE
light is coupled on and off the Si chip with the use of inverted facet tapers. The transmitted
signal at the through port of the athermal resonator is collected by another fiber at the output of
the chip and detected by a fiber coupled 22 GHz photodetector. The transmitted signal of a ring
resonator has a spectral response similar to the reflected signal from a Fabry-Perot resonator that
many Pound-Drever-Hall references use. After detecting, the error signal is still at the
modulation frequency, and has to be extracted from the AC component of the detected signal.
The photodetector output is therefore separated into its AC and DC components with the use of a
bias-tee. The AC signal carrying the high frequency error signal is then mixed with the local
oscillator driving the phase modulator. The result is the error signal at the output of the mixer,

but also includes harmonics of the local oscillator. These are low pass filtered to create the
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modified error signal that is then passed to a servo controller. The servo controller has gain and
corner frequency adjustments that are used to generate the optimal feedback signal to frequency-
modulate the CW laser. An oscilloscope was also added to monitor the generated error signal,

the +5 V modulation signal, and the DC power read from the photodetector.
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Figure 4-10: Schematic of the Pound-Drever-Hall locking mechanism of an external laser to the
reference athermal resonator and the interferometer used to characterize the linewidth of the
resulting locked laser line

The second part of the setup in Figure 4-10 within the black dashed box is the interferometer
built to measure the spectral characteristics of the locked laser line. In this part of the setup, a
stabilized Menlo Systems mode-locked laser is used as a reference frequency comb. This laser’s
repetition rate and carrier envelope offset are locked to external reference oscillators by means of
a 1f-2f lock. The stabilized reference comb is amplified using an EDFA, and is then band-pass
filtered in the optical domain with a tunable, fiber-coupled filter to spectrally match with the
laser line. Using a 3 dB coupler, the 1f-2f locked comb and the resonator-stabilized laser line are
then combined on the same fiber, and then detected using a lower speed photodetector. This

second photodetector only has to be able to detect within the repetition rate of the comb, and can
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therefore be lower speed. In this case, the repetition rate was locked to 250 MHz. Finally, the
detected beat note is filtered to suppress any other beat notes by the interference of the laser line
with the other comb lines, and analyzed with an Agilent electrical spectrum analyzer. There is
also a 1 % tap before the second photodetector where the combined signal is input into an optical
spectrum analyzer. This allows for the tunable filter to be tuned while observing the comb output

to make sure that it spectrally matches with the laser signal from the Pound-Drever-Hall loop.

= modulation input photodetector reading error signals time indicators

Before Lock After Lock

Figure 4-11: Oscilloscope traces of the modulation input, the photodetector reading, and the error
signals before and after the Pound-Drever-Hall lock is established

In order to start frequency locking using the Pound-Drever-Hall loop, the laser is first
coarsely tuned close to one of the resonances of the reference athermal resonator. Then, using a
triangle waveform, the laser frequency is modulated back and forth to capture the resonance.
This is shown in the oscilloscope trace in Figure 4-11 recorded before the lock was engaged. In
each ramp-up/ramp-down cycle of the driving signal, there is a point at which the photodetector
reading (green-left) goes to its minimum, and the error signal (red/pink) crosses zero. These are
marked with the time indicators (purple) and indicate when the laser exactly lines up with the
reference resonance. At this wavelength, since most of the light is coupled to the resonator, the

intensity at the through port goes to a minimum as indicated by the photodetector reading.

The lock is established by turning off the triangular modulation signal and turning on the
servo controller to provide the necessary feedback signal to the tunable laser. Once the servo
controller comes online, the error signal (blue) remains near zero, and the photodetector reading

(green-right) stays relatively constant. This lock can sustain itself for more than two hours if the
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RF cables and fibers are not moved. The longevity of the stabilized signal depends on
environmental factors such as vibration of the optical table or the cables/fibers. The movement of
the fiber cantilevers for on-chip coupling also affects lock performance as movement of the
cantilevers changes the amount of optical power at the athermal resonator. It may be possible to
further isolate the system from vibration and wind by building a foam or plexiglass housing in

order to extend the lock’s lifetime.
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Figure 4-12: Electrical spectrum of the beat note between CW laser and stabilized comb before
and after the tunable RF filter

4.5.2 Analysis and Characterization of Laser Linewidth

In an interferometric analysis between a CW laser and a comb, there are many beat notes
generated. The strongest and the most narrowband beat notes generated are between the
individual comb lines themselves at integer multiples of the repetition rate: 250 MHz (fep),
500 MHz (2fiep), etc. These are observed in the example electrical spectrum reading shown on
the left in Figure 4-12. The beat notes between a comb line and the CW signal are observed at
Af, frep = Af, 2fiep = Af, 3fiep £ Af, etc. The periodic nature of the beat notes comes from the fact
that the laser line interferes not only with the comb line closest to it, but with all comb lines. For
spectrum analysis, one of the comb lines is then filtered using a tunable analog RF filter. The
output of the filter is shown on the right in Figure 4-12, where harmonics of the filtered line
appear as artifacts. Then, the first beat note at fi, + Af is analyzed further with a high-resolution

spectrum analyzer.
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To establish a baseline for the performance of the athermal resonator, the Anritsu CW laser
is first tested in its free-running condition, without being locked to a reference cavity. The beat
note is analyzed as described above, and the measured spectrum is plotted in red in Figure 4-13.
The spectrum is fit with a Lorentzian lineshape, yielding a linewidth of 4.79 MHz, which is
expected from a typical benchtop laser. The spectrum is measured again after the laser is locked
to a conventional SiN cavity whose response was shown in Figure 4-4. The measured linewidth
in this case is 1.91 MHz, which is similar to the 1.6 MHz expected thermal noise dominated
linewidth calculated for this resonator in Section 4.3. Finally, the linewidth measurement is
performed with the laser locked to the the TiO2-SiN athermal resonator. The measured linewidth
decreases further by a factor of 6 to 0.34 MHz, significantly below the thermal limit of 1.6 MHz
of the SiN resonator. This proves that the athermal design can effectively suppress the phase

noise due to thermal fluctuations.
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Figure 4-13: Spectrum and linewidth of the beat note between a stabilized comb and a CW laser
while free-running (red), locked to a SiN cavity (black), and locked to a TiO»-SiN athermal

cavity (blue)

One can also plot the data in Figure 4-13 in terms of phase noise power spectral density.
This is a measure of how much power a signal has at a frequency offset of f from the carrier
Vew, and here is given in units of “dB with respect to carrier” (dBc). The result is shown in
Figure 4-14. As also indicated by the linewidth measurement, the laser carries much less power
at frequencies far away from the carrier when it is locked to the athermal cavity. Compared to the

free-running laser, the regular SiN cavity can suppress power at a 1 MHz offset by
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approximately 7 dB, whereas the suppression increases to more than 25 dB with the athermal
cavity. Improved suppression of phase noise proves how effective the athermal resonator is in

compensating for thermal fluctuations and resulting spectral drifts.
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Figure 4-14: Single side-band phase noise power spectral density of the free-running and locked
laser signals

4.6 Conclusion

We showed that thermal fluctuations make up one of the most important sources of phase
noise in resonators. To investigate the contribution of thermal noise, we compared the
Schawlow-Townes linewidth and the thermal linewidth for a laser line locked to a typical buried
SiN resonator with 80 pum radius. As Avgr ~ 300Hz < AViyermal = 1.6MHz we concluded that
the noise in the SiN resonator is thermally dominated in its phase noise. Since most Si resonators
are smaller due to high confinement, and as Si’s thermo-optic coefficient is much larger, Si
resonators are even more highly dominated by thermal noise. In order to address these noise
limitations, we designed and fabricated an athermal resonator with a TiO top layer that was
deposited as a back-end of line process. The resonator was characterized by tracing one of its
resonances in the C-band while changing its temperature by means of a TEC. With the
appropriate thickness of the TiO: layer, the linear thermo-optic shift has been completely
eliminated. Moreover, we showed that the temperature range around which the resonator

operates completely athermally can be shifted by changing the thickness of the top TiO: layer.
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This provides flexibility in that the resonator response can be modified with the use of an etch-

free & lithography-free back-end step.

Using the athermal TiO:-SiN resonator, we constructed a Pound-Drever-Hall frequency
locking experiment where we locked a tunable benchtop laser to the fabricated athermal
resonator. The performance of the athermal resonator was then characterized by means of
interfering the locked CW signal with a reference comb whose repetition rate and carrier
envelope offset were locked using a 1f-2f interferometer. Compared to the free-running
linewidth of 4.79 MHz, the regular SiN resonator was able to lock the laser to a linewidth of
1.91 MHz, whereas the athermal resonator achieved 0.34 MHz. With the use of the athermal
reference, the linewidth of the laser was narrowed below the expected thermal linewidth of
1.6 MHz from a regular SiN resonator. The single sideband phase noise was suppressed by more
than 25 dB with respect to the free-running laser, and more than 18 dB with respect to the SiN
cavity. These results show how powerful athermal resonators can be in suppressing thermal
noise. One can use similar techniques to build integrated systems that can utilize the Pound-
Drever-Hall technique to lock on-chip lasers to on-chip athermal resonators. Resulting narrow
linewidth lasers can be used in integrated coherent communication or detection applications that

suffer from thermal fluctuations.
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Chapter 5: Coupled-Mode Applications in Spectral Selectivity

5 COUPLED-MODE
APPLICATIONS IN SPECTRAL
SELECTIVITY

In this chapter, we review the basics of coupled mode theory and utilize it for designing devices
that achieve broadband integrated spectral selectivity. Comparisons to typical directional

couplers as well as more advanced structures are provided.

5.1 Understanding Coupled-Mode Theory

For the purposes of the devices studied in this chapter, coupled mode theory refers to
coupling of guided modes in space in periodic steady state. This is illustrated in Figure 5-1, as
reproduced from Haus’s iconic textbook [83]. In this scenario, we will refer to the guided modes
of the whole structure as 1, and y_, whereas the guided modes of the individual waveguides
will be referred to as ¥, and g (for Waveguides A and B respectively). Crucially, for the
structure given in Figure 5-1, 4 and ¥ are not eigenmodes, and do not obey the wave equation
in this geometry. On the other hand, as y, and y_ are in fact orthogonal eigenmodes of the

structure, they obey the equations
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d .

E‘P-r = —JjB+¥+ (5.1)
and

d .

E’JJ— =—jB-y_ (5.2)

Field pattern as a
function of x of
guide |} Mde 2
|
A l

Figure 5-1: Cross-sectional view of the index profile of two waveguides and their coupled guided
modes, reproduced from [83]

In equations (5.1) and (5.2), B, and S_ are the propagation constants of i, and y_
respectively. Here, just like the eigenmodes of any waveguide, 1, and ¥_ are not coupled. We
can represent these eigenmodes of the combined structure (also called supermodes, or even/odd

modes) with exponentials forms as solutions to (5.1) and (5.2):
Yy =qie/*  and Y =q_e/F* (5.3)
where we assigned the amplitudes g, and q_.

In contrast, since 4 and Y are in fact coupled, they are not orthogonal; and they obey a

different set of equations:

d
a5 P4 = "JBa¥a + Kap¥p (5.4)
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and

d .

_ci_z¢B = —jBs¥r + Kpaa (5.5)
Here, we similarly defined the propagation constants 84 and Bg for modes ¥, and g, and the
coupling coefficients k45 and k4 between the two waveguides.

If the coupling between the two waveguides is weak, we can represent the supermodes ¥,

and 1_ as linear combinations of the individual modes ¥4 and 5 [84]:

[¢+] _ [a+ b+] [‘/’A]

Y- la_ b_[lyg (5.6)
Taking the derivative in equation (5.6), and using the results from equations (5.1), (5.2), (5.4),
and (5.5), we get

vt B Al il il i A | VA

Multiplying out the matrices yields

B+, —jBaa, + Kgab, —jBgby + Kapa.][Ya
[B_IP_] —jBaa_ + kgab_ —jBgb_+ KABa—] [ ] (58)

In this system, it is convenient to represent the modes using the basis vectors 14 and 5. Then,

we have

va=[a we=[ w.=[] =[] (5.9)

Using the newly defined basis, each row from the matrix equation (5.8) then reads

: Baay b, —J + —j

o= (s ] - [ ][ Sl e
and

. —jBasa_ b_ —J - —j

b= [T b= SabI=[0 Silv- e

We can summarize equations (5.10) and (5.11) in a single eigenvalue equation as follows:

—jBa  Kpa _
[KAB —jﬁg]"’i— JBs¥+ (5.12)
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5.1.1 Propagation Constants of Supermodes
By power conservation, for waveguides carrying power in the same direction,
Kapkpa = —|kapl® = kap = —Kp4 (5.13)
Conversely, for waveguides carrying power in opposite directions, we have
Kapkpa = |Kapl® = Kap = Kpa (5.14)

Here, we will consider the case of a co-directional (or simply directional) coupler where the

propagation direction in the two coupled waveguides are the same. Then, equation (5.12) can be

rewritten as
_}ﬂA jK* ] - i 5.15
[0 7% Jwe = —iBavs (5.15)
where we let jk = k45 = —Kp,4. We then divide both sides by j and rearrange to obtain
B+ — Ba K* ]
- =0 5.16
[ K B+ — Bs Ve ( )
We then define the following variables
— + -
B=BA ZBB, 6=ﬁAzﬁB, Sz=62+|l€|2 (517)
and rewrite equation (5.16) as
f+8 -« B
—x ﬂ" -5 ¢i = B+¥+
(5.18)

[ﬁi_(ﬁ‘l'a) K*
K B.—(B-6)] ~

Setting the determinant to zero, we get

(B = (B+8)][B+—(B-08)]—1kl>*=0
, ., (5.19)
=B} —28.B+B —6>—|kl>=0= (B —B) =6%+ x|

Then, the eigenvalues are given by

Bi=B+J82+ k2= +S (5.20)
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Although equation (5.20) is by far the most common expression used for the eigenmodes in a
coupled waveguide structure, most applications today allow one to solve for the supermode
propagation constants using a 1D or 2D mode solver. The coupling coefficient on the other hand
requires an overlap integral of the individual modes. That’s why it is useful to use the definition

of the supermode propagation constants and solve for the coupling coefficient |x| as
4]k|? = 4S5 — 462 = (B, — B-)* — 452 (5.21)

For most typical applications such as basic directional couplers, in the case that the two

individual waveguides are the same, § = 0, and 2|k| = 2S = B, — B_.

5.1.2 Supermodes as Eigenvectors

So far, the discussion has been limited to B, as the propagation constants of the two
supermodes are extremely useful in designing devices and calculating interaction lengths.
However, the propagation constants alone cannot determine the ratio of optical power in each

individual waveguide. That requires solving for the eigenvectors from equation (5.18).

For the first eigenvalue 8, = B + S, we have

(B+S)—(B+9) K*
— — +=0 5.22
K (/3+s)—(/3—5)¢ (>:22)
Solving directly for the eigenvector ¥, yields
by =x, [T 1O/ (5:23)
Similarly, we can solve for Y _ using f_ = E - S:
(B-5)-(B+9) K
— — Yy_=0 5.24)
« F-9-F-9) (
yielding
S—-6
p=x ; /K] (5.25)
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In equations (5.23) and (5.25), we introduced x, and x_ as normalization constants. Since 4
and 1 p are already normalized in their own basis in equation (5.9), we then force normalization

of the supermodes in the following form:

las2+|be?=1 and  |a_]2+|b_|2=1 (5.26)
This yields
2 ((S + 5)2 N 1) {— K (5.27)
X = X, = —- .
T\« 255+ 0)

Similarly, for x_, we have

x2 ((‘5——6)2 + 1) Y V. (5.28)
K 256 =)

Plugging x, and x_ from equations (5.27) and (5.28) into the eigenvectors ¥, and ¥_ in (5.23)

and (5.25), we get
—K $+96)
,mﬂs+5 K 1 [-J(S+8)/S —J1+6/S (5.29)
J‘J@ 8)/S f’ﬁ.a/ '
%G+®
an
K S —-96)
_|J2s(5-8) « rKS &/] W1—5/]
Y = . (5.30)
(S +48)/S 1+ 6/

J25(5 = 9)

Equations (5.29) and (5.30) are the normalized representations of the even and odd
supermodes in the basis of the individual waveguide modes. This representation is useful in
determining how much of the light in a supermode actually is in one of the individual
eigenmodes. Answering this question is also important in calculating how much of the optical

power in a supermode remains in either one of the coupled waveguides.
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5.1.3 Power Distribution in Coupled Waveguides

In order to solve for how much power remains in one waveguide, we need to evaluate the
inner products of the supermodes with the individual modes. For instance, to calculate how much
of the power in the even supermode remains in Waveguide A (WGa), we evaluate the inner

product of the even supermode with the guided mode in WGa (¥4):

Tin=

Ya-Yuft 17 8y 1 ) 1 y
AR ‘i(”i)“i(”m)‘i(”m)

1
=3 (1 + sin(arctany))

(5.31)

where T, 4 is transmission for WGa for the even supermode, Y, - Y, and Y, -, are inner
products, and we defined the dimensionless quantity y = §/|x|. Similarly, for the Waveguide B

whose individual guided mode is 5, we get

ol =30-93( - ) 3 )
-y 20 s/ 72 52 + k2] 2 1+y2 532)
) .
= 5(1 — sin(arctany))
For the odd supermode _, the transmission are given by
Ya Y- s - Y-|°
T—A = I/)‘j : llj_ = T+B and T—B = l/}_Bi : 1/}_ = T+A (533)
It is easily confirmed that

T+A + T+B = T—A + T—B = 1 (5.34‘)

satisfying conservation of power in the two coupled waveguides.

We can now plot equations (5.20) and (5.31) and interpret various implications that
changing propagation constants may have on the power distribution behavior. In Figure 5-2, we
plot the propagation constants of the even and odd supermodes in a coupled waveguide
geometry. Here, for simplicity, we assumed a constant coupling coefficient k although a varying

K can also be easily used. The plot can be interpreted in multiple ways:
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The horizontal axis is frequency: In typical symmetric dielectric waveguides, the

propagation constant reduces with increasing wavelength or decreasing frequency.
However, the speed at which the propagation constant changes depends on the group
velocity and dispersion of the specific waveguides. If at some wavelength, y is small (the
difference between the propagation constants is small and there is a sufficient amount of
coupling between the two waveguides), then the guided modes will hybridize as shown in
Figure 5-2, reproduced from [83]. The profiles of 8, and B_ will start to differ from the
propagation constants of the individual guided modes 84 and S5 (dashed lines). §, will
always be larger than the larger one of 84 and 5. One can think of the coupling between
the two waveguides as a mechanism to push apart the propagation constants. With larger
coupling coefficients, the difference between 8, and B_ will grow, as can be seen from
equation (5.20). Consequently, a larger coupling coefficient will also increase the

difference from the supermode propagation constants to both 4 and .

Figure 5-2: Propagation constants of coupled modes, reproduced from [83]

2. The horizontal axis is propagation along the device: It is also possible to interpret Figure

5-2 as the changing propagation constants along the propagation direction in a device due
to changing geometry. Such changes in propagation constants can be easily achieved by

changing widths in integrated waveguides. An example is shown in Figure 5-3 where one
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waveguide has constant width, and the other has varying width along the propagation
direction. In this case, the two coupled modes would hybridize at z = z, where they have

equal width, and therefore equal propagation constants.

wavegude 1 e e e B SR [ e T

wavegde 2 L e

¢, € ¢, €. ¢, €,

Figure 5-3: Two example waveguides one of which has changing width along the propagation
direction, reproduced from [85]

In both of these scenarios, the wavelength or point at which B, = B is where the power in
both the even supermode and the odd supermode is evenly distributed between the two
waveguides. This is illustrated by the even and odd field profiles (e, and e,) shown at the bottom

of Figure 5-3.

Another important distinction between the even and odd modes lies in the number of zero
crossings the field has. Just like the modes in a typical single-piece waveguide, the field for the
even mode (fundamental mode of the combined structure) does not have a zero crossing. The
odd mode (the first harmonic, or the second order mode for the combined structure) has one zero
crossing. If the individual waveguides supported more than one mode, all Cartesian product
combinations of these modes would show up as supermodes. For instance, if one of the
waveguides supported 2 guided modes instead of 1, there would be a total of 4 supermodes
including even and odd combinations of each pair. Similarly, the number of zero crossings would
indicate the order of propagation constants. However, from a design perspective, one should aim
to reduce the number of guided modes to the minimum required. In other words, the designed

structure should only support modes that are necessary for device operation.
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In Figure 5-4, we plot equations (5.31) and (5.32) to investigate the power remaining in one
of the waveguides as a function of y for the even supermode. Since |k| is always positive, the
signs of y and § are the same. As predicted for the even mode, the waveguide with the larger
propagation constant carrier more power. The transmission for the same waveguide in case of the
odd mode is exactly opposite, as predicted by equation (5.32), and as also was shown by power
conservation in equation (5.34). The power distribution in Figure 5-4 will be studied in more

detail in the context of a spectral filter in Section 5.3.1.
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Figure 5-4: Transmission for one of a pair of coupled waveguides as a function of y for the even
and odd supermodes
5.2 Spectral Dependence of a Directional Coupler

Propagation of modes in a directional coupler such as one shown in Figure 5-1 is governed

by equations (5.4) and (5.5). The solutions to these equations are given by

e/Bz  (5.35)

cos(Sz) + j Sln(SZ) - —sm(SZ) a,(0)
[aB] [ B(O)

——sm(Sz) cos(Sz) +j Ssm(S z)

where a, and agp represent propagation direction dependent field amplitudes whose initial values
are given by a,(0) and az(0) in WG and WGg respectively [83]. If all the power is input to
WGa, then we can reduce equation (5.35) by setting a,(0) = 1 and ag(0) = 0. This yields
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é =
a, = (cos(Sz) +j§sin(Sz)) a,(0)e 7Bz
(5.36)

K —
ag = _]TS'_Sin(SZ) a,(0)e /Bz

This indicates that the maximum power coupled from one waveguide to the other is (x/S)32.
Furthermore, when the two waveguides WGa and WGg are identical, the propagation constants
are the same, and we have § = 0 and S = k. Consequently,

a, = cos(5z) a,(0)e~iB?
(5.37)

ag = —j sin(5z) aA(O)e‘jEZ
The oscillation of power between two identical waveguides comes from this sinusoidal form of
a, and ag. The power in WGa is then proportional to |a,|? o cos?(Sz); and similarly, the

power in WGs is then proportional to |ag|? « sin?(5z).

What is less commonly studied is the spectral dependence of this behavior. Let’s assume
that one designs a symmetric directional coupler of length L that achieves 100% coupling to an
adjacent waveguide at wavelength A,. Then, we know that

T }»0

B.—B. 2(n,—n)

T
sin?(SL) =1= SL = 5= L= (5.38)

However, the ratio of coupled power changes at wavelengths other than A,. At shorter
wavelengths, since the modes are not as strongly coupled, longer interaction lengths are needed
for full coupling. Conversely, for longer wavelengths, L is already longer than the required
interaction length due to increased coupling strength. We can investigate this behavior by solving
for the individual and supermode effective indices as a function of wavelength for a symmetric
directional coupler with 320 nm wide waveguides separated by a gap of 300 nm. Using the
indices, the coupling coefficient is calculated at each wavelength from equation (5.21). Then, the

power transferred to the adjacent waveguide is plotted in Figure 5-5 according to equation (5.37).
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Figure 5-5: Spectral dependence of an example symmetric directional coupler

The transmitted power as a function of wavelength takes the form of a chirped wave, with a
sin?(aA’L) dependence. This is an empirically obtained dependence from the effective index
difference of the even and odd modes (see Appendix 2). As predicted, for wavelengths
significantly shorter than 4., there is minimal power transfer. The first wavelength at which
100 % transfer occurs is in fact Ay. This is also the spectral solution that achieves the 100 %
power transfer with the widest bandwidth (BW1). Subsequent wavelengths of 100 % power
transfer have consecutively narrower bandwidths due to light going back and forth between the
two waveguides multiple times (BW3 <BW2 <BW1). Therefore, for robust operation one
should always aim to design such a device to operate around the first 100 % power transfer
wavelength. Since fabrication-induced width and height variations introduce effective index
changes, B, — f_ usually experiences slight changes, and the center wavelength 4, is shifted.
Having a large BW1 also ensures proper device operation even when A, is slightly shifted from
the design target. That way, the device can be used as a spectral filter or a wavelength
splitter/combiner for signals at A; = Ay and A, < ;. For this operation regime, the extinction
ratio depends on how close 4; is to A5. At 1, — A, = (BW1)/2, we get 3 dB extinction by
definition. From the plot in Figure 5-5, the estimated extinction goes up to approximately 8 dB
for g — A, = (BW1), and to 13 dB for A, — 1, = 3(BW1)/2.
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5.3 Filters Based on Spectrally Selective Waveguides

Optical filters are one of the most important and widely used building blocks in photonic
systems. Many applications including communications [86, 87], spectroscopy [88-91], imaging
and microscopy [92, 93], optical signal processing [94, 95], and radio frequency and optical
synthesis and stabilization [96-98] take advantage of various types of integrated or free-space
optical filters to selectively separate or combine incident light at different wavelengths. Among
the most common types of optical filters used in free-space systems are dichroic lenses or
reflectors where incident light is selectively reflected or transmitted due to interference within
the alternating layers of optical coatings. Although dichroic filters can achieve relatively
wideband operation up to hundreds of nm, they are limited in scalability and are not suitable for
optical systems requiring tens or hundreds of optical filters at precise wavelengths. Moreover,
many commercial free-space dichroic filters also have slow roll-offs where the transmission
drops from a maximum of 95-99 % to below 5 % in approximately 100 nm [99], corresponding
to 0.2-0.3 dB/nm roll-off.

For in-band filtering where the operation is restricted to a certain spectral region like the O-
band (1260 - 1360 nm) or the C-band (1530 - 1565 nm), many examples of collections of tunable
microring resonators [100, 101], arrayed waveguide gratings (AWG) [102, 103], and photonic
crystal filters [104, 105] have been demonstrated. However, the limited operation bandwidth
presents challenges in dense wavelength division multiplexing applications where many channels
have to be squeezed into a narrow spectrum. Due to their interferometric operation principles,
resonators and AWGs do not exhibit single cutoff behavior, and are limited by their free spectral
ranges. Resulting narrow bandwidths cause increased crosstalk in adjacent channels [106].
Moreover, achieving flat-top pass-band responses in resonant, interference-based, or other

narrowband filters results in higher insertion losses [107, 108].

While sharp spectral transitions are commonly found in interferometric devices like ring
resonators, AWGs, or Fabry-Perot cavities, broadband responses are typically only achieved by
adiabatic structures. As a result of their broadband response, adiabatically-coupled structures
generally do not exhibit transmissions with sharp spectral changes. An ideal integrated filter
must achieve a broad and low-loss pass-band, similar to adiabatic structures, but must also have

a sharp filter roll-off at the desired cutoff wavelength. In the past, wavelength dependence of
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evanescent field overlap has been used as another means to spectrally separate and combine light
in adiabatic couplers [109, 110]. However, in such a coupling scheme, the coupling coefficient k
is primarily influenced by waveguide dispersion, and therefore has a weak wavelength
dependence. As a result, slow pass-band to reject-band transitions are obtained (estimated
0.02 dB/nm in [109], and 0.03 dB/nm in [110]). Moreover, in the reported devices, a longer
coupler yields a shorter cutoff wavelength, due to the increased L product. Therefore the cutoff
wavelength depends on the coupler length, and can only be determined after accurate

propagation simulations.

In this section, I present the theory, design approach, and experimental results for
broadband, low-loss, integrated dichroic filters that can achieve single-cutoff operation while
maintaining a sharp filter roll-off. First I investigate possible waveguide cross-sections for spatial
separation of guided modes, and model the transition roll-off using a coupled mode description. I
show that a sharp filter roll-off is expected when the individual propagation constants of two
adjacent waveguides are matched at a single wavelength and are highly mismatched otherwise.
This allows the cutoff wavelength to remain as a separate design parameter independent of the
propagation length along the coupler. I then design the transitions to the desired cross-sections,
fabricate the devices in a standard CMOS foundry, and experimentally verify the short-pass and
the long-pass filter characteristics. The results suggest that single-cutoff broadband filters created
with the methods described here can be adapted in other integrated photonic platforms to create
other types of highly customizable optical functions such as band-pass or all-pass filters as well

as ultra-broadband multiplexers, pump couplers, and arbitrary optical waveform generators.
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5.3.1 Waveguide Geometries for Dichroic Response

Waveguide A Waveguide B
(WG,) (WGy)

------------------------------------

::3 n, (cladding) . n, (low index) . n, (high index)

Figure 5-6: Spectrally selective waveguide cross-section made from 2 different core materials.
Fundamental TE modes below, at, and over the cutoff wavelength.

In order to design geometries that can achieve the desired dichroic splitting, we first need to
interpret the power distribution in a coupled waveguide geometry plotted previously in Figure
5-4. Equation (5.31) describes the distribution of power between any two coupled waveguides in
general. Here, § and k are determined by waveguide geometry, which can be engineered to yield
the desired transfer function according to the above derived transmission response. Specifically,
for spectral filtering and combining applications, we can exploit the wavelength dependence of
y. For instance, at the wavelength where y = 0, power is evenly distributed between WGa and
WGs. This marks the 3 dB cutoff of the filter, and occurs only when WG4 and WGg are phase
matched (6 = 0). The sign of y at all other wavelengths is determined by the magnitudes of 8,
and fg. For B4, > By, 8§ >0, ¥y >0, and |T,4| > 1/2. As the difference B4 — Bz grows, &

becomes increasingly positive, |T,| approaches 1, and majority of the optical power in Y is
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confined within WGa. Similarly, for increasingly negative values of &8, |T,| approaches 0, and
the optical power in 1, is primarily confined in WGg. In summary, a wavelength-dependent sign
change in § manifests itself in 1, ’s spatial profile change from WGa to WGg. As a result, the
two coupled waveguides act as transmissive spectral filters whose outputs are determined by

their dispersion characteristics.

The key to achieving a dichroic filter response with separate short-pass and long-pass ports
is to use two waveguides that are only phase matched at the filter cutoff wavelength (A¢). The
mismatch of propagation constants at wavelengths other than A is essential for a good extinction
ratio between the two output ports, and can be accomplished by waveguides with different group
indices. An example of such a waveguide cross-section is given in Figure 5-6. Here, WGa is
made from a higher index material than WGs, and is therefore to be narrower to satisfy the phase

matching condition at the desired A.

Figure 5-7 depicts an alternative waveguide cross-section, where WGg consists of closely-
spaced multiple waveguide segments made from the same material as WGa. Here, WGg
effectively possesses spectral characteristics equivalent to a waveguide with smaller group index,
or one made from a smaller refractive index material. This is a commonly used idea in photonic
crystal structures where effective index is modulated by the gap sizes between higher-index
waveguide segments. The practical advantage of the multi-segmented WGs is due to its simpler
fabrication procedure, as it doesn’t require any additional materials or lithography stages after
WGa has been fabricated. In both cases, the group index difference is instrumental for realizing
the phase mismatch at wavelengths outside of the cutoff, and therefore is key for a spectrally

selective cross-section.

Both examples consist of two waveguides, whose guided modes are coupled via their
evanescent fields. Both cross-sections are accompanied by plots of major electric field
components of their transverse-electric (TE) quasi-even supermodes at A < A¢, A = A¢, and 4 >
Ac shown in Figure 5-6 and Figure 5-7. Here, we simulated the mode profiles and the
propagation constants by using a finite difference eigenmode solver. Effective indices and
guided modes in all waveguide cross-sections were simulated using Lumerical’s MODE
software with a maximum discretization of 10 nm. Inside and around the waveguide cores, a

5 nm discretization was used. At A, as y changes sign, the field distribution evolves from one

110



Chapter 5: Coupled-Mode Applications in Spectral Selectivity

waveguide to another as predicted by the theoretical analysis. Since equation (5.31) describes
power distribution in a coupled waveguide geometry in general, any two waveguides satisfying

6 = 0 at one wavelength can be used to spectrally filter an optical input.

Waveguide A Waveguide B

(WG,) (WG,)
. E——EEE
i Wa We G :

i1 n (cladding) [} n, (high index)

Figure 5-7: Spectrally selective waveguide cross-section made from a single core material, in one
lithography step. Fundamental TE modes below, at, and over the cutoff wavelength

Although both cross-sections have been designed with a silicon-on-insulator (SOT) platform
in mind, the design in Figure 5-7 is more advantageous from a fabrication perspective due to its
single-material and single-step lithography process. For the rest of the analysis, we therefore
focus only on the cross-section in Figure 5-7. In Figure 5-8, we plot the corresponding effective
indices of the individual fundamental TE modes of WGa and WGs for the geometry in Figure
5-7. Here, by varying the width of WGa (wa), we designed a number of waveguide cross-
sections for filter cutoffs in the 1550 nm communication band, as indicated by the shifting

intersection wavelength between the plotted effective indices. For this particular design, the
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evolution of the field distribution from WGa to WGg is also observed in the supermode effective
indices plotted in Figure 5-9. Just as in the mode profiles, the quasi-even supermode . evolves

from 14 to Y with increasing wavelength, and follows the highest effective index available in

the cross-section.
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Figure 5-8: Effective indices of the individual waveguides in the spectrally selective waveguide
cross-section. Width of WGa is varied.
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Figure 5-9: Effective indices for the quasi-even and quasi-odd supermodes in the spectrally
selective waveguide cross-section

In principle, one can design WGg with any number of segments to yield a similar effective
index profile as shown in Figure 5-8. However, the optimum solution consists of a bulk-like (or

ideally flat) effective index profile that can maximize the magnitude of § when 4 # A-. An
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increasing number of segments can be used to mimic a bulk-like material, as the combination of
closely spaced, small high-index segments acts a single waveguide with a lower effective index.
In reality, design choices are generally limited by the minimum widths and gaps that can be
reliably fabricated. Here, we used a three-segment design to achieve a large difference between

B4 and B while ensuring reliable fabrication of the thin waveguide segments.

5.3.2 Power Roll-Off Around the Cutoff Wavelength

How fast the power in the quasi-even mode evolves from WGa to WG depends on y’s rate
of change with respect to wavelength. As y = § /||, y’s wavelength dependence is determined
by the change in the effective indices and the coupling coefficient as a function of wavelength. In
Figure 5-10, we plot (1), and |k ()| for the waveguide cross-section in Figure 5-7, with a gap
of g =750 nm between WG4 and WGg. §(1), by definition, is half of the propagation constant
difference between 4 and f.

0.02
15.3
0.01F
e 15 &=
% 3 dB cutoff =
5 of st :
= T
149
-001F
Al
-0.02 2 . - 4.7
1530 1535 1540 1545 1550

Wavelength (nm)

Figure 5-10: Propagation constant difference (&) and the coupling coefficient (k) as a function of
wavelength around 4,

Around A, the sign of §(4) is wavelength-dependent, and therefore, § undergoes significant
change with changing wavelength. For this specific design, §(A < A¢) > 0,8(A = A¢) = 0, and
8(A > A¢) < 0. On the other hand, the coupling coefficient |k(41)| is only a slowly varying

function of 4, as it mainly depends on the overlap of the evanescent fields of individual modes
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Y4 and Y. The wavelength dependent change in the overlap is primarily influenced by
waveguide dispersion, as the larger spatial profiles of 1, and Y5 at longer wavelengths result in
greater coupling coefficients. The weak wavelength dependence of |x(1)| shown here also
explains the slow roll-off speeds of filters relying purely on waveguide dispersion. This can also
be confirmed by solving for the coupling coefficient from the eigenvalues as in equation (5.21).
Since [x(4)| is monotonically increasing and slowly varying, y(1) and §(4) exhibit similar
spectral dependence. By the description in (5.31), the sign change in y(4) results in a maximum-

to-minimum transition in |T,|, where y(1 = Ac) = 0 marks the 3 dB filter cutoff.

In Figure 5-11, we plot the expected transmission response |T4| for the cross-section in
Figure 5-7. The power roll-off is characterized numerically by evaluating the ratios of Poynting
vector flux through regions surrounding WGa and WGs to the total flux through the whole
cross-section. This provides a measure of the ratio of optical power in one waveguide to the total
guided power at discrete wavelengths. The simulated result (circles) is plotted together with the
analytical result (dashed line) from the coupled mode solution in equation (5.31). With
increasing wavelength, majority of the optical power shifts from WGa to WGsg, tracing the
change observed in the mode profile of {, from Figure 5-7. The analytical and simulated results

show excellent agreement.
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Figure 5-11: Transmission for WGa with the quasi-even mode input as a function of wavelength.
Y is plotted in the secondary horizontal axis and decreases with increasing wavelength
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The speed at which |T,| approaches 1 or 0 on either side of the cutoff depends on how fast
the magnitude of y can grow with changing wavelength. As |k(4)| is only slowly varying,
y(4)’s magnitude is mainly influenced by §(1). By definition, the larger the difference in
effective indices of ¢4 and g, the larger the magnitude of §(4). Therefore, in order to approach
1 or 0 transmission on the left or right of the cutoff, one must design WG and WGg to achieve
maximum effective index difference when A # 1. Since the propagation constants 84 and fp
must match at 4 = A, the effective index difference for A # A, is only possible with waveguides
with different group indices. With a larger group index difference, although a faster transition
from 1 to 0 is expected, phase matching at the desired A becomes increasingly challenging. One
can also increase the magnitude of y by separating WGa and WGs with a larger gap, which in
turn reduces k for all wavelengths. However, in order to efficiently guide light in structures with
multiple segments, slowly varying transitions to the desired cross-sections are required. As
longer transitions are needed to implement larger gaps, the separation of WGa and WGg presents

a design trade-off between device length and performance.

5.3.3 Adiabatic Coupler Design

Once the appropriate waveguide geometry is determined for the desired spectral response,
efficient transitions from a single core rectangular waveguide to the determined cross-section
must be designed. For low insertion-loss and wideband device response, a single-mode TE input
at any given wavelength must stay in the quasi-even mode throughout these transitions.
According to coupled local-mode theory, power lost to unwanted modes can be minimized by
decreasing the rate of change of the dielectric constant along the propagation length [111], or
equivalently by using longer transitions [112]. To this end, we designed the slowly varying
waveguide transitions illustrated in Figure 5-12 for evolution of the quasi-even mode electric
field as light propagates through the device. In this schematic illustration of short-pass and long-
pass ports of the integrated dichroic filter, there are four transition sections to reach the desired
waveguide cross-section. The Si substrate as well as the buried and top oxides are not shown.
The spectrally selective cross-section is reached just before section (@), where wavelengths are

separated to short-pass and long-pass ports.
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Waveguide B

Waveguide A

© ' @ | ® G

Figure 5-12: Design of the mode-evolution transition structures from a single-core waveguide to
the desired wavelength selective cross-section

Throughout the transitions indicated from (1) through (4), a single waveguide input is
converted to a 3-segment waveguide, a new adjacent waveguide segment (WGa) is developed
next to the 3 segments, the newly developed segment is slowly separated, and the 3-segments are
converted back into a single rectangular waveguide respectively. In all transitions, a 100 nm
minimum waveguide spacing and width were used, as dictated by the limitations in our SOI
fabrication process. We simulated the transmission of the quasi-even mode through each section
using the eigenmode expansion method (EME) as plotted in Figure 5-13, Figure 5-14, and Figure
5-15.
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Figure 5-13: Eigenmode expansion simulation for sections (1) and (4)
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Figure 5-14: Eigenmode expansion simulation for section (2)
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Figure 5-15: Eigenmode expansion simulation for section (3)

Transmission efficiencies plotted here were extracted from the power transferred between
the quasi-even input and quasi-even output modes as simulated by the EME method. In the
direction of propagation, a total of 30 modes were solved every 5 um in regions (1) and (2), and
every 15 pm in region (3). From the EME results, we determined the required transition lengths
to achieve maximum transmission in each section. We chose Li = Ls =200 pm, L, =260 pm,
and L3 = 900 pm to minimize insertion loss while avoiding excessively long transitions to reduce

losses due to propagation. At the end of section (3), WGa and WGg have been separated to a
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final gap of g =2 pum, in order to minimize any further coupling between the two waveguides,
and allow convenient connections to downstream devices for use in larger systems. Section (1)
and the top part of section (4) (for WGg) are the same transitions in reverse, therefore have the

same spectral response, and were chosen to have the same length due to reciprocity.

5.3.4 Device Fabrication

All filters were fabricated using 300 mm SOI substrates with 225 nm-thick Si layer, and a
2 pm-thick buried oxide in a CMOS foundry with 65 nm technology node. SOI was patterned
using 193 nm immersion photolithography and reactive ion etching. Si layer was etched
completely to form the strip waveguides. This was followed by an oxidization step to passivate
the sidewalls, which reduced the Si thickness to 220 nm. A 4 pm-thick top cladding of SiO; was
chemical vapor deposited. Dicing trenches were etched on the die borders, and the wafer was
diced to individual dies. An SEM image from one of the fabricated devices is shown in Figure

5-16 where WGa and the multi-segment WGg are clearly resolved.

Figure 5-16: A colorized scanning electron micrograph of one of the fabricated dichroic filters.

5.3.5 Characterization and Analysis of Filter Response

For use in infrared applications, filters with cutoff wavelengths around 1550 nm and
2100 nm were fabricated. To test the fabricated filters, we used single-mode fibers, polarization

controllers, and inverted facet tapers for on and off chip coupling of tunable continuous-wave
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laser sources. Specifically, filters were characterized using three continuous wave laser sources
tunable from 1484 — 1625 nm, 1860 — 2010 nm, and 2040 — 2400 nm. Single-mode fibers SMF-
28 and SM-2000 were used together with polarization controllers to couple TE light on- and off-
chip through inverted facet tapers.

Figure 5-17 and Figure 5-18 show the measured spectral responses of the filters where the
expected cutoff wavelengths were Ac =1539.6 nm and Ac =2128.6 nm respectively, from the
mode solutions results. The measured responses from both the short-pass and the long-pass ports
confirm the single cutoff characteristic of the filter. The cutoff wavelengths were measured to be
1533.3 nm and 2119.9 nm from Figure 5-17 and Figure 5-18 respectively. The mismatch
between the measurement and the design targets can be attributed to thickness and width
variations due to fabrication. The insertion losses through the filters in the pass-bands were
measured to be approximately 1 dB for the short-pass ports, and less than 2 dB for the long-pass
ports. Increased loss at the long-pass port can be explained by the increased interaction of the
propagating mode with the sidewalls, due to the design of WGsg. This sidewall interaction also
explains the slightly reduced extinction ratio in the long-pass output, due to scattering of light to
adjacent WGa. Extinction ratios of approximately 10 dB are measured for the short-pass and
long-pass ports in Figure 5-17. For the longer wavelength filter in Figure 5-18, the measured
extinction ratios were over 15 dB and 17 dB for the short-pass and long-pass ports respectively.
Power roll-off for the filters were calculated to be as high as 2.82 dB/nm and 0.85 dB/nm by
differentiating the transmission responses in Figure 5-17 and Figure 5-18 respectively. Due to the
slowly varying transitions of waveguide cross-sections, the propagating mode in the dichroic
filters demonstrated here does not rely on evanescent coupling to adjacent waveguides. As a
result, the measured roll-offs here are 10-70 times sharper than free-space dichroic lenses [99] or

integrated filters making use of evanescently coupled devices [109, 110].
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Figure 5-17: Transmission spectra for WGA (short-pass) and WGB (long-pass) with C-band
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Figure 5-18: Transmission spectra for WGA (short-pass) and WGB (long-pass) with cutoff
around 2.1 pm

The dichroic filter with the C-band cutoff wavelength was then imaged with an infrared
camera at two wavelengths 4; = 1530 nm < A; and A, = 1535 nm > A.. 20 images were
captured along the length of the device and stitched together creating one overall image for each
wavelength. The two images were then colored accordingly and overlaid on top of one another to

illustrate the device operation. The resulting image is shown in Figure 5-19 where the two
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wavelengths is clearly resolved and directed to the corresponding output ports of the dichroic

filter.
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Figure 5-19: Colored and overlaid infrared images of the dichroic filter operation. Blue: 1; =
1530 nm < A, Red: 4; = 1535 nm > A,

Any change in the waveguide geometry due to fabrication presents itself as a shift to the
effective indices plotted in Figure 5-8. With shifted propagation constants, as §(4) is modified,
the cutoff wavelength at which y = 0 is also shifted. This induced shift not only explains the
difference between the expected and measured cutoffs, but also can be utilized to design and
fabricate filters with different cutoffs. For instance, to shift the response to longer wavelengths,
one can either increase wa, or increase gg, resulting in a either higher effective index for WGa,
or a lower effective index for WGg. Under both conditions, the intersection for the effective
indices of 14 and g, and therefore the cutoff wavelength, is shifted to longer wavelengths. The
new expected cutoff wavelengths can be calculated by mode solutions with the new waveguide
dimensions. For instance, using wa = 312 nm while keeping all other dimensions the same as in
Fig. le, the cutoff wavelength is simulated to be Ac=1500.7 nm, and measured from the
transmission in Figure 5-20 as 1495.1 nm. Similarly for wa =324 nm, the simulated and

measured cutoffs are 1572.2 nm and 1573.9 nm respectively.

For longer wavelength applications, we designed another set of three filters to have cutoffs
in the 2.1-2.2 pym range. In addition to the nominal design choice of wa = 494 nm, filters with
with wa =486 nm and 502 nm were fabricated while the dimensions of wp =350 nm and
ge = 100 nm were maintained for WGg. For this set of filters with longer cutoff wavelengths, the
transmission measurements are plotted in Figure 5-21. Using the transmission data, the cutoff
wavelengths are measured to be 2076.3 nm, 2119.9 nm, and 2162.4 nm in the order of increasing
wa. The expected cutoffs are 2078.5nm, 2128.6 nm, and 2169.6 nm, as determined by
eigenmode simulations. Similar to the devices with cutoffs in the 1550 nm window, the
difference between the simulated and measured cutoffs can be attributed to fabrication induced

changes in the Si layer height as well as the dimensions of individual waveguides.
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Figure 5-20: Shift of cutoff to longer wavelengths due to increasing wa from 312 nm to 324 nm.

The simulated and measured cutoffs are 1500.7 nm and 1495.1 nm for wa = 312 nm, and
1572.2 nm and 1573.9 nm for wa = 324 nm.
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Figure 5-21: Similar shifts for the longer wavelength filters where simulated and measured
cutoffs are 2078.5 nm and 2076.5 nm for wa =486 nm, and 2169.6 nm and 2162.4 nm for
wa =502 nm.

5.3.6 Thermal Tunability of Filter Cutoff

Due to the high thermo-optic shift of dn/dT = 1.86x10* K'! in Si [62], the dichroic filter's
cutoff wavelength can be tuned efficiently with a thermal shifter. Here, tunability is enabled by
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the unbalanced changes in the effective indices of individual waveguide modes ¥, and Y.
According to eigenmode solutions at different temperatures, the temperature dependence of B, is
approximately twice as large as that of 5. The difference in thermal shifts arises from the
respective geometries of the two waveguides: WGa is a strip waveguide confining a majority of
the field within its core. In contrast, WG is a slot waveguide where there is a significant amount
of field in the gaps between the waveguide cores. This explains the smaller thermal dependence
of B, as SiO2 typically exhibits a thermo-optic coefficient of approximately 10 K!, smaller

than that of Si by more than an order of magnitude.

In order to quantify the thermally induced cutoff shift, we used a linear approximation to the
thermal and wavelength dependence of the effective indices of 14 and Y 5. Namely, the effective
indices of Y, and Yy were approximated as linear functions of wavelength and temperature

according to

on on
nap(AT) =ng + =22 (A= A¢) + =22

51 |, 3T I, (T —Ty) (5.39)

The approximation was calculated around the simulated cutoff wavelength of Ac = 1539.6 nm,
and the free-running operation temperature of To = 22.6 °C as measured by the TEC. The
dependence on wavelength was determined from the data in Figure 5-8; and the temperature
dependence was extracted from eigenmode solutions by changing the refractive index of the core
and cladding materials at a rate of dnsi/dT = 1.86x10* K! and dnsio2/dT = 1x10” K!. For the
linear fits, eigenmode simulations were performed with steps of AL =5 nm, and AT =5 °C. The
calculated derivatives of the effective indices with respect to wavelength and temperature as

summarized in Table 5-1.
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na nas

d/0A (nm1) | -1.575x 10-3 | -0.798 x 10-3

d/0T (K1) | 1.685x 104 | 0.927 x 104

Table 5-1: Linear approximations to the dependence of effective indices of ¢, and Y5 on
wavelength and temperature, around the cutoff wavelength and nominal operating temperature.

Once we know the derivatives for each effective index with respect to wavelength and
temperature, we can estimate the thermally induced wavelength shift in the following manner.
We know that the effective indices ny and ng must be equal at the new temperature and the new

shifted cutoff wavelength:
14 (Anews Tnew) = g (Anews Thew) (5.40)
Plugging in from equation (5.39), we get

6nA anA anB anB
_4 -~ =2 — 5.41
Y AA+6TAT 7 M+6T AT (5.41)

where we defined the change in wavelength as AA = A, — A and the change in temperature as

AT = Tyew — To. Then it follows that

a
A 9T (ng —np)

= (5.42)

% (ny —ng)

Using the parameters from Table 5-1, we find that AA/AT is equal to 94.5 pm/K or
11.9 GHz/K. This is experimentally confirmed as shown in Figure 5-22 where we plotted the
normalized filter transmission at the long-pass output as a function of substrate temperature from
12.5 °C to 55.0 °C using a closed-loop thermo-electric controller placed in contact with the chip.
The cutoff at each temperature is plotted separately in Figure 5-23, from which the thermal shift
was measured to be 14.4 GHz/K using a linear fit. Fabrication-induced waveguide geometry
changes can explain the mismatch between the expected and measured thermal shifts, as the
thermo-optic shifts in strongly-guided modes depend heavily on mode confinement. Overall, the
measurement confirms that our dichroic filters can achieve thermal performances similar to the

tunability commonly observed in Si Bragg reflectors and ring resonators where measured shifts
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are on the order of 10 GHz/K [113]. Moreover, for many of the filters measured, the cutoff can

be tuned back to the design target, or to any desired wavelength with temperature changes on the

order of few 10s of °C, which can be efficiently achieved by integrated heaters.
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Figure 5-22: Transmission at the long-pass port of the dichroic filter as a function of temperature
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Figure 5-23: Thermal tunability of cutoff wavelength where the 3 dB point is plotted as a
function of temperature

5.3.7 Discussion of Spectral Filtering Capabilities and Possible Enhancements

The approach presented here provides a clear methodology to design highly-selective,

broadband, single-cutoff, transmissive, and low-loss optical filters based on the novel spectrally

selective waveguide designs. Since the transmission response relies on the propagation constants

in the two waveguides [equation (5.31)], it is possible to design and integrate similar filters at

visible or mid-infrared wavelengths using other core materials such as SizNa4, Al2O3, or TiOa.

125



Chapter 5: Coupled-Mode Applications in Spectral Selectivity

Unlike devices that rely on propagation length to transfer power to an adjacent waveguide, the
mode-evolution-based design here allows for the cutoff wavelength to be determined
independent of coupler length. Optimizing the transition sections to suppress the fringing in the
reject-bands and to improve the extinction ratio would be valuable topics for future studies.
Improvements may be possible when using a cross-section similar to the one shown in Figure
5-6, or lower index-contrast waveguides, due to reduced interaction of the guided mode with the
sidewalls. However, material choices are limited since phase matching at the cutoff wavelength

poses strict restrictions on the material index.

The mismatch between the measured cutoff wavelength and the design target can be
attributed to width and height changes that affect propagation constant due to fabrication, as
commonly seen in the responses of many integrated devices such as Bragg reflectors, Mach-
Zehnder interferometers, or ring resonators. More precise cutoff shifts may be possible with the
use of wider waveguides at the expense of introducing higher order modes, as the change in
effective index gradually decreases with increasing width. Thermal tuning of the cutoff
wavelength is also demonstrated, as this is commonly required in reconfigurable optical systems.
An accurately controlled wavelength shift is significant when designing band-pass filters, and
therefore can be achieved by cascaded combinations of tunable short-pass and long-pass filters
described here. Devices demonstrated here can be used in many optical systems including ultra-
broadband multiplexing and demultiplexing systems in communications, efficient pump couplers
to laser cavities, optical signal processing applications where arrays of arbitrarily wide band-pass
filters are needed, and spectroscopy measurements that require spectral separation of excitation
and output signals closely spaced in wavelength. Optical environmental sensors such as those
used in index or concentration measurements or distance and velocity sensing like light imaging,
detection and ranging (LIDAR) can also benefit from the filters described here, as these seonsors

transduce wavelength selectivity to other measured quantities.

126



Chapter 6: Wavelength Splitters Based on the Directional Coupler Architecture

6 WAVELENGTH SPLITTERS
BASED ON THE DIRECTIONAL
COUPLER ARCHITECTURE

This chapter focuses on alternative wavelength selective couplers based on Mach-Zehnder
interferometers. We first discuss various limitations and tolerances of a directional coupler, then
introduce the transfer matrix approach, and design and analyze the expected response from the

proposed broadband coupler.

6.1 Limitations of a Typical Directional Coupler

The typical spectral response of a single directional coupler was previously shown in Figure
5-5. This response can be utilized to design a device that would couple “long” wavelengths to the
adjacent waveguide while retaining the “short” wavelengths at the input waveguide. The goal
here is to use this directional coupler in order to separate 1f (2300 nm) and 2f (1150 nm) signals
in an octave-wide input signal. Although various limitations exist for operation beyond the first
100 % coupling length, designing such a device is relatively simple and straightforward. An

example is shown in Figure 6-1. In this directional coupler Si waveguides with 380 nm height
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and 650 nm width were separated by a gap of 400 nm in the coupling section. The S-bends on
either side of the coupler were designed with a lateral shift of 5 um and a horizontal propagation

distance of 12 pm.

Figure 6-1: Design of 2x2 symmetric directional coupler with S-bends for input and output
waveguides

The designed coupler was simulated using FDTD methods where a transform-limited pulse
is applied as the input (the top left port), and the transmission on the top right and bottom right
ports are recorded. The FDTD simulation results from the above directional coupler are plotted
in Figure 6-2. The simulation was repeated 3 times with input signals at different center
wavelengths: As designed, maximum transmission was achieved around 2300 nm, which was the
design wavelength for the first 100 % coupling for a coupling length of 32.6 yum. The
transmission around the 1550 nm C-band was approximately -20 dB. And finally, the

transmission for much shorter wavelengths such as round 1150 nm was below -30 dB.

The proper length for the directional coupler here was 32.6 um, which was slightly shorter
than the length directly calculated from equation (5.38). This is due to the non-zero coupling
acquired as the light propagates through the input and output S-bends. The exact amount of
coupling achieved in the S-bend sections depends mainly on final gap of the waveguides.
Assuming a 10 pm initial separation, and a horizontal propagation distance of 12 um, the relative
coupled power through the S-bends is given in Figure 6-3. Clearly, for larger gaps, the amount of
power coupled decays exponentially. Consequently, in directional couplers with larger coupling

gaps, including the coupling introduced by the S-bends isn’t as crucial.
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Figure 6-2: FDTD simulation result for transmission at the bottom right port of a directional
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Figure 6-3: % power coupled through input and output S-bends as a function of coupling gap in a
directional coupler

The 3 dB bandwidth of the proposed directional coupler from Figure 6-2 is about 350 nm.
This wide bandwidth is partially due to having designed the first 100 % coupling wavelength
around 2300 nm at which point the waveguide is less dispersive than around 1550 nm. A
bandwidth is also crucial in terms of producing high-yield devices where each directional pair
works as intended after fabrication. Most importantly, variations in waveguide widths, gaps, or
layer heights due to finite fabrication tolerances impact the spectral response. All of these

variations can be interpreted in terms of modified effective indices of the individual modes or the

129



Chapter 6: Wavelength Splitters Based on the Directional Coupler Architecture

even/odd modes in the directional coupler. Each one these fabrication tolerance analyses is

summarized, analyzed, and simulated in the following sections.

6.1.1 Waveguide Width Variations

With a changing waveguide width, we assume that both waveguides in the coupling section
undergo the same changes. We also assume that the gap stays constant. Any difference from the
design width of 650 nm will result in modified mode profiles and effective indices. For wider
waveguides, the effective indices would increase, and the individual waveguide modes would
become more confined. Consequently, achieving the same amount of coupling at the design
wavelength would require a longer coupling section. For the same length of the device, longer
wavelengths would satisfy the 100 % coupling condition. Therefore the 100 % coupling point
would shift to longer wavelengths. An analysis of the changing coupled power is shown in
Figure 6-4. Due to the wide bandwidth, the coupling changes by approximately +4 %, which is

tolerable in many applications, especially for a coupler designed with 100 % transmission.
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Figure 6-4: Transmission tolerance analysis in a 2x2 directional coupler with respect to
waveguide widths

6.1.2 Waveguide Gap Variations

An increasing gap between the waveguides has the same effect as with increased waveguide
widths: A larger gap results in decreased interaction and a smaller coupling coefficient, and a
smaller percentage of coupled power. In order to retain the percentage of power coupled, one

then needs a longer coupling section. With the same length, longer wavelengths achieve higher

130



Chapter 6: Wavelength Splitters Based on the Directional Coupler Architecture

coupling as before. This analysis is shown in Figure 6-5, where due to the larger bandwidth, the

transmission change again remains around +3 %, for a +20 nm change in the gap.
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Figure 6-5: Transmission tolerance analysis in a 2x2 directional coupler with respect to coupler
gap

6.1.3 Si Layer Height Variations

Similar to the increased width, a taller Si layer results in more confined modes in the
waveguide cores. As a result, the coupling coefficient between the two modes decreases.
Therefore, 100 % coupling at the design wavelength requires a longer coupler. Alternatively, an
increased layer height results in reduced coupling at the design wavelength of 2300 nm. With a
+20 nm change in the layer height, the coupled power shown in Figure 6-6 changes by about
+2 %. The small change compared to similar amounts of width and gap variation can be

attributed to the TE modes indices being less dependent on the layer height.

Although the tolerance analyses show that typical fabrication-induced changes in waveguide
geometry change the performance of the directional coupler by a few %, it is desirable to reduce
the effects of such changes to a minimum. A previously proposed and implemented approach is

utilized in the next section, for a broader-band wavelength-sensitive coupler.
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Figure 6-6: Transmission tolerance analysis in a 2x2 directional coupler with respect to Si layer
height
6.2 Transfer Matrix Representation

Following the form of equation (5.35), a directional coupler can be represented by the

transfer matrix
t —fq]

M= [ i 6.1
where t and q are the amplitude coefficients for the transmitted and coupled (or reflected
depending on the device type) waves. M is symmetric since coupling from one waveguide to
another is a symmetric phenomenon. M is also unitary due to conservation of power where we
have

t jql[t —jq 1t]% + |q|? 0
M+M=[l. H s ]:[ ]=1 6.2
q tll-Jjq t 0 |t]2 + 'qlz (6.2)

For symmetric waveguides, we know that the propagation constants are the same (6 = 0), and
S = k. Then, by pairing the transfer matrix M with the more general description from equation

(5.35), we can represent the amplitude coefficients in terms of the waveguide parameters as
= COSKZ and g = sinkz (6.3)

In the case of a varying coupling coefficient x along the propagation direction, equation (6.3)

takes the following form
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t = cos f k(z)dz and q = sin f k(z)dz (6.4)

Any variations in the geometry such as waveguide widths, gap, or even height can be lumped in
to changes in the coupling coefficient k. Consequently, the description in (6.4) allows us to treat
a general family of couplers with the same transfer matrix given in equation (6.1). For instance,
the input and output S-bends shown in Figure 6-1 can be represented by transfer matrices of their

own with the same format, regardless of the varying waveguide gap.

Using the generalized transfer matrix representation in equation (6.1), we can then represent
the full transfer matrix of the input S-bends, the directional coupler, and the output S-bends as
Mpc = SMS = [ JQS] [ coskLc  —jsinkLc [ ts —JQS]
—jqs —jsinkL, coskL. ||—jqs ts

E[ tpc _]qDC]
—Jqpc tpc

(6.5)

where we defined the transmission and coupling amplitude coefficients for a single directional
coupler as tpc and gpc respectively. For a given coupling gap and a waveguide geometry, the
amount of coupling through just the input and output S-bends can be solved from the transfer
matrix of the 2 S-bends given by
Jqs —jas] _ [t5 — a5 —2jtsds
My=ss=[fs [ ][ 6
s —jas —jas  ts —2jtsqs  ti —qF (66)

Then, using the FDTD simulation results from Figure 6-3 of just the input and output S-bends,
ts, qs, and the power coupled in the S-bends Qg can be related by

2 2 __ 2 —
IMS [(1)“ = (t4t522:) ]— [1 QSQS] (6.7)

where we imposed power conservation by setting the transmitted power to 1 — Qg. This is
equivalent to having t2 + q2 = 1. Here, one can safely assume tg > g for a typical S-bend as

majority of the power remains in the input waveguide.
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6.3 A Pair of Cascaded, Point-Symmetric, Unbalanced MZIs as a
Broadband Wavelength Splitter

In this section, we study the design of a different class of ultra-broadband couplers based on
directional couplers and unbalanced MZIs. The main goal here is to overcome the bandwidth
limitations of typical directional couplers without having to use long adiabatic couplers as in the
previous section. The overarching design approach is shown in Figure 6-7 where a pair of 50/50
couplers are cascaded to form a 100/0 coupler at the desired design wavelength. Such a coupler
can be used in many different applications that require spectral filtering, splitting, or combining.
Specifically, Figure 6-7 outlines the use of the device in a 1f-2f frequency locking scheme where
an octave-wide supercontinuum (SC) is separated to its 1f and 2f parts by the broadband splitter.
Then, an integrated 2™ harmonic generator (SHG) converts the input 1f signal into 2f, preparing

it for beat-note analysis with the corresponding 2f signal from the supercontinuum.

2

1f + 2’

\ (2.2 - 2.4 um)

21" 100%

1f 100% 2f” 100% [ B 1 so%  2f 100%

| 1f so% 1f 100%

point-symmetric

Figure 6-7: Design of a broadband wavelength splitter made from cascaded point-symmetric
MZIs (SC: supercontinuum, SHG: 2" harmonic generator)

6.3.1 Point-Symmetric Cascading of Couplers

The specific reason why a point-symmetric cascade is employed in Figure 6-7 lies in the
resulting bandwidth of the overall coupler. This is demonstrated in Figure 6-8 where the
cascaded response from a 50/50 coupler shows less power variation from the 100 % goal across
the pass-band, and therefore a wider bandwidth [114]. The transmission response shown here is

different than the example of the typical directional coupler shown in Figure 5-5. That’s because
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the response used here belongs to a different family of couplers called wavelength insensitive

couplers [115], as detailed in the next section.
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Figure 6-8: Spectral responses from a single 50/50 coupler, and a cascaded pair of the same
coupler, reproduced from [114]

6.3.2 Wavelength-Insensitive Couplers

Cascading couplers with different properties is one of the most versatile techniques used in
integrated photonics. A set of cascaded couplers can perform functionalities that a single
directional coupler, Y-branch, or MMI coupler cannot perform on its own. Wavelength-
insensitive couplers are an important example of such cascaded devices that can achieve wider-
band operation than conventional directional couplers. An example of a wavelength-insensitive
coupler schematic is shown in Figure 6-9 where a phase difference is introduced in one of the
arms of a Mach-Zehnder interferometer. This phase difference can be designed to mitigate the

narrowband response from a typical directional coupler.

In the wavelength-insensitive coupler, the two directional couplers together with the phase
difference introduced between them have to satisfy certain transmission amplitude coefficients in
order for the overall coupler response to be 50/50. The overall transfer function for the whole

coupler is given by
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Myz; = MDCMtaperMPMtaperMDC

—-Jj61
= (SMS)M,per [e 0 6_292] Meaper (SMS) (6.8)

- [ tmazr —fQMZI]
—Jqmz1  tmzi

where we expanded the phase section in the two arms by defining the effective indices in the two
arms as n; and n,, and defining the angles 6; = (2mn,; /A)L, and 6, = (2mn,/A)L,. In this
design, the phase difference is achieved by changing the waveguide width in the two arms as
opposed to physically adding a longer top arm in the MZI. This can potentially provide finer
control of the phase difference as dn/dw only exhibits minute changes. Specifically, for a
nominal width of 650 nm in a 380 nm thick Si layer, MZIs with 700/600 nm, 675/625 nm, and
660/640 nm top/bottom arms have been designed.

Unbalanced o b o e s s e e e
MZI

Lc (coupler)
——.

/’

Figure 6-9: Design of an unbalanced MZI with phase-section in between two directional couplers

The overall transfer matrix also includes tapers of length L, for either side of the phase
section. Designing the tapers with a linear change in waveguide width, we can write the phase

acquired by going through the tapers as

9=2—1E Ltn(z)dz=2—ﬂthn+-z—(n —n) dz~2—nmn E
t=7 ] FA 0¥, (M2 0 ~ L, Win T
m (6.9)
=2_HL nﬂ=2_nﬁll
At m At

i=1
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Here, we evaluated the phase in each infinitesimally short part of the taper section by
defining n(z), and then used a piecewise-constant approximation to the linearly changing taper.
The result is that the phase acquired through the taper is equivalent to the phase acquired through
a straight waveguide whose effective index is the average effective index in the tapered section.
It is important to note that the average effective index 7 is different for the top and bottom tapers
since the widths in the phase section are different. Therefore, the transfer matrix for the taper

section is given by

j27t—_n L
_|e7 A topke 0
Miaper = 21 (6.10)
0 e /7 Motle

where Ny, and 7N, the average effective indices in the top and bottom arms of the MZI

respectively.

It is also important to point out that the two tapers in the top arm have the same transfer
function even though one is simply the reverse of the other. By equation (6.9), even though the
transition is reversed from one taper to the other (n; — ng instead of ny — n,), the average
effective index is the same in the two linear tapers. Therefore, the same amount of phase is
picked up when light goes through the tapers; and the transfer matrix stays the same. It would be
incorrect to invert the transfer function and use M{ai,er as this results in the acquired phase being
lost, and does not represent the physical propagation in this coupler. Also, one could simply
show that in the case of a complex effective index to represent loss, an inverse transfer function
would compensate for the loss by introducing gain, which again does not represent the physical

processes in this device.

The coupler in Figure 6-9 can be designed with a specific polarization in mind, or for
different coupling coefficients. For a given coupling coefficient, the coupling lengths required
for different polarizations are significantly different due to the difference in their effective
indices [116]. This fact has been previously used to design a broadband polarization beamsplitter
where the fundamental TM mode coupled to the adjacent waveguide much quicker than the
fundamental TE mode [114]. Here, we propose a similar mechanism to exploit the fact that
longer wavelengths in a directional coupler are more strongly coupled than shorter wavelengths.
Due to the increased coupling coefficient k, the interaction length for longer wavelengths is

therefore shorter. Then, in order to separate the 1f and 2f signals generated by the
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supercontinuum in Figure 6-7, the coupler can be designed to fully couple the long wavelength
If signal to the adjacent port while maintaining the 2f signal at the input waveguide. This is
supported by the FDTD results previously shown in Figure 6-2 where the transmission at 2f
(1150 nm) is approximately 30 dB less than the transmission at 1f (2300 nm).

6.3.3 Coupling Ratio of the Unbalanced MZI

In order to design the correct coupler with the 50/50 coupling ratio, we solve for the
remaining power in the input waveguide Qyz; from

|Mytzr [(1)”2 -[, ghg; ZJ (6.11)

where the MZI transfer matrix Myz; is given in equation (6.8), in the same manner that the
splitting ratio is solved for in [116]. Of the three lengths in the transfer matrices, we set the taper
length L, = 2 um, and plot the expected transmission Quz; as a function of the directional
coupler length L. and the phase section length L,,. The result is shown in Figure 6-10 at 4, =
2300 nm.

We can interpret the results by analyzing the transfer response for the two different lengths
separately: First we analyze the case where L, = 0 um, as we consider a slice along the
horizontal axis of the contour plot. For a very short coupling length in the directional couplers,
over 90 % of the input power remains in the same waveguide as indicated by the yellow region
near the origin. With increasing coupling length, the remaining power oscillates following the
expected |t|? = cos? kL response from equation (6.3). Now, in order to analyze the effects of a
changing phase section length L,,, we consider a vertical around L, = 30 pm where most of the
light is coupled to the adjacent waveguide when L, = 0 um. However, with a changing L, the
coupled power again oscillates due to the expected response of a typical MZI. The changing
phase difference modulates the percentage of coupled power between the two output ports, as in

a conventional MZI.
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Figure 6-10: Power remaining the input waveguide of unbalanced MZI as a function of the DC
coupling length and the phase section length

Since the device shown in Figure 6-7 requires a 50/50 coupling ratio for the MZI, the 0.5
contour line is highlighted with red in Figure 6-10. That means any pair of (L., L) along this red
contour line would result in a 50/50 splitting ratio at the output ports of the MZI. However, in
order to make the coupler as broadband as possible, only the first order solution with the shortest
coupling and phase section lengths must be used. Therefore, we limit the device design to the

bottom left red contour.

Then, following the method used in [116], we repeat the transfer matrix calculation as a
function of wavelength around the desired center wavelength of 1, = 2300 nm. Simulations at
each wavelength produce their own power splitting ratios similar to the plot in Figure 6-10. To
calculate how much the power splitting ratio can change within the simulated wavelengths, we
evaluate the absolute value of the maximum difference in Quyz; between the simulated

wavelengths and plot |Qmzi( A0) — Q@mz1(A) | max in Figure 6-11.
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Figure 6-11: Maximum difference in coupled power of the unbalanced MZI as a function of the
DC coupling length and the phase section length

Here, the red contours showing the 50/50 power splitting parameters are overlaid on top of
the maximum difference in the power splitting ratio. As expected from the bandwidth analysis in
Section 5.2, the minimum change in the coupled power is observed around the shortest possible
length of the directional coupler. For this first order solution, as the response with changing L, is
periodic, there are multiple (L, L,) pairs marked by the orange stars in Figure 6-11 that result in
minimal changes in the power coupling ratio. However, the smallest change is again obtained at

the first order solution at the bottom left corner, where L, = 22.25 ym and L, = 16.14 pm.

6.3.4 FDTD Simulations of Coupled Power

In order to verify the results from the transfer matrix based design above, the response of the
designed 50/50 MZI is simulated using 3D FDTD. The result is plotted in Figure 6-12 showing
the transmission in the top and bottom output ports. For this simulation, a transform-limited

pulse of 300 nm spectral width has been launched into the top port of the MZI with a time-step
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of 0.07 fs, a non-uniform conformal mesh with a discretization of approximately 120 nm, and
PML boundaries. As the expected response from the MZI is 50/50 at the center wavelength, the
3 dB bandwidth corresponds to 0.25 of the power coupled to the bottom port. According to the
simulation results, the device’s 3 dB bandwidth is wider than the launched 300 nm wide pulse, as
the transmitted power at the bottom port does not drop below 0.3. Accordingly, we characterize
the 1 dB bandwidth where the power at the bottom port drops to 0.5 X 10~1/1% = 0.397. This is
achieved with a bandwidth of approximately 235 nm which is much larger than what can be

achieved with a single directional coupler.
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Figure 6-12: 3D FDTD simulation result of the 50/50 MZI around A, = 2300 nm

The wideband operation is also clearly seen in the top-down view of the field profiles
plotted in Figure 6-13. The profiles are shown at wavelengths of 2216 nm, 2300 nm, and
2388 nm. The 50/50 splitting ratio shows minimal change across the +80 nm wavelength region,

verifying the wideband response of the designed MZI.

6.3.5 Power Splitting in the Cascaded Coupler

So far, we have only simulated the response for one of the MZIs proposed in the design of
the broadband wavelength splitter in Figure 6-7. Here, we complete the simulation results by
calculating the expected transmission for the cascaded coupler using the point-symmetric MZI.
Due to the length of the three dimensional FDTD simulation used just for half of the device, the

results in this section are evaluated by the transfer matrix method.
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The general form of the transfer matrix for an arbitrary circuit is given by the unitary matrix

6= [2D 5]

b)) o) (6.12)

The point-symmetric version where the device is reflected around the origin or its center is then
given by

_ [’ —b*(A)

Ors =1 p)  a(d) (6.13)

O 20 40 &0 30 100

Figure 6-13: Top-down view of the field profiles for the unbalanced MZI with a 50/50
transmission at 2300 nm

From the form of G in equation (6.12), and the transfer matrices for S-bends, directional
couplers, or MZIs studied in previous sections, we know that the parameters
ts, tpc, tmzi s, Gpc, Gmzr are all real. Therefore, in the case of the MZI pair studied here, we can

calculate the overall transfer function using the definition in equation (6.8), which yields
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Mzt Mazs =[ t_ffnzr —IQMZI][ tmzi —fQMZI]
Ps —Jqmz1  tumz l—Jamz  tmaz

I (6.14)

_ [ tmzr —fCIMmr _ [tf?’m —quz  —2jtmzi9mzr
Jamz1  tmzl ~2jtmziqmz iz — Gz

The coupled and remaining power then are given by

191% _ (thzr — tz)?
|MMZIPSMMZI [0” =| 4tz qi, (6.15)

In order to evaluate the response of the cascaded coupler in equation (6.14), we first extract
the parameters tZ; and q&z; from the top and bottom port transmissions in Figure 6-12. We can
the plot the result of the transfer matrix calculation for the expected 100/0 transmission as shown

in Figure 6-14.
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Figure 6-14: Spectral transmission of the cascaded coupler showing more than 250 nm of 1 dB
bandwidth around 2300 nm

As expected, from the combination of two 50/50 couplers, a 100/0 coupler is obtained. Since
each one of the 50/50 couplers is broadband, the resulting 100/0 coupler is ultra-broadband. The
1 dB bandwidth between the wavelengths where transition to the bottom port remains greater

than 10~1/10 = 0.794 can be estimated as larger than 250 nm from the shown response.
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6.3.6 Time-Domain Response of the Broadband MZI Pair

Such a broadband device is crucial for the proper operation of any downstream devices in
the photonic circuit. In this specific case, the extremely wide bandwidth of the proposed coupler
ensures that the second harmonic generator following the coupler in Figure 6-7 functions
properly. As the Si-based second harmonic generator makes use of a grating, its phase matching
condition is significantly affected by any width and height changes due to fabrication. This is
similar to the center wavelength shift observed in Bragg gratings due to imperfect fabrication
that results in non-ideal waveguide widths and layer heights. The main goal of the broadband
response is to mitigate any changes that might deteriorate the input power to the second

harmonic generator, which in turn reduces its conversion efficiency.

Input pulse broken up
into multiple pulses

3

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Time (fs)

Figure 6-15: Time-domain response of the 50/50 unbalanced MZI
Depending on the target application, it is also important to analyze the time-domain
behavior of designed components. Although the above proposed MZI pair functions perfectly

from a spectral perspective, due to the phase delays introduced in the arms of the coupler, the

time-domain response may cause issues for downstream devices.
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The power recorded at the output of the unbalanced MZI can be extracted from time-domain
monitors in the FDTD simulations. The result is shown in Figure 6-15, where the electric field in
the propagating pulse is plotted at three separate monitors. All monitors are located in the top
arm of the MZI; however, they are placed at different points along the propagation direction.
After the first directional coupler, the input pulse retains its Gaussian envelope for the most part
(1-blue). After going through the phase section, no significant changes are observed in the pulse
shape other than the expected broadening due to material and waveguide dispersion (2-green).
However, when the pulse goes through the second directional coupler, some of the light from the
bottom port couples back to the top port. Due to the phase difference between the two arms,
coupling in the second directional coupler introduces a delay between the parts of the pulse
propagating in the top arm. The result is a pulse that is broken up largely into two segments (3-
red).

The delay is also visibly observed from the FDTD snapshot in Figure 6-16. Due to the wider
waveguide in the bottom arm of the MZI, the guided mode has a larger effective index, and
therefore propagates slower than the mode in the top arm. At the beginning of the second
directional coupler seen in Figure 6-16, when the two pulses meet, their phase difference results

in the broken output pulse from the bottom output port of the MZI.

600 nm wide

700 nm wide b pulse is delayed

Figure 6-16: FDTD snapshot of propagating pulse in the unbalanced MZI coupler at the
beginning of the second directional coupler, where the pulse in the bottom arm is delayed

Since the pulse energy is then distributed over a longer and non-Gaussian pulse, the peak
power is reduced. Simpler circuits such as communication networks with on-off keying or low-
order modulation schemes may be able to tolerate decreases in the input power. However, for
more advanced circuits such as the 1f-2f lock described here, a decrease in peak power directly

influences the conversion efficiency of the second harmonic generator. As a result, using this
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coupler instead of a simple directional coupler in this network may require stronger pumping of

the upstream supercontinuum generator, or amplifiers in between the individual components.

6.4 Conclusion

We studied the design of directional couplers in relation to their spectral response, and
showed how they can be used as wavelength splitter/combiner structures. By making use of
waveguide dispersion, we designed an example directional coupler in Si that can separate 1f & 2f
signals at 2300 nm and 1150 nm with an extinction of more than 30 dB, and a 3 dB bandwidth of
over 250 nm at the output port where the 1f signal is expected. The large bandwidth shown here
is due to the first order solution of the coupling length, which results in the shortest device with
the largest possible bandwidth. Then, we designed an even broader-band wavelength splitter by
making use of the unbalanced MZI architecture proposed earlier for splitting TE/TM modes.
Here, utilizing the fact that the coupling length is different for 1f and 2f signals due to waveguide
dispersion, we proposed, simulated, and analyzed a coupler that achieves near 100 %
transmission around 2300 nm with a 1 dB bandwidth of more than 250 nm. The shorter
wavelength, due to its more confined mode profile and increased necessary interaction length
stays at the input port, and is therefore separated from the 1f signal at the output. Time domain
simulations suggest that the phase unbalance utilized in this MZI coupler can break up the input
pulse and reduce the peak power at the longer wavelength. This may be important to consider in
cases where downstream devices such as a second harmonic generator may require a high peak
power in order to operate efficiently. In other words, gaining bandwidth at the splitter stage
might adversely affect system operation due to the reduced peak power. One will have to test
specific combinations of splitters and frequency doublers to evaluate the overall system

performance according to application specific metrics.
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7 SUMMARY AND OUTLOOK

In this thesis, various types of integrated silicon photonic devices were studied in regards to
applications that require generation, stabilization, and efficient manipulation of light. Objectives
including creating a CMOS-compatible light source, an integrated stabilization reference, and
ultra-broadband spectral separation mechanisms have been achieved. Additionally, methods for

characterizing gain media have been developed and utilized.

The lower temperature deposition of Al2O3 at 250 °C was first demonstrated using substrate
bias assistance. The surface mobility that is achieved at high temperatures was compensated for
by bombarding the surface with Ar* ions during deposition, acting as a polishing agent. As a
result, resultant films yielded much smoother surfaces with scattering losses below 0.2 dB/cm.
Resulting films were used in designing and fabricating a DFB laser that can be integrated in a
full silicon photonics platform with other active components such as modulators and detectors.
Using the fabrication experience developed with the erbium-doped lasers, thulium was
investigated as a dopant ion for gain at longer wavelengths. The thulium-doped aluminum oxide
required material characterization as it was being studied for the first time. Dopant concentration,
absorption cross-sections, and lifetime were characterized. More generally, a new method was
developed for characterizing the full transfer function of solid state gain media. Magnitude and

phase responses were identified for erbium- and thulium-doped fibers, verifying the validity of
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the newly developed frequency-domain method. The same method can also be used in measuring
other systems that exhibit low-pass behavior such as experiments used in measuring minority

carrier lifetimes.

For on-chip coherent communications, linewidths on the order of 1 MHz are sufficient due
to the short propagation distances required. However, for applications in long-haul
communications, or various synthesis systems where frequency stability is key, linewidths wider
than MHz levels are not suitable. Although rare-earths provide narrower-band lasing signals than
those commonly achieved with semiconductors, an on-chip frequency stabilization system still
had to be implemented. Typically, stabilization in free space is achieved by using an ultra-low
expansion glass resonator with quality factors of over 10'°. Similar on-chip quality factor
performance is currently not possible due to internal loss in microcavities. However, thermal
stability can still be addressed without having to build resonators with extremely high quality
factors. It was shown that typical SiN ring resonators are thermally limited in their noise
performance. In order to address the thermal fluctuations, materials with opposite signs of
thermo-optic coefficients were used. Titanium dioxide was utilized as the negative thermo-optic
coefficient material due to its CMOS-compatibility. A resonator was created with just the right
design that allowed for the resonances in the C-band to be athermal within 5-10 degree
temperature ranges. On either side of the athermal operation region, thermal shifts were reduced
by more than 200 times when compared with the typical shifts observed in Si resonators. Then, a
benchtop laser with typical MHz-level linewidth was locked to the athermal resonator using the
Pound-Drever-Hall technique. Frequency stability of the locked laser was measured by beating it
with a comb reference whose repetition rate and carrier envelope offset were stabilized. Results
showed a linewidth narrowing by a factor of almost 13 times, with single side band phase noise
improvements of over 25dB at 1 MHz offset from the CW lasing frequency. This was an
important step towards a full integrated stabilization loop that can take an integrated erbium-
based CW laser, stabilize it to an also integrated athermal cavity, and output the stable light for

use in frequency-sensitive applications like RF or optical synthesis.

The second half of the thesis focused on development of technologies that can be
immediately implemented with existing CMOS capabilities without needing new materials. One
of the missing functionalities in the silicon photonics platform was identified in the area of

optical filters. Although many wavelength division multiplexing systems existed, none of the
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current solutions provided broadband response with sharp filter roll-offs that one expects form
ideal filters. With such limitations in mind, a new waveguide cross-section was designed to
confine different wavelengths of light into different spatial regions. Analysis of the newly
invented spectrally-selective waveguides was performed using coupled mode theory where
power in each waveguide was solved for as a function of the propagation constants. We then
used the spectrally-selective waveguide idea to design an on-chip, 1x2 dichroic filter that works
just like free-space dichroic filters, but in transmission. In other words, the transmissive dichroic
filter can direct inputs at all wavelengths to respective output ports without reflecting onto the
same waveguide unlike a Bragg filter that works using interferometric principles. Filters were
fabricated in a standard CMOS process. The experimental results showed that the filters
functioned as intended, and the sharpest roll-offs achieved to date were recorded (~2.8 dB/nm).
With broadband responses, the fabricated filters became the first examples of dichroic filters on-

chip, and established the general theory and approach for spectrally selective waveguides.

For applications where an extremely large transmission bandwidth is required, but the
device footprint has to remain small, directional coupler based approaches were studied. By
utilizing several ideas developed previously, a coupler was designed to operate as a wavelength
splitter. We made use of the fact that the 100 % coupling length in a directional coupler is
significantly different for wavelengths separated by an octave. We then designed a broadband
50/50 coupler at 1f] that simply acted as a straight waveguide at 2f due to the tightly confined
mode. By cascading two of these 50/50 couplers, we created an extremely broadband 1f/2f
wavelength splitter within an approximately 20 um by 100 um footprint. These couplers of
course are not expected to provide sharp roll-offs as the spectrally selective waveguides.
However, in applications where ultra-wide bandwidths and small footprints are required, such

devices can be utilized.

Overall, contributions in the light generation and stabilization areas can be combined with
the ultra-wideband and ultra-sharp filters demonstrated here. Resulting systems with light
generation and efficient multiplexing/routing technologies can be used in filter arrays, switch
networks, display systems, and sensors. As the amount of data we process and need grows every
day, photonic communication and computation systems that can utilize such devices will be the

driving force behind innovation.
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APPENDIX A: PRISM COUPLING TECHNIQUE

Prism coupling is a convenient technique for determining the thickness and refractive index
of thin films by making use of the guided modes in the material. It was pioneered by Tien and
Ulrich in the 1970s [117-119]. The information found here pertains specifically to the Metricon
2010/M prism coupler, but the basic ideas are the same for all prism couplers. More details about

this specific coupler can be found in the user manual [120].

The operation principle is illustrated below in Figure 8-1. Here, the film is brought in
contact with a prism with the use of a coupling head. The assembly is placed on a rotating table
that rotates around the vertical axis going through the prism. In general, the incident light reflects
from the prism-air interface due to total internal reflection. However, as the angle of incidence
varies, at certain angles, incident light couples into the guided modes of the film, causing sharp
drops in the intensity recorded at the photodetector placed behind the prism. This intensity is
plotted with respect to the prism angle where the film coupling angles depend on the thickness
and the refractive index of the film measured. As a result, each pair of modes can be used to
calculate the index and thickness. For more than two modes, the calculation is repeated with each

available pair of modes, and yields a confidence interval.
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Figure 8-1: Basics of the prism coupling technique with reflected intensity changing as a
function of laser incidence angle, reproduced from [120], also available at metricon.com

A photo of the laser beam propagating in the film is given in Figure 8-2. For films with
propagation losses less than 15-20 dB/cm, the continuous streak of light is clearly observed as
the mode travels in the slab waveguide formed by the film. This is usually easier to see for films
placed on substrates with smaller refractive indices, hence forming the slab waveguide. The

streak of scattered light can then be used to measure the propagation loss in the film. A fiber is
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mounted on a motorized stage, and is placed at normal angle to the propagating mode. This fiber
stage slowly moves in the propagation direction and records the measured intensity as a function
of position. The resulting dataset is then analyzed with an exponential fit to determine the power
loss per unit length in the slab mode. When measuring the scattered light intensity, it is crucial to
subtract any intensity from background lighting. This is achieved by adjusting the reading offset

so that the reading stays just above zero when the laser is turned off.

thigsfilm on

oxidized Si wafer

Figure 8-2: Prism coupler with a 632 nm laser beam coupled to the fundamental TE guided mode
in an Al203 thin film

Next, we look at two example measurements: In Figure 8-3, the intensity read by the moving
fiber is plotted against the propagation distance. The measured intensity and the resulting fit
follow a clear exponential decay. In this case, the propagation loss is easily and confidently

determined.
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Figure 8-3: Example prism coupling loss measurement with a clear exponential decay and a
well-matched exponential fit yielding 3.10 dB/cm loss

On the other hand, when films have very low loss (less than 0.4-0.5 dB/cm), the measured
intensity becomes much harder to interpret. In this case, most surface scatterers dominate the
intensity plot, as seen in Figure 8-4. The decaying line is masked by the peaks, and cannot be
accurately identified. Such measurements are observed for films with less than 0.1 dB/cm loss,
as most films with 0.2-0.3 dB/cm can still be characterized. When the propagation intensity data
looks like the example in Figure 8-4, one can then conclude that the loss in the film is lower than
what can be confidently characterized with this equipment. One important point here is to make
sure that the light is actually coupled into the film by turning the laser off, and making sure that

the recorded intensity goes to zero.
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Figure 8-4: Another example prism coupling measurement from a film with much lower
propagation loss. The predicted loss is less than the minimum loss of approximately 0.1 dB/cm
that can be measured with the instrument
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APPENDIX B: SPECTRAL SIMULATIONS IN
COUPLED MODE THEORY

Most designs in integrated photonics have to satisfy various bandwidth requirements around
a central operation wavelength. Typically, designers first design the structure at the desired
central wavelength using eigenmode solutions, coupled mode theory, or other semi-analytical
methods. Only then, more advanced numerical simulations such as FDTD are performed to
evaluate the response of the designed structure to a broadband pulse. Spectral bandwidth is then

determined from these FDTD simulations.

Although FDTD is extremely powerful, it can sometimes be the slowest step in the design
process. Hours and days spent waiting for simulations to finish can be used for doing more
valuable design or analysis tasks. It is therefore convenient to incorporate some wavelength-
dependent parameters into the conventional single wavelength design flow. This can be possible
if the effective index of a waveguide with a given geometry can be somehow calculated without
having to run simulations at each wavelength. The solution, although not as elegant as one might
like, lies in constructing a lookup table or an empirical description (like a polynomial fit) of the

effective index as a function of variables such as waveguide width, height, and wavelength.

Here, instead of having a variable height, this procedure is performed for two families of
waveguides. Heights of 220 nm and 380 nm were assumed for applications at telecom
wavelengths and other longer wavelength or mid-IR applications respectively. (The longer
wavelength standard is forming around 380-400 nm, so the choice here is natural.) For each
waveguide, we use Lumerical MODE Solutions to solve for the first two guided modes’ effective
indices as a function of wavelength. It is important to mention that the two modes with the
highest effective indices in both cases are the fundamental TE and TM modes, even with the

widest widths used. Each wavelength sweep is performed for the following lists of widths:
e 220 nm tall Si waveguide: A = 1.15-1.85 pum; 0.350-0.550 um widths
e 380 nm tall Si waveguide: A = 2.00-2.70 pm; 0.525-0.775 pm widths

Resulting effective indices are empirically fit using polynomials, according to the equation

n(A,w) = ng + poW + P12 + P2ow? + P11 WA + ppaA® (8.1)
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It is of course possible to use polynomials of higher order for more accurate fits. However, at

that point, it is probably more convenient to save the fit as an interpolation or a table that

MATLAB can look up from. Such a lookup table can expedite many design tasks, especially

those requiring use of waveguides with different widths, or various tolerance analyses.

For the two types of waveguides mentioned above, the coefficients are given in Table 8-1

and Table 8-2 assuming units of um for both the waveguide width and wavelength. All modes

have been solved with Lumerical’s MODE using a maximum discretization of 10 nm, and metal

boundaries.

220 nm tall waveguide

Coefficient TE Mode Value TM Mode Value

ng 3.839193677620065 | 6.158188704144765
P10 (um1) | 3.703245512405442 | 3.120885494418312
Por (um1) | -2.381885992576637 | -5.614133495493068
P20 (um2) | -5.787801833049692 | -1.433603273793527
p11 (nm1) | 2.388779048956228 | -0.726798999163976
Poz (um2) | 0.017628731650978 | 1.532487578196586

Table 8-1: Coefficients for 2" order polynomial fit to effective indices in a 220 nm-tall Si
waveguide (standard for most CMOS processes)
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380 nm tall waveguide

Coefficient TE Mode TM Mode

ng 3.278710820590256 | 5.510187085678632
P10 (um1) | 3.054300882726142 | 2.430401971164335
Po1 (um1) | -1.280236259139003 | -3.006957511123038
P20 (um2) | -3.372095445363865 | -0.826780308246657
p11 (pm1) | 1.271491011560636 | -0.295018161602444
Poz (Mm2) | -0.072941200655685 | 0.484127392526984

Table 8-2: Coefficients for 2" order polynomial fit to effective indices in a 380 nm-tall Si
waveguide (becoming more common for mid-IR or longer wavelength devices)

Similarly, it is also useful to work out the polynomial coefficients for a pair of symmetric,
coupled waveguides using the standard 220 nm and 380 nm layer heights. Here, instead of
varying the width, we change the gap between the two coupled waveguides while keeping

waveguide widths constant. The following parameters are used for the waveguide pairs:

e 220nm tall Si waveguide pair: A = 1.15-1.85 pm; 0.450 pm constant width; 0.100-
0.550 um gaps

e 380nm tall Si waveguide pair: A = 2.00-2.70 um; 0.650 um constant width; 0.200-
0.650 um gaps

Then, the following 2" order polynomial fit is applied to estimate the effective indices of the

even and odd supermodes as a function of gap and wavelength:

n(A,w) = ny + p1og + Po1d + P209% + P119A + Pp2A® (8.2)

Results are given in Table 8-3 and Table 8-4. Note that in all cases, both the even and odd

supermode are quasi-TE.
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220 nm tall waveguide pair

Coefficient Even Supermode 0dd Supermode

ng 4.241001015443410 | 4.090384350903875
P10 (um1) | 0.171067109901610 | -0.136790891383538
Po1 (um1) | -1.261774314827927 | -0.935342513928238
P20 (um2) | 0.307490203053179 | -0.132706519613238
p11 (um1) | -0.307349963814832 | 0.186199702853994
Poz (um2) | 0.059307251544209 | -0.136724393032963

Table 8-3: Coefficients for 2°¢ order polynomial fit to effective indices of even and odd
supermodes in a pair of symmetric, 220 nm-tall, 450 nm-wide Si waveguides

380 nm tall waveguide pair

Coefficient Even Supermode 0dd Supermode

ngy 3.828131260876320 | 3.563946305640901
P10 (um1) | 0.208691415497634 | -0.144695957611208
Po1 (um1) | -0.517394888415840 | -0.179699559258982
P20 (um2) | 0.287071802467296 | -0.102955784004880
P11 (um1) | -0.228846933714607 | 0.121118523414583
Poz (um2) | -0.026260171892248 | -0.148421849559391

Table 8-4: Coefficients for 2™ order polynomial fit to effective indices of even and odd
supermodes in a pair of symmetric, 380 nm-tall, 650 nm-wide Si waveguides
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APPENDIX C: DIRECTIONAL COUPLER
PARAMETER DESIGN VIA TRANSFER MATRIX

Since most couplers use some type of cosine or S-bends to bring waveguides closer and
farther, it is important to include the effects of these bends in the simulations. If neglected, the
coupling in the bends can shift responses out of specifications, especially for devices where the
required coupling is just a few percent. Given below is a generic Mathematica script that can be
used to cascade transfer matrices of the form given in equation (6.1). Here, S and M can be
cascaded as required, and the appropriate lengths for satisfying some kL product can be easily
solved. Mathematica is advantageous here in that it can multiply all the transfer matrices first,
and then solve for the required variables afterwards. This is much more difficult to do in

MATLAB and would have taken much longer due to limited symbolic capability.

Input Parameters: A (amount of power coupled in the input and output S-bends, comes from
separate FDTD simulation), Q (desired coupled power after the whole coupler with the bends

and the coupling section)

ClearAll["Global *"]

2 S-bend sections only=x
S={{ts, -I*qgs}, {-Ixqgs, ts}};
mySsol =

NSolve[Abs[S.S.{l, 0}]2={1-A, A} &&A = 0.048205 &5 qs > 0 && ts > 0 && ts > qs]
ts = ts /. mySsol[[1]];
NumberForm[ts, 12]
gs=qgs /. mySsol[[1]];
NumberForm[gs, 12]

*S-bend/coupler/S-bendx

M= {{tc, -Ixqgc}, {-I*xqgc, tc}};

myDCsol = NSolve[Abs[S.M-S.{l, 0}1%2={1-Q, Q) &&Q == l&&gc > 0 &&tc> 0]
tc = te /. myDCsol[[1]]

gc =gc /. myDCsol[[1]]

A guid +the andagla for
he angle )

myAngle = NSolQe[Cos[cﬁ] = te]
¢ =¢ /. myAngle[[2]]
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Here, tg and t. are the transmitted amplitude coefficients for the S-bends and the coupler
respectively. It is important to specify that both ts > 0 and t. > 0, and that t, > t. Otherwise,
Mathematica will output multiple solutions among which it can be difficult to identify which one

corresponds to the real physical phenomena.

After this script is evaluated, one can then check what happens in case of cascading a

number of these couplers. This can be evaluated by a few lines like

(*check 2 DCs togetherx)

S.M.S.S.M.s.{1, (;} 5

Abs[S.M.S.S.M.S.{1, 0}]?
where we cascaded two directional couplers with S bends on either side, and used only the top
port as the input. Since the matrices can be easily replaced, this script provides a convenient way
to evaluate coupler parameters. Moreover, as the amplitude coefficients are symbolically
multiplied, and only numerically solved at the final stage, the solutions are much more accurate
than what can be obtained using only numerical simulations where one would most likely have

to look for intercepts between curves.
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APPENDIX D: STANDARD OPERATION
PROCEDURE FOR KJL SPUTTER TOOL

Given below is the standard procedure to start a deposition on the KJL sputter tool. This

should be used as a first reference when interacting with the tool:

1.
2.

Clean the samples using IPA and acetone.
Fix samples on the back of a blank Si wafer using the silver paste. Only use a small
amount of paste. Do not press the samples all the way since they will be impossible to

detach afterwards.

3. Bake on the hotplate at 250C for 2 hours.

10.

11.
12.
13.
14.

15.
16.

Vent the loadlock using the “Vent LL” button.

Physically load the samples, i.e. place the wafer upside down inside the wafer holder in
the loadlock.

Close the loadlock cover and use “Pump LL” to pump the loadlock.

Once the pressure reaches below le-5 in the loadlock, use “Load Samples” to transfer the
wafer from the loaclock into the process chamber.

Make sure the turbo pump speed setpoint is at 100 %, and the gate valve is open.

Engage “PC Turbo High Vac Throttle”. This partially closes the gate valve and allows for
much easier pressure control.

Start substrate rotation by clicking “Drive Motor Continuous Fwd” button in the “Platen
Motion” tab.

Start the substrate heater by turning on the On/Off switch in the Heating tab.

Give the desired setpoint in the “SP deg C” field.

Start the temperature ramp by clicking “Auto” next to the substrate heater on/off switch.
Wait for the temperature to reach the desired value. This will take 10C/min, as set by the
ramp rate.

You may reduce the temperature ramp rate as desired, but 10C/min is max.

Outgas at the deposition temperature for 2 hours by simply waiting with the substrate
rotation turned on. This will reduce the pressure in the chamber and eliminate potential

contaminant gases introduced by loading a new set of samples.
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17.
18.
19.

20.
21.
22.

23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
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Open all gas valves: “Source 3 Gas”, “MFC1 Iso valve”, and “MFC2 Iso valve”.

Open “Gas Injection” valve.

Make sure the “Ion Source Program Number” is set to 2 in the deposition tab. This is the
idle setting with minimum flow (0.1 sccm).

Turn on “Ion Source Power Supply”

Set Ion Source Program Number to 3 (this gives 10 sccm)

More Ar flow is required: Set the Capman pressure setpoint to 11 mT, and the MFC1
flow mode to 4. This will introduce Ar gas and keep the pressure at the setpoint.

Ar flow should stabilize to around 65 sccm.

Wait for the pressure to stabilize in the chamber (~1 min).

Open the cover, and check behind the monitor to make sure all power supplies and
matching networks are turned on.

For Al, set Power Supply 2 setpoint as 50 W, but do not turn it on yet.

Open Shutter 2 before attempting to start plasma.

Turn on Power Supply 2, and watch the forward power go up to ~50 W.

Reflected power should be 0 or 1 W.

DC bias should be around 45 V.

If plasma doesn’t start, turn off the power supply, and repeat the last 6 steps.

Start plasma on any other gun using the same procedure.

Switch to the deposition pressure by changing Capman pressure setpoint to 5 mT.

Wait for the pressure to stabilize.

Ramp the power supplies one by one to the desired power: Click “Ramp”. Set 5 or
10 V/s, and then give it a new setpoint. The gun will ramp to the setpoint with the
specified rate. After the ramp is complete, the “Ramp” field will go to zero.

Presputter for 5 min on the back of the substrate shutter.

Set the reactive gas flow using MFC2 setpoint. If this is the first time determining the
proper reactive gas flow rate, start around 0.5 sccm. Go up in increments of 0.1 or
0.2 sccm, and observe the bias voltage on the target for 1-2 min. It is important to wait
this amount of time because the bias usually doesn’t immediately drop. So if the reactive
gas flow is just slightly over the “knee”, it might drop the bias 10 min into deposition,

and it is important to know that before starting the run.
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39.

40.

41.
42.
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Adjust the reactive gas flow during deposition if necessary to keep the target voltage bias
at the “knee” point.

Open the substrate shutter to start deposition. The target shutters should already be open
at this point, since you don’t close them after igniting plasma.

Wait for amount of time required for the deposition to complete.

Close the substrate shutter.

Traverse through the rest of the steps in the reverse order to finish deposition.
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