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Abstract

The field of integrated photonics has already revolutionized optical communications
and is making rapid advances in signal processing, light detection and ranging, op-
tical sensing, bio-medical diagnostics and imaging, and military-related applications.
Large and complex radio-frequency and optical systems could be potentially replaced
with compact, power-efficient, alignment-free, cost-effectively mass-produced inte-
grated photonics components. An on-chip high repetition-rate mode-locked laser is a
key enabler of many integrated photonics applications, such as all-optical sampling,
on-chip frequency combs, low phase noise microwave oscillators, photonic ADCs and
others. First-ever fully-integrated on-chip mode-locked lasers are demonstrated in
this work, fabricated using a CMOS-compatible process. The lasers have no off-chip
elements other than the pump laser, which could be easily co-packaged. 1900nm
and 1550nm lasers are designed, fabricated and characterized. For 1900nm central
wavelength lasers, several different laser configurations are demonstrated, with rep-
etition rates of 690MHz and 1.2GHz. Q-switched, Q-switch-mode-locked, and CW
mode-locked laser operation was demonstrated, with the shortest pulse durations of
250fs. The smallest foot-print of one laser is 23.6mm x0.78mm x0.6mm. In addition,
first-ever fully-on-chip CMOS-compatible mode-locking element based on Kerr non-
linearity is demonstrated for 1550nm and 1900nm laser wavelengths. Demonstrated
modulation depths for 1900nm and 1550nm mode-locking devices are 9% and 2.5%
respectively. The work in this thesis presents the first-ever demonstration of fully-on-
chip CMOS compatible mode-locking device, as well as first-ever CMOS-compatible
mode-locked lasers with no off-chip components.
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Title: Elihu Thomson Professor of Electrical Engineering
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Chapter 1

Introduction

This thesis focuses on the design and development of integrated mode-locked lasers
centered at 1550nm, and 1900nm and fabricated using a CMOS-compatible process.
It therefore combines two major photonic fields of study - a mature field of ultrafast
mode-locked lasers and the relatively new field of integrated photonics. There are
specific and well-known challenges associated with the mode-locked lasers design and
development and very different challenges associated with the integrated photonics
components. Yet, the development of on-chip high repetition rate mode-locked lasers
bring its own, new and unique set of challenges, which we carefully address in this
work.

This thesis is organized as follows: first, we introduce high repetition rate mode-
locked lasers and their applications. Next, we discuss integrated silicon photonics,
with its advantages, recent innovations, and potential applications. In Sections (1.3
and we introduce two major DARPA programs that have motivated and spon-
sored the work on developing integrated mode-locked lasers presented in this thesis;
we present relevant goals, possible applications, and the unique approach adopted by
the MIT team to address silicon photonics tasks in those programs. Chapter [2| pro-
vides detailed design of the first on-chip CMOS-compatible saturable absorber - the
key missing element in many integrated approaches to mode-locked laser implementa-
tion. Chapter [3| details the development of the on-chip mode-locked laser at 1900nm,

including component and system design, numerical pulse propagation simulations,
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and characterization results. Chapter |4 provides development and characterization

of the on-chip mode-locked laser at 1550nm.

1.1 High repetition rate mode-locked lasers

Mode-locked (or short-pulse operation) lasers have revolutionized the fields of fre-
quency and time-resolved spectroscopy and metrology, medical diagnostics, optical
communications, material processing, and many others. The theory and physics be-
hind mode-locked lasers is well established, and has been presented, with elaborating
details, elsewhere [7,[8,[9]. The work in this thesis, however, focuses on high repetition
rate mode-locked lasers, where the radio frequency (RF) repetition rate ranges from
200MHz to 10 or more GHz. Such high repetition rate mode-locked lasers are more
challenging to design, but they offer unique advantages to the series of applications
such as photonic Analog-to-Digital Converters, astro-combs, optical arbitrary wave-
form generation, and low noise microwave synthesis. Those applications are briefly
described below.

Photonic Analog-to-Digital Converters(ADC) rely on high repetition rate short
pulse duration mode-locked lasers, with subsequent optical sampling of a voltage
signal to be digitized. Aperture jitter in electronic ADCs remains the main limitation
of going to higher effective number of bits at high frequencies [10]. Photonic ADCs
offer a solution to this aperture jitter bottleneck, by taking advantage of the low
timing jitter of a mode-locked laser pulse train. Timing jitter of the mode-locked
lasers is proportional to the pulse duration, and inversely proportional to the square
root of the pulse energy. Therefore, high power and short pulse duration mode-
locked lasers (MLLs) could have extremely low timing jitter (on the order a few
femtoseconds [11]). Together with high frequency operation, this provides several
orders of magnitude improvement over equivalent frequency electronic ADCs [12].

Optical arbitrary waveform generation (OAWG) promises a number of interesting
applications, such as coherent control over quantum mechanical processes, commu-

nications at terabit-per-second using a single light source, and Light, Detection and
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Ranging (LIDAR) systems with under 5nm ranging precision, with a significantly im-
proved resolution and faster update compared with CW-laser-based frequency-swept
LIDAR[13, 14, 15]. Because in true OAWG system the spectrum must be manipu-
lated with a resolution equal to the pulsed source laser repetition frequency, higher
repetition rates are much more practical to work with (1-10GHz) [16]. Therefore, high

repetition rate mode-locked lasers are excellent choices for robust OAWG systems.

Astro-combs are another application of high repetition rate MLLs. In this case,
a stable laser frequency comb is used as a precise frequency reference to calibrate a
high resolution astrophysical spectrograph. The spectrograph helps detect Earth-like
exoplanets, by measuring exoplanet-induced Doppler shift on stellar radial velocity,
which must be done with a precision of 2cm s™! [I7]. The comb spacing must corre-
spond to the resolving power of the spectrograph, which typically maps to a ~10GHz
comb repetition rate. Such repetition rates are usually hard to achieve for MLLs;
therefore, a source-comb at about 1GHz is used, and its repetition rate is multiplied
by, for example, an external Fabry-Perot etalon, to a required 10GHz optical mode

spacing [1§].

Finally, high repetition rate mode-locked lasers could be used for low noise mi-
crowave and optical signals synthesis, which implies numerous applications. Very
stable microwave and optical signals could be created by stabilizing and referencing
an optical comb to an external stable oscillator. While a stabilized comb already has
low timing jitter, locking it to a separate ultra-stable reference produces an ultra-low-
noise signal. Separately, an optical signal could have extremely low noise relative
to a given RF oscillator source. The applications of such stabilized RF and optical
sources include ultra-high-speed communications, high resolution signal processing
applications such as radar, and many other RF applications requiring a stable clock
or a local reference. Sections and explore those applications in details, and

motivate the mode-locked laser developments presented in this thesis.
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1.2 CMOS-Compatible Silicon Photonics

Integrated photonics is a field of engineering optical/photonic devices on a small
substrate, with feature dimensions usually on the order of microns. With integrated
photonics, it is possible to shrink otherwise large optical components to the ones with
very small shape factors, similarly to replacing vacuum tube transistors with printed
p-n junction ones on a silicon chip. The field is thus well-positioned to revolutionize
RF and optical systems, by replacing large systems with very compact, low power

consumption equivalents.

1.2.1 Advantages/challenges of using silicon

Silicon photonics refers to fabricating optical devices on silicon chips, usually using
silicon-on-insulator (SOI) wafers as a starting point [19, 20]. Such devices frequently
operate around the optical communications C-band wavelength range (1530-1565nm,
corresponding to the lowest point of silica fiber absorption), in order to be com-
patible with telecommunication standards. Using SOI wafers for integrated devices
has many unique challenges and advantages. Silicon has a high linear refractive in-
dex (~3.5 at 1550nm), compared with a low index of surrounding SiOs(~1.45 at
1550nm). This allows for high-index-contrast devices, which allow very compact size
waveguides and waveguide bends. In addition, silicon has very high nonlinear refrac-
tive index (=~ 5 x 107! ¢cm? /W at 1550nm [21]). This, coupled with highly confined
small dimension waveguides allows for effective nonlinearities to be very large, thus
enabling numerous nonlinear optical applications (for example, frequency conversion
and supercontinuum generation). Strong free-carrier absorption in silicon inhibits
certain optical devices, but allows the implementation of plasma-dispersion-based
modulators. One of the main drawbacks of using silicon for integrated photonics is
the challenge of making a silicon laser. Many semiconductor laser diodes use tra-
ditional direct bandgap materials, while silicon has an indirect electronic bandgap.
Together with a strong free-carrier absorption, this makes using silicon itself as a

primary lasing material very challenging. While a few approaches have been tried to

28



make a laser directly using silicon (such as using quantum confinement in order to
relax momentum conservation requirement, silicon Raman gain, and Erbium doping),
other hybrid approaches, which rely on heterogeneous integration of a different gain
material on SOI wafers, are becoming much more popular. A major, key advantage
of using silicon photonics over other integrated photonics platforms is being able to

use semiconductor foundries to mass-produce the devices.

1.2.2 Advantages of a CMOS-compatible process

The complimentary metal-oxide-semiconductor (CMOS) process is used for integrated
circuits fabrication for most microprocessors, microcontrollers, and many RF devices
employed by the electronics industry [22, 23, 24]. Consequently, this technology is
very mature, and numerous resources have been invested to make the process reli-
able, scalable, and very cost-effective. Being able to leverage this mature process for
integrated photonics devices is an instant advantage for mass-producible, repeatable,
and cost-effective silicon photonics devices. Alternative approaches include layer-
by-layer integrated device fabrication in small individual research facilities, or using
other integrated photonics platforms, such as, for example, Indium-Phosphide(InP)
or Gallium-Arsenide(GaAs)-based photonics [25]. Although in-house fabrication of
integrated photonic devices offers a great research tool for a proof-of-concept phe-
nomena and novel materials investigation [26], 27, 28], and InP-based devices offer
direct laser integration, they do not offer existing scalable mass-production pathways
of electronics and photonics integrated together. Therefore, CMOS-compatible silicon
photonics are uniquely positioned for potential commercial applications. Moreover,
one can combine CMOS electronics, such as logic, imaging, RF components and oth-
ers, directly with silicon photonics fabricated using a CMOS-compatible process, using
one of many wafer-bonding techniques (or using a so-called “zero change” approach,
where no 3D integration is needed [29]). This allows for numerous fully integrated
electronic-photonic systems and allows for potentially miniaturizing a vast variety of
devices for applications such as radar, LIDAR, optical imaging systems (for example,

Optical Coherence Tomography(OCT)), ADCs, and many others.
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The unique challenges in designing photonic components for a CMOS-compatible
process include restrictions on layer dimensions, fixed and fabrication-specific toler-
ances, fixed set of materials available (with corresponding optical losses and refrac-
tive indices), required pattern densities, constrained layer placements, and numerous
other integration restrictions. Therefore, for all the benefits of the state-of-the-art

fabrication process, one gives up design flexibility.

1.2.3 Recent Advances in Silicon Photonics

Over the last decade, numerous silicon photonics integrated devices have been demon-
strated. This include low loss optical waveguides, high-Q resonator filters, modula-
tors, detectors, photonic transmitters and receivers [30], 31, 32} 33], 34, [35]. Traditional
applications are transceivers for optical communications and optical interconnects - in-
tegrated sub-systems that focus on on-chip photonic communication between the cores
of a multi-core processors, and chip-to-chip processor-to-memory links [36], 37, 38].
Recent advances include a path towards many-core processor-to-DRAM networks,
where optical transceivers are used for cross-chip communication between the cores
and dynamic random access memory(DRAM) modules through an on-chip global
switch network [39]. This allows a large number of processor cores to communicate
and access DRAM modules with sufficient bandwidth and power consumption, be-
cause photonic channels in this case are much more energy-efficient than electric ones.
Another team has demonstrated an actual chip, fabricated using commercial 45nm
CMOS process, that combines electronics and photonics in one seamless platform [29].
The chip includes an electronic micro-processor and a 1 MB memory bank that com-
municate with each other and with other components directly using silicon photonics
fabricated on the same chip/platform. The chip contains over 70 million transistors
and over 850 photonic components and employs a design where photonic devices are
fabricated in a silicon layer that is a part of a standard CMOS process (therefore, no
need for 3D electronic-photonic integration).

A new, recent, demonstration of a novel silicon photonics sub-system is a two-

dimensional nanophotonic phased array. The team at MIT has demonstrated an
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array of 64x64 nanoantennas, with the ability to balance power and phase of each
element, in order to precisely manipulate the far field pattern. The phased array has
a footprint of 576pm x 576um, and operates at 1550nm [40]. In a separate work, the
team has also demonstrated dynamic far-field beam shaping and steering [41]. Such a
device has numerous potential applications, such as LIDAR, biomedical devices, and

3D holography.

1.2.4 US Government Silicon Photonics Strategic Initiatives

In the United States, the Defense Advanced Research Project Agency(DARPA) has
been supporting integrated silicon photonics efforts with strategic programs aimed at
gradually maturing this technology platform [42]. In 2005, the Electronic-Photonic
Integrated Circuits (EPIC) program was launched to demonstrate a suite of high
performance individual integrated components such as detectors, modulators, high-Q
wavelength division multiplexing filters, and efficient on/off chip couplers [43] 44].
The EPIC effort also went beyond from individual high performance components to
demonstrate integrated photonic sub-systems such as on-chip analog-to-digital con-
verters (ADC) and fast photonic transceivers. The program was able to successfully
mature several silicon photonics technologies in both academic and industrial set-
tings. Next, DARPA’s Photonically Optimized Embedded Microprocessors(POEM)
program was launched to push towards photonic microprocessor-to-memory commu-
nication [45] and has so far resulted in two successful demonstrations, both fabricated
using 45nm CMOS platforms. In the first demonstration, the Oracle team has pro-
duced a 6-channel link with a bit rate of 48 Gb/s which ran at 1.95pJ/bit [46]. In
the second demonstration, a multi-university team has demonstrated a link with 5
Gb/s bandwidth at 1.3pJ/bit (described in the previous subsection) [29]. Commercial
photonic transceivers became a realistic application that was further picked up and
funded by the industry [34].

The next strategic DARPA move was to fund further silicon photonics sub-systems
that were not picked up by the industry yet but could have large potential impact

in both defense and non-defense-related applications. The agency focused on the re-
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maining problems of heterogenous integration of a light source onto a photonic chip,
3D integration of electronic CMOS with CMOS-compatible silicon photonics, and
applications that center around mode-locked lasers and their stabilization, to enable
an on-chip low-noise microwave oscillator. The Electronic-Photonic Heterogeneous
Integration(EPHI) program, and a subsequent Direct-On-chip Digital Optical Syn-
thesizer (DODOS) program were launched in order to facilitate this effort. These two
programs funded and motivated most of the work presented in this thesis, therefore,

we describe them in more detail in Sections [1.3] and [T.4l

Building on the continuing success of DARPA-funded advances in integrated pho-
tonics, the US Department of Defence announced a competition for over $100 million
in federal funding, to create a new Integrated Photonics Institute for Manufactur-
ing Innovation(IP-IMI) [47]. The institute’s goal is to create an end-to-end photonic
ecosystem in the US, in order to lower the cost of entry barrier to integrated silicon
photonics for US-based companies. The State University of New York (SUNY), part-
nering with numerous other institutions (including MIT), submitted a proposal called
American Institute for Manufacturing(AIM) Photonics that was selected to receive
the funding and to run IP-IMI. AIM Photonics currently has over 70 members, and has
a goal of streamlining the entire integrated photonics process - the steps and services
provided include design, layout, fabrication, packaging, and testing/characterization,
all assuming multi-project wafer(MPW) service, and multiple options for each service
provided [48]. The benefit of multi-project wafer service is splitting a large silicon
wafer between the customers, so that each customer gets some fraction of the wafer.
This significantly reduces the barrier to silicon photonics business entry and should
allow numerous companies to launch their silicon photonics projects. A complete
process design kit has been created for numerous multi-layer active and passive com-
ponents that are now standardized and well-characterized. This allows the users to
quickly create desired sub-systems in a plug-and-play type environment. AIM Pho-
tonics should revolutionize and catalyze integrated photonics industry in the US by
reducing numerous entry barriers and therefore enable many US companies to enter

integrated photonic business in the US using US facilities.
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1.3 Electronic-Photonic Heterogeneous Integration

Program

Numerous integrated photonics components have been fabricated using several ex-
isting fabrication platforms over the last decade. Such components include low loss
waveguides, high speed modulators, splitters, filters, detectors, interferometers, light
sources, and many more complicated optical sub-systems. SOI wafers were able to
deliver many of those components but were unable to also have an integrated light
source as an integral part of such sub-circuits. Having a light source integrated on a
silicon chip, and the ability to co-integrate photonics and electronics, opens the door
to many larger, new integrated photonic sub-systems. In particular, on-chip mode-
locked lasers could be developed and on-chip control loops with nanosecond response
time could be used to stabilize such on-chip MLLs, enabling the integrated optics
version of a low noise microwave oscillator.

A low noise RF oscillator, a system of a particular interest to DARPA for numer-
ous applications such as high speed communications, imaging, clocks, remote sensing,
and many others has been demonstrated by, among other methods, extracting an RF
signal from an optical comb laser source [49] 50 5I]. Various laser comb sources
(more recently fiber-based) and various feedback/stabilization techniques have been
demonstrated. However, most such low-noise microwave oscillators have been done
using a scheme that included a separate optical frequency comb source (fiber or solid-
state based) with conventional optomechanical/fiber components and all the stabi-
lization/control loops implemented using traditional microwave components. Such

systems are bulky, expensive, and alignment sensitive.

1.3.1 EPHI: Goals/Objectives

DARPA’s Electronic-Photonic Heterogeneous Integration (EPHI) program was initi-
ated to come up with a reliable process to heterogeneously integrate the light source

directly on SOI chip [4], to develop a platform for 3D CMOS electronic-photonic
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integration scheme, and to develop a fully-on-chip low noise microwave oscillator [42].

Key deliverables of the EPHI program are the overall integration scheme and the

three demonstrations of fully-on-chip microsystems/components:

1. Continuous Wave Laser Source

2. Pulsed Laser Source

3. Low Noise RF Source

Required specifications of those components are listed in Table[I.1} The ideal outcome

of the program would be a realization of all three demonstrations with electronics and

photonics 3D-integrated on one chip, all the light sources integrated directly on the

same chip, and a full system having low footprint and low electric power consumption.

Component Specification Type Specification Value

Wavelength range
Output power

CW Laser Source RIN

1-2pum
> 20mW
< -165dB/Hz @ 10kHz

Frequency noise

<100 Hz?/Hz @ 100Hz offset
<10 Hz*/Hz @ 1kHz offset
<1 Hz*/Hz @ 10kHz offset

Wavelength range
Peak power
Repetition rate
Absolute jitter

Pulsed Laser Source

1-2pm

>200mW

20 GHz

< 10 fs (integrated 1 Hz to 10GHz)

Output frequency
RF output power

20 GHz
> 20mW

RF Oscillator
Phase noise

-104dBc/Hz @ 1 Hz offset
-124dBc/Hz @ 10 Hz offset
-144dBc/Hz @ 100 Hz offset
-161dBc/Hz @ 1 kHz offset
-161dBc/Hz @ 10 kHz offset

Table 1.1: DARPA EPHI program specifications. Full list of specifications can be

found in [4].

A straightforward (though challenging to implement in practice) solution to the

light source integration is some form of III-V source bonding to SOI chip. Such an ap-
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proach has been pursued, with various degrees of success, by several large institutions
and companies, with detailed results discussed in [52, 53, [54].

3D Electronic-Photonic integration has several potential approaches. While di-
rect co-fabrication of CMOS electronics and photonics is possible, it presents certain
difficulties and limitations because an optimized electronics CMOS process is not al-
ways best for integrated photonics requirements. A better approach is to wafer-bond
CMOS wafers, which are optimized for CMOS electronics, with CMOS-compatible
photonics wafers optimized for photonics. Previously proposed approaches for wafer-
bonding include the so-called flip-chip technology based on either microbumps or
through-Silicon vias (TSVs). Both techniques have been successfully demonstrated,

but they are currently limited by large parasitic capacitance [55, [56].

1.3.2 EPHI: MIT Approach

MIT’s EPHI approach relies on a silicon photonics fabrication platform using back-
end-deposited rare-earth-doped glass as a gain material, with 3D integration using
through-oxide vias to connect CMOS and photonic layers. Low noise microwave
signal generation would be demonstrated using optical frequency division by locking
an on-chip mode-locked laser at 1550nm to a stabilized CW laser fabricated on the
same chip.

For this program, MIT has partnered with College of Nanoscale Science and En-
gineering (CNSE) in Albany, for CMOS electronics/photonics fabrication and with
UC Berkeley for CMOS development.

MIT’s RF oscillator approach is based on RF signal extraction from an integrated
mode-locked laser, where the output of the mode-locked laser is locked to a separate
CW laser, fabricated on the same platform. Because a major part of this thesis
focuses on mode-locked laser development for this EPHI RF oscillator, we describe
this approach in details. Low phase noise and low timing jitter microwave signals
have been extracted from MLLs in the past, with solid state or fiber-based lasers
used as a comb source; frequently, an ultra-stable oscillator was used as a reference

for the system [49, [50]. MIT’s approach allows to significantly reduce the footprint,
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eliminate alignment issues and reduce power requirements to the system by making

all components fully integrated on chip. Full architecture of our oscillator is shown
in Figure [I-1]

Mode-Locked Laser

®, 0,0, O ®, O, O

Poth.d

High-Speed Loop

Low-Speed
Loop

Tz
(0

| 1 _>=<®F outpu
CW Laser Pound-Drever-Hall

Master Oscillator Lock to Passive Cavity | Frequency Divider Loop / SSB

Figure 1-1: MIT EPHI RF oscillator architecture.

The oscillator consists of the three main sub-systems that have been proposed to
meet the goals stated in the DARPA EPHI BAA as presented in Table Each
component, with designed specifications as proposed by MIT team, is illustrated in

Figure [I-1] and described below:

1. Erbium-ytterbium integrated CW laser. Fiber-based Erbium-ytterbium
lasers have been demonstrated with exceptional linewidths [57], and thus with
relatively low frequency noise. Theoretically, the frequency noise of a nar-
row linewidth CW laser should be limited by the Schawlow-Townes limit [58].
However, in practice, thermal and spontaneous emission-based noise sources
make it difficult to directly achieve the Schawlow-Townes limit. Locking a
CW laser master oscillator to a thermally stable passive cavity (for example,
an integrated athermal microring resonator) using a standard Pound-Drever-
Hall(PDH) [59] 60] loop allows to correct for most of the noise sources and to
significantly reduce the phase noise [61]. Therefore, a PDH-stabilized Erbium-
Ytterbium-based integrated CW laser on chip can serve as a master oscillator

for the final EPHI synthesizer.
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2. Erbium-based integrated mode-locked laser. To do optical frequency
division, we propose an integrated on-chip Erbium-based mode-locked laser,
stabilized to the CW Master Oscillator described above. Detailed design and
development of this laser are presented in Chapter [} Timing jitter, and thus
corresponding phase noise, of the free-running mode-locked laser are propor-
tional to the pulse duration, and inversely proportional to the pulse energy.
Thus, the shorter the pulses the lower the timing jitter. For free running MLLs,
the typical measured timing jitter is on the order of a few picoseconds. To
significantly reduce this number, the MLL is locked to the stabilized CW laser.
This allows to transfer the low phase noise of the CW laser directly to the MLL
lines. The locking is accomplished by beating the CW laser and one line of the
MLL on a balanced photodiode, and using the output to control the repetition
rate of the laser (with either the piezo that holds saturable absorber or inte-
grated heater within the laser cavity). At this point, the stabilized mode-locked
laser should have a phase noise that exceeds specifications in Table

3. Integrated Single-Sideband Modulator (SSB) (optional). The final,
optional, step in the oscillator demonstration has been proposed in order to
potentially increase the microwave output of the stabilized MLL in step 2).
The idea is to use the MLL for its low noise and high repetition rate speci-
fications but to also utilize the remaining power in our integrated CW laser
to increase the magnitude of the resulting RF signal. This is accomplished
by using an integrated SSB with which the CW laser is frequency-shifted by
the value specified by a selected MLL line (for example, for a 1GHz MLL, the
20GHz RF beat would be fed to the SSB, to frequency-shift the CW laser by
20GHz). This frequency-shifted output of the SSB (at f.,,+20GHz) is combined
with the original CW laser (at f.,) on a balanced photodetector. The output
of this photodetector is the difference between the two incident frequencies:
foutpur=1cw +20GHz - 1.,,=20GHz. Thus, the final microwave output would be

at 20GHz (used here as an example - this could be any desired harmonic of
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MLL repetition rate). The heterodyne gain of the balanced detector, provided
by CW laser, allows for higher amplitude final RF output, preserving the low
phase noise obtained from locking the MLL to a stabilized CW laser.

1.3.3 EPHI: Photonics Integration Approach

Fabrication for the EPHI program is done at the College of Nanoscale Science and
Engineering (CNSE) in Albany, NY, on a 65nm CMOS-compatible 300mm wafer
platform. CMOS and Photonics wafers are optimized individually, and 3D-integrated
as a last fabrication step. The photonics layer stack is shown in Figure [1-2] and
includes two silicon nitride layers, a silicon waveguide layer with optional ridge (with
dopants where necessary), germanium photodetectors, a metal layer, and metal pads.
Active devices, such as modulators, are done in silicon, while passive waveguides for
the MLL and most CW lasers are fabricated using silicon nitride layers. A 70um-wide
trench is etched over the mode-locked laser gain region (labeled as “TR” in Figure
, in order to confine the gain material close to the FN layer and thus confine the
optical mode in Al,Os:Er**, but have it be “anchored” to the structure by silicon
nitride. The thicknesses of each SizN, layer are 200nm, and the thickness of silicon

is 220nm, as provided by standard SOI wafers, with an optional 100nm ridge.

Er DT - detector layer
/ FN -“first” nitride
SN -“second” nitride
Er - Erbium-doped glass
R Si -silicon
SiR - silicon ridge
TR - trench etch
M, M, M1 - metal 1
VIA - metal via
MP - metal pad

TN el CT - contact layer

cT
-si
-5i0,
-ErP*ALO,

-SiN,

- Metal 1

sio,
- Metal 2

Substrate -Ge

Figure 1-2: MIT EPHI photonics layer stack (not to scale).
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MIT’s proposed 3D integration scheme, illustrated in Figure relies on through-
oxide vias (TOVs), where the photonic and CMOS wafers are bonded prior to dicing,
using an intermediate oxide layer. The silicon handle of the photonics wafer is then
removed, and vias are drilled through the oxide layers only. This approach has resulted
in parasitic capacitance of 1.45 fF, an over of magnitude improvement over the TSV

process [62, [63]. Moreover, the process is wafer-scale, and has an almost 100% yield.

1. Start with CMOS-compatible photonics 2. Flip photonics wafer upside down; align 3. Bond two wafers using a layer of silicon
wafer, and CMOS electronics wafer CMOS and photonics wafers dioxide

Photonlcs wafer Pholomcs wafer

so, Photomcs wafer | | i l | i ‘

ITII- ITIl= ITII=

.

4. Remove silicon handle from the
photonics wafer; etch gain material trench

6. Deposit gain material layer 5. Drill holes through oxide, fabricate
TOVs and top contact pads

— (|
— —
mtegrated h
wafer
|

ITII I II ITII

=)

Figure 1-3: MIT/CNSE 3D integration approach, developed during EPHI program.

The photonics layout is done in Cadence Virtuoso using the SKILL Code interface,
where components are laid out using in-house developed parametrized cells (p-cells).
Smaller p-cells are combined into p-cells for larger sub-systems, which allows for
efficient layout manipulation. Moreover, CMOS and photonics layers use the same
Cadence environment, allowing one a complete flexibility to design 3D-integrated

structures. Design-rule-checking (DRC) for each layer and structure are implemented.
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Together, photonic simulations, layout p-cells, and corresponding DRCs constitute
the so-called Process-Design Kit (PDK), which allows for a plug-and-play photonics
design environment.

The MIT gain material for the 1550nm CW and MLL lasing wavelength is rare-
earth-doped Aluminum Oxide Glass (AlyO3), that has been previously demonstrated
as an excellent platform for low-loss optical gain media [64] [65]. For optical C-band
lasing, Erbium ions are used as dopants in Al;O3, producing a material with up to
1dB/cm small signal optical gain. AlyOs:Er*Tis deposited in one step using back-
end-of-the line RF sputtering process, over the entire chip. The depositions are done
at MIT’s Microsystems Technology Laboratories(MTL) using commercial sputterer
system. The gain material is currently pumped optically, but the pump diode could
be eventually co-integrated on the same chip. This approach allows for both CW laser
source and mode-locked laser to be implemented using the same gain platform and
in fact the same gain film, because the film is deposited as a blanket over the entire
chip. For the 3D integration scheme, once photonics and electronics are bonded,
depositing gain material is the last step; however, care should be taken in order to
use deposition process where the temperature in sputtering chamber does not melt
underlying metals in CMOS and photonics parts of the wafer. To this end, MIT
has demonstrated a low temperature and high optical quality Al,O3:Er3*process [66].
Further specific details on gain material fabrication, spectroscopic parameters, and

performance in integrated lasers can be found in Chapter [4] and also in [67, 68].

1.3.4 EPHI: Progress/Outcomes To-Date

As of Spring 2017, the EPHI effort has been in full implementation at MIT for over
4 years. The program has produced many novel break-through demonstrations, both
in integration/fabrication techniques and in novel silicon photonics devices/systems
demonstrations. We highlight a few of those accomplishments here.

3D CMOS/photonics wafer-scale integration [62], discussed in Section is
a major accomplishment with large implications for integrated photonics industry.

Other fabrication platform accomplishments include CW DFB and DBR lasers, based
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on a segmented SizN, waveguide architecture. Low temperature(250°C) deposition
of high optical quality Al,O3:Er®* was demonstrated for the first time, allowing for
safe co-integration of AlyOs-based gain media devices (CW and MLL lasers, ampli-
fiers) with CMOS and metal layers [69]. Zero thermo-optic shift resonators have
been demonstrated on the EPHI platform by using negative thermo-optic coefficient

amorphous TiO, as a cladding for positive thermo-optic coefficient SizN, [70].

Integrated mode-locked lasers have been developed and Q-switched and Q-switch-
mode-locked operation has been demonstrated at 1550nm [71], with over 10mW of
CW power on-chip and with Q-switching rates from 200kHz to 2MHz (see Chapter

for detailed development).

For the final oscillator demonstration, an extensive fiber-based oscillator testbed
has been implemented with commercial-off-the-shelf components as well as home-built
fiber lasers, to mimic our future integrated oscillator and to model and study the phase
noise in such systems [72]. The main difficulty was the inability to implement the 1{-2f
interferometry for f.., stabilization using the SOI platform. Therefore, a synchronous
pump modulation scheme was implemented to stabilize f.., instead, in experimental
testbed. This scheme was successful in achieving very low phase noise for home-built
stretched pulse fiber lasers, but fell short of required specifications (Table for

soliton fiber-lasers, indicating additional noise sources in those systems.

Full photonic transceivers on-chip have been demonstrated using the MIT EPHI
platform, operating at 6Gb/s, with a receiver consuming 460fJ /bit and a transmit-
ter consuming 100fJ/bit [73]. CMOS-compatible whispering gallery germanium-on-
silicon photodetectors have been demonstrated, with 32GHz bandwidth, 1.04A/W

responsivity, and low dark current [74].

Perhaps one of the key achievements of MIT EPHI effort to date is integrated
nanophotonic phased arrays. MIT’s Photonic Microsystems Group has developed a
technology which consist of 2D arrays of vertically emitting optical nano-antennae,
with ability to balance optical power and phase in each component. This allowed for
a complete control over the far-field pattern and 51° degrees of steering at 100kHz for

the devices centered in the telecom C-band [40, [75]. Applications of this technology
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include free space communications and LIDAR. Additionally, the team has recently
demonstrated visible-wavelength (A\g=635nm) phased array operation [76] with direct

applications to 3D holography.

1.4 Direct-on-Chip Digital Optical Synthesizer

Optical frequency combs have been demonstrated in the 1980s [77, 78], and have
since enabled numerous interesting applications (see Section , one of those being
a synthesis of optical frequencies with high precision, followed by ultra-stable optical
clocks. However, such systems are laboratory-scale, require numerous components
that need precise alignment, and numerous expensive equipment pieces. This limits
their potential applications in the field. To address those challenges, in April of 2014,
DARPA solicited for proposals to create an optical frequency synthesizer, referenced

to an external 10MHz oscillator.

1.4.1 DODOS: Goals/Objectives

DARPA’s Direct-on-Chip Digital Optical Synthesizer (DODOS) program was launched
to produce an optical ultra-stable frequency line, in the communications C-band, and
reference it to an external 10MHz clock [5]. Major requirements of the program
are listed in Table [I.2] and emphasize outstanding relative stability to the reference
clock, precise tunability, under lecm?® volume, and under 1W total electrical power
consumption.

With such aggressive size, and power requirements, integrated photonics with
CMOS control electronics is the only realistic approach to demonstrate the final
synthesizer. Therefore, the goal of the program is to leverage integrated photonics
knowledge to miniaturize a known large physical system, keeping specifications very
tight and drastically reducing the size. The program is structured in 3 Phases. Phase |
demonstration should include photonics components only, with each major component
working according to desired specifications independently, along with a full synthesizer

demonstration that should include several photonic chips connected together with free
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Metric Goal

Tuning Resolution <1 Hz

Relative Stability <1078 /7, for T € {1s,10°s}
Central Output wavelength 1550nm

Output Wavelength Tuning Range + 25nm

Input Reference Frequency 10MHz
Frequency Switching/Settling Time Lus

Volume lem?

Power Consumption <1W
Operating Temperature Range 0° to 50°C

Table 1.2: DARPA DODOS program specifications. A complete list of specifications
can be found in [5].

space optics / fibers / optical amplifiers, and bench-top control electronics. Phase
IT should demonstrate all integrated photonics components connected and working
together on the same chip (co-integration), and bench-top electronics. Phase III
demonstration should include the full photonics part of the synthesizer and CMOS

control electronics integrated together.

1.4.2 DODOS: MIT Approach

The proposed solution, from the MIT team, to create a full DODOS synthesizer, cen-
ters around the stabilized on-chip frequency comb to be realized in a Silicon Photonics
platform [79, 80]. A high level schematic of the MIT DODOS approach is shown in
Figure[I-4 A mode-locked laser, centered around 1900nm, is directed to a supercon-
tinuum generating silicon waveguide that creates the optical spectrum spanning from
~1100nm to ~2400nm. The 2400nm part of the spectrum is filtered out and is used
in the on-chip silicon-based frequency-doubler device. The frequency-doubler device
creates optical spectrum around ~1100nm, which is then combined with the 1100nm
spectrum from the supercontinuum device on the RF detector. The combined beat
note allows for the fcgo detection and locking. The repetition rate of the mode-locked
laser is locked to a multiple of a 10MHz RF source. The 1900nm wavelength used for

the comb generation is important because it allows for 1f-2f generation in silicon and
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Figure 1-4: MIT DODOS high level architecture.

just falls into the bandwidth range where the 2f part (~1100nm range) is outside of
the silicon absorption spectrum, while the 1f part (2400nm) is in the region of low
two-photon absorption in silicon. This setup produces a fully-stabilized comb refer-
enced to an external oscillator. The 1550nm part of the comb is then filtered out and
allowed to beat with a separate 1550nm tunable CW laser, fabricated on the same
platform, locking the CW laser to the comb. This produces an ultra-stable CW laser
signal, completely referenced to an external RF oscillator. The in-between comb-line
optical frequencies for the final synthesizer are generated from the CW laser using an
integrated modulator.

MIT has partnered with CNSE for CMOS electronics/photonics fabrication, with
UC Berkeley for CMOS development, and with UC San Diego for supercontinuum

work.

1.4.3 DODOS: Photonic Integration Approach

Fabrication for the DODOS program is done at SUNY CNSE on a 65nm CMOS
300mm wafer platform. Full 3D integration is achieved by wafer-bonding of a sili-

con photonics wafer to the CMOS wafer using through-oxide vias developed by MIT
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during the EPHI program (Section . Our integration approach allows for fabri-
cation of all the required devices using the same CMOS-compatible process and then
for the 3D-integration of electronics and photonics together using through-oxide vias,
thereby making a truly integrated fully-on-chip device. The full photonics layer stack
is shown in Figure[I-5] It includes a silicon waveguide layer with optional ridge, three
silicon nitride layers, a full suite of dopant implants, germanium photodetectors, and
two metal layers. The designs of the mode-locked and CW lasers rely on stoichiomet-
ric silicon nitride(SizNy ) in SiO,, which has low optical propagation losses. Individual
layer thicknesses for silicon nitride FN and SN layers are 200nm each, and the thick-
ness of silicon Si layer is 380nm. Although the common thickness of a silicon layer
on Si-on-SiOywafers is 220nm, this layer height is inadequate for an octave-spanning
supercontinuum-on-silicon generation, due to the very large normal dispersion of a
220nm-tall silicon waveguide. CNSE has developed a process to grow the Si layer to
380nm to produce low-loss Si waveguides, which enables operation in the anomalous
dispersion regime for efficient supercontinuum generation. The three nitride layers
are necessary for design flexibility, and for robust silicon-to-silicon nitride layer tran-

sition components. The final losses of our waveguides, fabricated using this platform,

m DT - detector layer
/ ZN -“zero" nitride
FN -“first” nitride
SN -“second” nitride
TR Tm - Thulium-doped glass
Si - silicon
SiR - silicon ridge
: M, TR -trench etch
M1 - metal 1
VIA - metal via
MP - metal pad
CT - contact layer

-Si
- Si0

2
-Tm*":AlLO,

si 8l

-SiN,
SiR
- Metal 1
SiO.

: - Metal 2

Substrate -Ge

Figure 1-5: MIT DODOS full photonic layer stack.
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are 0.6 dB/cm for Si3N, waveguides, 0.74 dB/cm for passive gain waveguides with
narrow trench, 0.4 dB/cm for passive gain waveguides with wide trench, and 1.2-1.5
dB/cm for silicon ridge waveguides.

Photonic layout for DODOS program is done using a PDK that was described in
Section [1.3.3] and developed for EPHI program. Many components were added and
modified and seamlessly integrated with an existing PDK at MIT.

The gain material for our Thulium and Erbium-based lasers is deposited at MITs
Microsystems Technology Laboratories, with a single fabrication step, with no lithog-
raphy required. The material is deposited into a predefined trench (“TR” layer in Fig-
ure [I-5] while the gain waveguide itself is defined by SizN, in SiOy. Rare-earth-doped
aluminum oxide glass (Al;O3) is deposited at high temperature using RF sputtering
off Aluminum and Thulium (or Erbium) targets, with O, flowing separately into the
chamber at a pre-defined rate. Erbium doping is used for 1550nm CW lasers, and
Thulium doping is used for 1900nm lasers. While Al,O3:Er®t has been demonstrated
in the past as an excellent gain material for integrated photonics [64], Al;O3:Tm3"
was developed at MIT for the first time for DODOS program [6]. The gain materials
are completely characterized spectroscopically, in order to optimize the active ion

concentrations and to properly design the integrated lasers.

1.4.4 DODOS: Progress/Outcomes to-Date

By summer of 2017, MIT’s DODOS development had been in full swing for a year
and a half, and the program had just entered Phase II stage. Major accomplishments

from Phase [ are summarized below.

e Al,O3;:Tm?" gain material development, Al,O3;:Tm?*" CW laser. MIT
has developed Thulium-doped aluminum oxide glass as a gain platform for inte-
grated photonics. Deposition conditions, such as temperature, pressure, O, flow
rate, and RF power to sputtering targets have been optimized, and the first in-
tegrated CW DFB and DBR lasers were demonstrated using this platform. The

maximum on-chip lasing power achieved for the DFB and DBR devices were
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267TmW and 387mW, with slope efficiencies of 14% and 23%, respectively [81].

e Integrated mode-locked laser at 1900nm. A fully-on-chip mode-locked
laser (MLL) at 1900nm was demonstrated under the DODOS program, with
sub-picosecond pulse duration [82]. The laser uses MIT’s silicon photonics
platform with SisN, in SiOsphotonic layers and uses Al,Os:Tm?*, pumped
at 1600nm, as the optical gain material. Two different mode-locking meth-
ods were investigated. First, semiconductor saturable absorbers were used for
mode-locking. For those devices, Q-switched mode-locking was demonstrated.
Second, a fully integrated on-chip artificial saturable absorber was designed
for the DODOS program, therefore allowing us to make the laser with no off-
chip components and no additional alignment steps. CW mode-locking and
Q-switched mode-locking were demonstrated for the on-chip artificial saturable
absorber lasers. Integrated MLLs are designed using three silicon nitride layers
[EN, SN, ZN in Figure , along with a large trench, labeled “T'S” in Figure
1-5| where the gain material is deposited. Design, development, and character-
ization of these mode-locked lasers are the main topics of this thesis, and are

presented in detail in Chapter [3]

e Integrated frequency doubler (2200nm—1100nm). The first-ever fully-
integrated frequency doubler in silicon has been developed and demonstrated
by MIT for the DODOS program [83]. The device is based on the electric-field-
induced second harmonic generation (EFISH) effect, where a DC field is used to
break the symmetry of a silicon crystal, inducing a large ¥ in silicon, which is
proportional to its large y®. The device architecture is based on a ridge silicon
waveguide, with quasi-phase-matched spatial p-i-n junctions, where the DC
field is applied. Devices were demonstrated for several pump wavelengths (2um
region) and characterized using both CW and pulsed sources. The measured
efficiency of the second harmonic, for a 1-mm long waveguide, is Py, /P,2 =

12% /W, which corresponds to x?=41pm/V.
e Integrated octave-spanning supercontinuum device. Octave-spanning
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supercontinuum generation in silicon was demonstrated on the DODOS plat-
form using a ridge silicon waveguide [84]. The device, which was measured using
a 1900nm short-pulse source, spans 1.2-2.4um range, and produces -20dBm of
coherent supercontinuum. The coherence of the spectrum at the 1f and 2f
spectral ranges was measured and verified. The strength of the supercontin-
uum signal at 1f and 2f was measured, and an signal-to-noise calculation was
performed coupled with the frequency doubler device efficiency to verify an

acceptable level of the f.., beat note.

Bench-top optical frequency synthesizer. A bench-top synthesizer testbed
with commercial-off-the-shelf (COTS) components was fully implemented. This
testbed is based on a commercial 250MHz mode-locked laser in the optical C-
band, that was passed through highly nonlinear fiber to generate spectrum
from 1pm to 2.1pum. f,., and f., of the comb were locked to different RF
sources, both derived from a common 10MHz oscillator. A commercial tunable
CW laser was locked to the stabilized comb, and the frequency stability, tuning
range, and switching time were measured. Next, a bench-top synthesizer testbed
with MIT DODOS silicon photonics components, instead of COTS devices, was
demonstrated. In particular, the supercontinuum spectrum was generated us-
ing MIT’s integrated silicon waveguide, the 1f-2f interferometry was performed
using MIT’s integrated frequency doubler, and the CW tunable laser used for

final optical frequency generation was MIT’s on-chip Erbium-based laser.

Other demonstrated integrated devices include a wide-band sharp roll-off WDM fil-

ter [85], that separates supercontinuum spectrum into 2000nm channel, 1000nm chan-

nel(to do 1f-2f interferometry), and 1550nm channel, to later lock the CW laser to

this comb line and the 50nm tunable integrated C-band Erbium-based laser. An inte-

grated pulse compressor has been designed and taped out, with a purpose of further

shortening optical pulses coming out of the mode-locked in such a way as to generate

the most supercontinuum. All the devices described in this section are fabricated

using the same photonic layer stack, and therefore could be completely integrated
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together on a single silicon chip.

MIT has successfully demonstrated most of the individual components required for
the final optical frequency synthesizer and is strongly positioned to show a successful
demonstration of all the photonic components integrated on the same chip by the
end of Phase II. A diagram of our Phase II architecture is shown in Figure [1-6|
All the photonic devices, except for 790nm pump for thulium lasers, and 980nm
pump for erbium lasers, would be integrated on the same chip, and all the electronic
control loops would remain as commercial off-the-shelf devices/setups, which could be
integrated pending successful program continuation into Phase III. As of September

2017, MIT is in process of taping out the run schematically illustrated in Figure [1-6|

Integrated

Heater

980nm
Pump

Integrated Synthesizer
Heater 1 Qutput
]

MLL: Mode-locked laser WDM: Wavelength demultiplexer — Fiber Passive integrated elements
COMP: Pulse compressor BPD: Balanced photodiode . Active integrated elements
SC: Supercontinuum BPF: Bandpass filter - Wavegmde COTS optical devices

SHG: Second-harmonic generator ~ SSB: Single sideband modulator — Electrical Custom devices/setups

Figure 1-6: MIT DODOS Phase II synthesizer diagram

Thesis Contributions

The work in this thesis centers around the devices and systems made during the
tenure of two major DARPA programs at MIT, as presented in Sections and
1.3.1. Numerous graduate students, post-docs, and research scientist from Photonics

49



Microsystems Group, Optics and Quantum Electronics Group, and Ultrafast Optics
and X-Rays Group have contributed to various parts of the general effort.

Since the main topic of this thesis centers on integrated artificial saturable ab-
sorbers and on-chip mode-locked lasers, below we list key contributors to this partic-

ular effort:

e Gain Material Depositions The deposition of active gain material for Erbium-
based mode-locked lasers was done by Dr. Jonathan Bradley, Dr. Anna Baldy-
cheva, Gary Riggott, E. Salih Magden, and Nanxi Li. Deposition of active
material layers for Thulium-based mode-locked lasers was done by Gary Rig-

gott, Nanxi Li, and E. Salih Magden.

e Fabrication Facilities All our devices were fabricated at SUNY CNSE, in
Albany, NY.

e Artificial Saturable Absorber work This work was done fully and entirely
by thesis author.

e Mode-locked Laser Design and Development The development of all in-
tegrated mode-locked lasers presented in this thesis was done by thesis author
in collaboration with Patrick Callahan. While thesis author focused more on
mode-locking devices, the physics of mode-locking, full system specifications,
modeling, and complete characterization, Patrick Callahan focused on in-depth
integrated photonics design of the individual laser elements (except for nonlin-
ear interferometer). All mode-locked laser results and achievements presented

in this work were possible because of this close continuous collaboration.
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Chapter 2

CMOS-Compatible Artificial
Saturable Absorber

Laser mode-locking methods and underlying physical mechanisms have been inves-
tigated and studied since late 1960-s [80], 87, 88, 89]. Today, several mature and
well-understood mode-locking techniques are routinely used in scientific community
and industry. The challenge, for integrated mode-locked lasers, is to implement some
of those mode-locking methods in an integrated, CMOS-compatible way. Ideally, such
mode-locking implementation would not use any external devices, and would not re-
quire any extra fabrication steps on top of the standard CMOS-compatible photonics
process. To enable this, one needs to use known physical principles of mode-locking
and apply them to engineer a new device architecture, according to CMOS process
constrains and requirements.

There are two broad categories of mode-locking methods - active mode-locking
and passive mode-locking. Active mode-locking uses an amplitude modulator inside
of the laser cavity, to change the cavity loss with the rate equal to the laser round-trip
frequency [90]. The modulator can be implemented in many different ways, such as,
for example, electro-optic or acoustic-optic devices. Although it is relatively straight-
forward to design and implement, active mode-locking has several limitations. Apart
from having a separate “driver” element in the cavity that needs to be controlled

separately, the major limitation of active mode-locking is the difficulty is scaling
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the pulse duration to below a few picoseconds. Therefore, active mode-locking is
widely employed in applications where short pulse duration is not necessary. For
femtosecond-level pulses, one needs to use passive mode-locking.

Passive mode-locking relies on the passive intensity-dependent loss element in the
laser cavity. Such a device should have properties such that higher light intensities
have decreased loss compared with lower intensities. When the loss of the cavity is
decreased with increasing intensity, pulse formation and shaping follows. This method
allows the pulse to shape itself after passing through the mode-locking element, and
thus allows for much shorter optical pulses compared with active mode-locking.

This chapter briefly reviews some of the most common passive mode-locking tech-
niques, discusses their potential implementation in CMOS-compatible integrated pho-
tonics, and presents a complete design and characterization of a CMOS-compatible

artificial saturable absorber, based on one of the reviewed mode-locking techniques.

2.1 Passive Mode-Locking Methods

Two classes of devices used for passive mode-locking are real saturable absorbers and
artificial saturable absorbers.

Real Saturable Absorbers

A physical mechanism known as “saturable absorption” results in an intensity-
dependant loss property of a material or a device. A saturable absorber element
would have a certain amount of optical absorption at low light intensities. However,
for higher light intensities, the absorption would be bleached, or saturated, hence
the device would have lower absorption, and would transmit more light. Some of
the early work on saturable absorption for mode-locking of lasers was done using
dye lasers, with organic dye acting as a saturable absorber element. Femtosecond
pulses were demonstrated, and some of the early mode-locking theory was developed
around those results [87, [9T]. A different physical saturable absorption method has
been developed in the early 1980s, based on a semiconductor saturable absorber

mirror [92, 93]. This device is based on a quantum well structure, where the time
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response of the excited carriers allows for a certain loss modulation in the cavity (see
Section for further details). Such devices have been designed to operate both
in reflection and transmission regimes. Because semiconductor saturable absorber
mirrors are much easier to maintain and operate, they quickly replaced dye-based
methods. Recently, novel saturable-absorption materials have been demonstrated

based on graphene, quantum-dots, and carbon nanotubes.
Artificial Saturable Absorbers

Further mode-locking methods have been developed using devices referred to as
“artificial saturable absorbers”. Such devices do not have a physical absorption el-
ement that saturates/bleaches; however, they do have an intensity-dependent loss
element (usually based on Kerr-nonlinearity), that can initiate and sustain mode-

locking.

A key advantage of artificial Kerr-nonlinearity-based saturable absorbers is their
instantaneous response. Since Kerr nonlinearity is considered to act on the order of
a few femtoseconds, such mode-locking elements are considered “fast”. On the other
hand, the response of a semiconductor saturable absorber is limited by its recovery
time (see Section for details)which ranges from hundreds of femtoseconds to tens
of picoseconds - such saturable absorbers are considered “slow”. Generally, a slow
saturable absorber device has a response time that is larger than the pulse duration,
while a fast saturable absorber has a response time that is faster than the actual pulse
duration. With the proper balance of dispersion and nonlinearity in the laser cavity,
fast saturable absorbers allow for much shorter pulse durations compared with slow

saturable absorbers [94].

Section describes semiconductor saturable absorbers in detail, while Section
describes common artificial saturable absorber implementations. The terminol-
ogy and parameters to evaluate many types of real and artificial saturable absorber
devices come directly from the physics and the structure of semiconductor saturable

absorbers, as described in the next section.
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2.1.1 Semiconductor Saturable Absorbers

Saturable absorber mirrors have been around since late 1980s, and are based on a
semiconductor layer, deposited on top of a Bragg reflector [93],[02]. Depending on the
research institution, geographical location, and exact structure of the saturable ab-
sorber, they have been given different abbreviation terms in scientific literature. Most
common terms are SAM(Saturable Absorber Mirror), SBR(Saturable Bragg Reflec-
tor), and SESAM(Semiconductor Saturable Absorber). In this work, we shall use the
term “SBR”. The basic structure of such a device is shown in Figure [a]. The
Bragg reflector is typically made of 20 to 60 alternating refractive index layers de-
signed to provide a high reflection for a particular wavelength. At low incident power,
the reflection of the saturable absorber mirror is determined by the reflection profile
of the Bragg stack minus the absorption of the semiconductor material (Figure
[c]). The semiconductor material has a bandgap corresponding to the desired central
wavelength so that the incident light excites the carriers from the valence band to
the conduction band. At low incident power levels, the amount of carrier excitation
is small. However, as more photons are incident on the SBR, the available carriers
temporarily move from the valence band to the conduction band, and the semicon-
ductor cannot absorb as much light. In this case, the absorption of the semiconductor
well becomes saturated, and it starts transmitting more light (hence the term “sat-
urable absorption”). Since the semiconductor layer is directly on top of the Bragg
reflector, the full SBR device now has reduced absorption, so it starts temporarily
reflecting more light. Therefore, we have an energy-dependent reflection - the higher
the incident energy - the higher the reflection of the SBR. This leads directly to pulse
shaping, as higher intensities in the cavity (peak of the pulse) experience higher re-
flection, while lower intensities (edges of the pulse) experience more loss. The pulse
is therefore shaped in time domain. Unlike with artificial saturable absorbers where
the device reflection depends on the incident peak power, SBRs instead are saturated

with numbers of photons, and hence with incident energy.
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Saturable Absorber Structure
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Figure 2-1: Semiconductor Saturable Absorbers: [a] Structure of the typical SBR,
showing actual SBR design, courtesy of H. Shen [I]; [b] A photo of an SBR mounted
on a heat sink; [c] CW reflection profile of an SBR device shown in part[a],courtesy

of M. Sander [2]; [d] Saturation properties of a typical saturable absorber, courtesy
of A. Motamedi [3].

The excited carriers within the quantum well eventually relax back to the ground
state via a combination of thermalization and recombination processes [95]. This
recombination time is called a “recovery time” of a saturable absorber. It effectively
determines how fast an SBR can shape the pulse, and therefore the final pulse du-
ration. The recovery time usually consists of two components - the fast and the

slow recovery times, respectively, where the fast recovery time comes from the fast
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carrier thermalization process, and slow recovery time results from carrier recombi-
nation. Typically, fast carrier recovery times are on the order of tens or hundreds
of femtoseconds, while slow recovery times are on the order to several picoseconds.
Generally, in the literature and vendor websites, unless otherwise noted, the term
“recovery time” refers to slow recovery time. Because this recovery time is gener-
ally limited by intrinsic semiconductor carrier recombination times, most SBRs are

classified as “slow saturable absorber”.

Figure [d] explains saturation properties of a typical SBR [3], 96]. The power-
dependent reflection is characterized as a function of incident fluence on the saturable
absorber. At low incident fluence, the device reflects a certain amount of light (95%
in Figure [d]). When the fluence is increased, the reflectivity goes up. Eventually,
two-photon-absorption(TPA) properties in the semiconductor layer inhibit further
increase in reflection, and the curve exhibits a reflection roll-off. Any SBR device,
even when the absorption is perfectly bleached, has a certain amount of intrinsic loss,
called non-saturable loss, or R,s. Without the TPA, the reflection could increase up
to the maximum value (1-R,s). However, TPA lowers this maximum reflection value.
The difference between the highest reflection point and the CW reflection is called
modulation depth. It is a critical parameter pertaining to how strongly the device
would favor the peak of the pulse as opposed to pulse wings. Higher modulation depth
usually means it is easier to achieve stable mode-locking, however, it always comes at
the expense of lower CW reflection. Another important parameter is the saturation
fluence, which is defined as the incident fluence that reduces the saturable absorption
to 1/e of its starting value. Saturation fluence is used to characterize and compare
different saturable absorbers. For optimum mode-locking operation, the fluence on
the SBR should be 2-3 times higher than the saturation fluence value. Table |2.1] lists

relevant SBR parameters, corresponding units of measure, and typical values.

Saturable absorber mirrors have been studied for over twenty years [97]. Today,
both the scientific community and industry have a good understanding of their op-
eration, design, carrier dynamics, and the resulting pulse-shaping mechanism. SBRs

are used in many university laboratories as well as many in industrial laser systems.

56



Parameter Variable Unit Approximate value range

Non-saturable loss R % 0.2 - 20
Saturable loss ARy % 0.2 - 50
Modulation depth ARy, % 0.1-50
Saturation Fluence F.. wJ/cm? 10-100
Recovery time Ty ps 0.2-10
Central wavelength Ao um 0.8, 1.1, 1.55, varies

Table 2.1: Semiconductor Saturable Absorber: parameters, units, and approximate
values

The key advantage of using an SBR over other mode-locking methods is that the
slope of the saturation fluence curve in Figure is always positive, meaning the
laser experiences higher reflection with increased CW power. This is not the case for
many interference-based mode-locking methods, such as additive-pulse mode-locking,
where the initial state may have lower reflection with higher CW power, which actu-
ally inhibits mode-locking, and the system needs to bee stabilized interferometrically
in order to work properly (see Sectionfor details). SBRs don’t need any such in-
terferometric stabilization. Due to this property, lasers with SBRs in place typically
self-start more easily. However, mode-locking methods based on Kerr nonlinearity
are “fast”, while SBRs are “slow”. Therefore, SBRs have a self-starting advantage,
but Kerr-based methods can produce much shorter pulses. To mediate this, SBRs
are sometimes used together with Kerr-based mode-locking methods, to facilitate
self-starting. For example, in a typical Titanium-sapphire pulsed systems, Kerr-lens
mode-locking is used to shorten the pulses, but SBR or a fast dithering mirror are
used to help the system self-start reliably [08]. If the system had just the SBR, it
would produce much longer pulses. If it had just the Kerr lens, it would have difficulty

self-starting.

Traditional SBRs are fabricated using semiconductor epitaxial growth, most com-
monly using Molecular Beam Epitaxy (MBE). Such methods allow for unprecedented
control over individual layers, in terms of thickness, refractive index and strain. How-

ever, maintaining an MBE facility is very costly. Moreover, the growth process is
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very time consuming, as it relies on careful fabrication of 20 to 60 individual ma-
terial layers. In the past, few groups in the world were able to reliably produce
SBRs with specific properties. This meant that general SBR and SBR-based mode-
locked laser research was restricted to the groups that had MBE growth facilities, and
their collaborators. For example, at MIT, in early 2000s, a collaboration between an
MBE group and ultrafast lasers group had produced a wide variety of novel SBR
structures, had investigated their properties, including ultrafast carrier dynamics,
and had demonstrated many fiber-based and eventually waveguide-based lasers using
in-house grown SBRs [99] 100} (101} [96]. This was made possible by a very close col-
laboration between several research groups, and an impressive in-house MBE growth
facility. Today, a commercial company (BATOP Gmbh [102]) offers a variety of SBRs
for purchase, for different wavelengths, modulation depths, bandwidths, and overall
configurations. Commercially available SBRs allowed numerous research groups to
demonstrate mode-locking by using, for example, their proprietary novel gain materi-
als, and quickly purchasing an SBR from a commercial vendor. The drawback is that
of course, although BATOP provides most of the SBR specifications listed in Table
[2.1] they do not disclose the internal structure of the device, including semiconductors
used, exact nature of the Bragg stack, etc. Nevertheless, BATOP has lowered the
barrier of entry to mode-locked laser research for many groups and small companies
that could not afford MBE growth facilities.

Although SBRs are a gold standard in many laser systems, they nevertheless
have numerous limitations, which are particularly prohibitive for CMOS-compatible
integrated mode-locked lasers.

Some of the limitations of semiconductor saturable absorbers are listed below.

e Wavelength restrictions The key element of a semiconductor saturable ab-
sorber is a direct gap semiconductor. The material used for this layer must
have the electronic bandgap corresponding to the desired operating wavelength.
Therefore, one is restricted to the available semiconductors and their respective
bandgaps. Certain wavelengths (1550nm, 800nm) could be implemented using

common materials (InGaAs, Si), other wavelength ranges are difficult, many
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are not currently accessible.

Damage Threshold A well-known problem with SBRs is their low damage
threshold. High optical energy incident on the absorber heats it up locally and
may produce thermal damage on the surface of the device. This becomes more
prominent when a laser goes into Q-switching mode prior to mode-locking. Q-
switched pulses have repetition rates on the order of several kHz, and therefore
a much higher energy per pulse than CW-mode-locked pulses with a repetition
rate in the multi-MHz or GHz range. Many lasers go into Q-switching prior to
mode-locking, and thus SBRs become damaged prior to being able to mode-
lock the laser. For many saturable absorbers, the incident fluence that induces
a thermal damage is not far off from the saturation fluence, making it difficult
to find a good operating regime for the laser. Several techniques exist for
mitigating this problem, most of which rely on heat dissipation management
methods. Typically, SBRs are mounted on copper heat sinks, moreover, SBR
handle-wafer-substrate thinning has been demonstrated successfully, to increase
the heat flow from the SBR to copper heat sink [96]. Additionally, pump-
reflective coatings have been deposited on top of the SBRs to prevent the pump
laser from damaging the absorber [3]. Although mitigating techniques exit, they
further increase the complexity of SBR fabrication process and use, and thermal

damage remains a frequent problem.

Slow recovery time As explained in the beginning of this section, the recovery
time of an SBR depends strongly on the intrinsic carrier dynamics in a semi-
conductor. Typically, such values are on the order of 1-20ps. This effectively
limits the pulse duration to approximate that of the recovery time. Various
techniques, usually based on induced defects in a semiconductor layer, exist
to shorten the recovery time (compressive strain during the growth of the ab-
sorber, fast ion bombardment [103]). However, they always come at the expense
of increasing the non-saturable loss. Kerr-lens mode-locking methods allow for

much shorter pulse durations.
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e Alignment Nearly all SBRs physically are small pieces of a wafer mounted on a
heat sink. This small wafer piece needs to be carefully aligned to the laser cavity,
making sure the SBR is exactly perpendicular to the structure. The reflection
of the Bragg stack is very sensitive to the incident angle. Half-a-degree drift
makes a difference, resulting in the loss of a mode-locked state. With modern
nano-positioning equipment, such alignment is possible, but this is not a robust

solution for long-term stability.

e High incident losses An SBR is typically “butt-coupled” to the laser cavity,
where the light from the main laser section is incident upon the SBR, and then
reflects from the SBR back into the laser. This means the light experiences the
loss of entering/exiting the cavity, twice. For integrated waveguides, this means
exiting and entering the chip, and thus experiencing the facet coupling loss
twice, in addition to any SBR-internal losses. Typically, SBR-induced losses,
including on/off chip or fiber coupling losses, are on the order of 1.5-5 dB total.
While less of a problem for solid-state of fiber-based lasers with plenty of gain,
this becomes problematic for the on-chip lasers with a smaller footprint/cavity

length.

e Fabrication and packaging SBR is a device with an extensive sub-structure,
that needs to be carefully grown in controlled conditions. For CMOS-compatible
integrated lasers, this presents a challenge, since MBE growth of required ma-
terials is not a standard CMOS process, plus the device would need to be
deposited on the facet of the chip, after all other layers have been fabricated.
This calls for a different mode-locking method. Preferably, the mode-locking
device would not require any special, additional fabrication steps, and could use
an integrated photonics device, which is done in one of the standard material

layers (for standard photonic CMOS-compatible layer stack in MIT process, see

Figure .

Novel saturable absorber materials

Although semiconductor saturable absorbers have been the gold standard for over
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20 years, new types of devices based on the physical saturable absorption effect have
been demonstrated over the past 10 years, that offer significant advantages and new
opportunities, compared to semiconductor-based SBRs. Saturable absorbers have
been successfully demonstrated using quantum dots, carbon nanotubes, and graphene.
Carbon nanotubes(CNTs) have sub-picosecond recovery times, and large bandwidth
that can be tuned by varying nanotube diameter [104]. A combination of various
diameters allows to make CNT films with over 200nm of bandwidth. In 2005, Schi-
bli et al demonstrated a 68fs pulse duration Er/Yb glass laser, mode-locked using a
film of CNTs deposited on a broadband dielectric mirror [105]. Later, Kieu and Wise
demonstrated a thulium-holmium co-doped fiber laser, with 750fs pulse duration, with
all-fiber components, mode-locked entirely using single-walled CNTs [106]. Quantum
dots have also proven to be a good material for saturable absorbers - they cab be
very broadband (a mixture of various diameter quantum dots exhibits inhomogeneous
broadening), and the bandgap can be easily tuned by changing quantum dot diam-
eter [I07]. A structure of a quantum-dot-based saturable absorber is similar in that
a broadband Bragg stack is used together with a saturable absorption layer, in this
case made of quantum dots [I08]. The advantages of quantum-dot-based saturable
absorbers over traditional SBRs are significantly larger bandwidth, flexibility in engi-
neering the bandgap and hence the central wavelength of the device, and fast recovery
times. Mode-locked lasers with pulse durations under 200fs have been demonstrated
using a semiconductor quantum-dots-based saturable absorber [I09]. Graphene is
another promising material that has been used for saturable absorbers over the last
few years. With zero bandgap, it is extremely broadband and has saturation fluence
that has been reported to be significantly lower than that of SBRs [110, 111]. More-
over, graphene thickness variation, for multi-layer graphene, results in changes in the
modulation depth of the saturable absorber, allowing for greater flexibility in laser
design. Single layer graphene is typically synthesized separately in a chemical vapor
deposition system. It is then “transferred” to a desired location, and patterned to a
desired shape. Similarly to SBRs, graphene has a certain thermal damage threshold

that becomes apparent with high fluence levels. However, as a graphene layer is typi-
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cally only 1 atom thick, it can be deposited anywhere in the laser cavity (and not just
on the end-reflector). Evanescent field mode-locking, achieved with a graphene film in
on top of a D-polished optical fiber, has been demonstrated. Instead of being directly
focused onto a graphene film, the light interacts with it evanescently over a spe-
cific length, and thus thermal damage does not occur as easily [I12]. Graphene-based
waveguide modulators have been demonstrated in various configurations [113]. There-
fore, this material could be used both as passive and active saturable absorber (the
latter in modulator configuration). Overall, graphene offers interesting and unique
opportunities as a novel saturable absorber material. Better and more efficient ways

for transferring and patterning graphene are currently being investigated.

2.1.2 Artificial Saturable Absorber Implementations

In this section, we briefly review some of the well-established artificial saturable ab-
sorber mode-locking methods and their potential implementation in integrated pho-

tonics. Additive Pulse Mode-Locking is further explored in greater detail in Section

213

1. Kerr-Lens Mode-Locking (KLM). Kerr-lens mode-locking, discovered in
the 1990s [114], is based on a Kerr nonlinear medium and the subsequent self-
focusing effect [I15]. The light, while propagating within a material with a
Kerr nonlinearity, experiences self-phase modulation and also a self-lensing ef-
fect, where the central portion of the beam having higher intensity also has
higher nonlinear refractive index. Gaussian beams have a spatial distribution
profile such that light in the spatial center of the pulse has a much higher in-
tensity compared to the edges. Since nonlinear refractive index is proportional
to intensity, the central portion of the pulse will experience higher nonlinear
index (n = ng+ An = ng+nol), and be delayed relative to the wings, as would
happen with a lens (Figure 2-2[a]). As a result, there is intensity-dependent
self-focusing of the beam. Soft-aperture KLM uses an internal effect to produce

mode-locking, such as pump/signal overlap in the gain medium - higher intensity
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increases the overlap between the pump and the signal, increasing gain. Hard
aperture mode-locking uses a physical aperture that is placed inside the cavity.
The aperture blocks the outer portion of the Gaussian beam, allowing only the
more strongly self-focused part of the beam to go through. This produces in-
creased transmission for increased power in the cavity, and achieves an artificial
saturable absorption effect. KLM is a popular mode-locking method that is
typically implemented in multi-mirror resonator laser configurations, with some
type of glass or a crystal being used for the optical gain material. A major
advantage of KLM is its bandwidth - it is the most broadband type of mode-
locking. Together with the discovery of the titanium-sapphire lasing material
(also very broadband), KLM allowed for generation of ultrafast pulses with 5-
6fs duration, with only a few optical cycles underneath the pulse [116] [117].
One of the disadvantages of this method is difficulty with self-starting of the
mode-locking. However, this has been successfully mitigated by adding a semi-
conductor saturable absorber into the cavity [98], or by having a small dithering

mirror.

. Additive Pulse Mode-locking (APM). Additive pulse mode-locking, also
called coupled-cavity mode-locking, is based on a nonlinearity-induced interfer-
ence between the two pulses [118, 119, 120, 121]. The method is illustrated
in Figure [2-3] and involves an auxiliary cavity, which is length-matched to the
main lasing cavity. A portion of the pulse exits the main cavity and enters the
auxiliary cavity (originally implemented in a single mode fiber), where a non-
linear phase shift is imparted on the pulse. When the pulse from the auxiliary
cavity returns back to the main cavity, it interferes with the pulse from the main
cavity in such a way that this interference is constructive at the central por-
tion of the pulse, and destructive at the edges. Therefore, the edges experience
higher loss in this laser, and the peak of the pulse gets favored. This leads to
the pulse formation. Further details and calculations for additive pulse mode-

locking are presented in Section[2.1.3] The interferometric stabilization required
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to precisely match the lengths of the main and auxiliary cavities and to adjust
the linear phase in the system limit the popularity of this mode-locking method
in the industry. However, APM is generally a flexible technique because it can
be used in many material systems and it could be designed for any wavelength,
therefore, it could be potentially implemented in integrated photonics without

major difficulties.

Integrated optical implementation of APM for CMOS-compatible process is
presented with a complete design, simulations, and results, in Sections [2.2

2.4.5]
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Figure 2-2: Passive Mode-Locking Methods: [a] Kerr Lens mode-locking illustration;
[b] “Figure 8” laser, with NOLM used as a mode-locking device; [c] Nonlinear Polar-
ization Rotation mode-locking illustration.

3. Nonlinear Polarization Rotation (NPR). Nonlinear polarization rotation
is a case of APM, and in fact uses the same physical principle [122] T18]. The
technique, illustrated in Figure ], has been used mostly in fiber lasers. It

relies on a birefringent element, a low linear birefringence Kerr medium, and a

64



polarization discriminator. A pulse passes through a birefringent element (typ-
ically, a combination of a quarter and half waveplates), and becomes elliptically
polarized. It then enters a Kerr medium (typically a fiber with very low linear
birefringence) with a certain nonlinear refractive index ny. Because of the ini-
tial elliptical polarization, the x- and y- components of the electric field of the
pulse are different, producing polarization ellipse. Those components pick up
different nonlinear phases along the x and the y dimensions (but equal linear
phase). This imparts a differential nonlinear phase shift between those x- and
y- field components, and ends up rotating the polarization ellipse. By having
a polarization discriminator at the end of the fiber, certain output polariza-
tion orientation is favored. Higher pulse intensities would rotate polarization
ellipse further, hence, intensity-dependent transmission and the resulting pulse
formation [123]. One drawback of NPR method is the need to manually adjust
the initial polarization state of the system, usually by rotating a combination of
waveplates [124]. Once this is done, the laser is very stable for long time periods.
NPR is widely used in fiber lasers, and requires no interferometric stabilization.

However, this method is limited to media with low linear birefringence.

An integrated version of an NPR-based device is theoretically possible to imple-
ment, especially because CMOS-compatible on-chip polarization rotators and
splitters have been demonstrated recently [125, 126, 127, [128]. However, di-
electric and semiconductor waveguides typical have 1 to 5% tolerances on their
dimensions, meaning maintaining low linear birefringence over a required length

of the device is challenging.

. Nonlinear Optical Loop Mirror (NOLM). Nonlinear optical loop mirror,
also called nonlinear Sagnac loop, is another a case of APM, usually imple-
mented in the optical fiber [129] 130, [131]. The method is illustrated in Figure
2-2[b]. A fiber loop has an imbalanced coupler, with a splitting ratio different
from 50/50. The pulse is split between the two arms, where the two arms later

combine at the splitter. Each pulse is then traversing the same loop of fiber.
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The pulses counter-propagate and interfere again at the coupler as they exit the
device. The linear phase that counter-propagating pulses pick up is the same for
both pulses, but the nonlinear phase is different, because it is proportional to
optical power, and the power splitting ratio of the coupler is not 50/50. There-
fore, the nonlinear phase difference between two counter-propagating pulses is
Aoy = v7LAP, where « is the effective nonlinearity of the fiber, L is the
effective fiber length, and AP is power difference between the two counter-
propagating pulses. Thus the system exhibits a power-dependent nonlinear
phase difference, which translates into output power modulation, which gives
rise to optical pulses. NOLMs have been used extensively in fiber lasers due to
their simplicity, and the fact that no additional elements are needed for their
implementation. “Figure 8” laser is a common term used in a scientific commu-
nity for a NOLM-based laser, for its double-loop appearance [132]. Frequently,
one section of the “figure 8” contains the gain element, a pump/signal combiner,
and an output coupler (which could all be fiber-based components - see Figure
2-2[b]), and the NOLM is another section of the “eight” in “figure 8”. A gain
section has also been incorporated into the NOLM itself on many occasions, in
which case the device is called a NALM, for Nonlinear Amplifying Loop Mir-
ror [133],[134]. A necessary component for all NOLM and NALM-based lasers is
an isolator at the signal wavelength. If this isolator is lacking, and the laser has
a “figure 8” configuration, it starts lasing in two counter-propagating directions,

which leads to instabilities and irregular pulse trains.

Although it would be straightforward to implement a NOLM-like device using
an integrated waveguide, the current lack of an integrated CMOS-compatible
on-chip isolator would make stable lasing with consistent pulse trains impracti-
cal. Should such an isolator be developed in the future, NOLM-based integrated

lasers could quickly become a reality.
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2.1.3 Additive Pulse Mode-Locking

The basic theory and the main physical principle of our integrated saturable absorber
relies on the additive pulse mode-locking method, that has been first described by
Ippen et al in 1989 [I18]. In this section we review the basic theory and relevant
parameters of the conventional APM method, and later, in Section [2.3] we modify

and refine this theory for our integrated approach.

Gain Material : —1 Kerr Medium Laser Output

High Partial Output
Reflector Reflector Coupler

Main laser cavity Auxiliary cavity

Figure 2-3: APM diagram.

Figure [2-3| illustrates the basic principle, where the main laser cavity contains the
gain material, and the auxiliary cavity contains the Kerr medium. The light builds up
in the main cavity, and the pulse, upon being incident on the partial reflector in the
main cavity, is partially reflected back to the main cavity, and partially transmitted
to the auxiliary cavity. The lengths of the two cavities should be identical. This way,
the pulse that travels through auxiliary cavity and back to the main cavity will arrive
to the partial reflector at the same time as the pulse that was reflected to the main
cavity. The two pulses will therefore interfere at the partial reflector. If the linear and
nonlinear phases imparted by the auxiliary cavity are properly adjusted, the pulses
will interfere constructively at the center of the pulse, and destructively at the wings,
therefore making the pulse shorter. Usually, linear phase between the cavities can be
adjusted interferometrically in order to guarantee proper bias for pulse shortening.

Basic analytical theory of APM is presented below. It closely follows and elabo-

rates on derivations in [118], [§], and [7].
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The scattering matrix of the partial reflector in APM cavity, shown in Figure [2-3]

is given by

b r VA a
"= ! (2.1)

by V1—r? —r as

where r is a field reflection coefficient, and aq, as, by, by are field amplitudes in time
domain, defined such that |a|*> = P, where P is optical power. In the auxiliary cavity,
the field as should return to the partial reflector as by, after making one round-trip
through this auxiliary cavity. Upon this round-trip, it picks up a linear transmission
factor n = e “Levs (where « is the linear power loss in [1/m], applied to the field
amplitude as a/2 field loss, over the length of 2L,,,), and linear and non-linear

phases ¢; and ¢y,

Uy = bzefj(¢l+¢NL)€*aLauz _ ne*j(¢l+¢NL)b2 (2.2)

In the above equation, the linear phase is given by ¢; = QT“nLam, where n is the

effective refractive index of the auxiliary cavity; the nonlinear phase, over the round-

trip of the auxiliary cavity, is

ONL = /~€|a1|2
2 A1 —r?)|a|?
= —n2
A Aeff
B [47r n* (1 —r?)

2Laux

L(ZUCL’ 2
A A } jaa]

= |:7NL 772<1 - T2>2Laux:| ‘(11’2 (23)

where A is the central lasing wavelength, k is a proportionality constant in units of
W1, ny is the nonlinear refractive index of the auxiliary cavity, Aeg and Lg,, are
effective nonlinear area and length of the auxiliary cavity, respectively [135] [136]. The
last line of the equation is the alternative notation, most commonly used in integrated
waveguides, where an effective nonlinearity parameter vy, in units of (Wm)™!, is

used instead of nonlinear index and effective area [135].
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Next, we plug in Equation in Equation [2.1] to find expressions of b; and a; as

functions of as:

by = V1 —1r2a; —ray

— n—lej(¢l+¢NL)a2

1
m

by =ra; + V1 —1r2ay

1 .

_ T[ [ | ay + /I = r2a,
V1—1r2

1

m

a; = |:rr]_16j(¢l+¢NL):| Qs (2.4)

by = [1 + rn_lej(‘z’lwm)} o (2.5)

The field reflection coefficient back to the main cavity is obtained by dividing Equation
by Equation [2.4}

a; o+ n*lej(¢l+¢NL)

r (2.6)

o nr + ei(d1+énL)

Equation [2.6is the most general, exact field reflection expression, ignoring dispersion.

To make the result more intuitive, several assumptions are further made to the
above model. Assuming small transmission factor, n < 1 and a Taylor expansion is
used to approximate I'near n =0as I' = I',—o + %(n —0) + .... Expanding to
the first order, we get

I=r+n(l— T2)€*j(¢l+¢NL) (2.7)

Assuming small nonlinear phase ¢ni,, we can make another approximation such that
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eI & (1 — jon):

I ~r+n(l—r)e?(1—jox) (2.8)
=7r+n(l—7%)|cosd; — jsing; — jonr cos ¢ — P Sin @

=7 +n(1—1%) cosgy term 1 — linear amplitude loss

N
— jn(1 —7r?) sin ¢y —  term 2 — linear phase change
— jn(1 —r*)¢n1, cos ¢y — term 3 — nonlinear phase change
— (1 —r*)¢ny sin ¢y —  term 4 — nonlinear amplitude change

The result is four terms, corresponding to linear and nonlinear phase and amplitude
changes. The nonlinear phase term ¢y, is proportional to the incident power through
Equation[2.3] Therefore, terms 3 and 4 in the above equation are directly proportional
to the incident power - hence we have power-dependent phase change and power-
dependent amplitude change. The proportionality constants between field reflection
coefficient and incident power, for phase and amplitude modulation terms, are called
self-phase modulation (SPM), dgpys, and self-amplitude modulation (SAM), vsanm
coefficients, respectively. Using the expression from Equation in terms 3 and 4 of
Equation those coefficients are:

¢ .
Ysam = —n(1 — 7"2) |aT]L2 sin ¢y

dr 4 ovg M2 .
=—|—n’(1 =17 —Law} sin ¢,
[A Acys

= - |:27NL 773(1 - T2>2Lauz:| sin ¢l (29)
dspv = —1(1 — 7"2)—| N|LQ cos @y
1

= — |:27NL n*(1— TQ)QLW} Cos ¢y (2.10)
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It is instructive to note that in the absence of Kerr nonlinearity (i.e. ¢ni, = 0),
terms 3 and 4 of Equation [2.8| vanish, and we are left with linear interferometric
equation for the field reflection. In this case, linear phase in the auxiliary cavity can
be used to maximize the reflection I' = r + n(1 — r?)cos ¢, — jn(1 — r?)sin¢;, by
setting ¢ = 0: Tpuae = 7 + n(1 — r?). However, keeping ¢; = 0 and now adding Kerr
nonlinearity also sets term 4 in Equation to zero, and hence completely removes
self-amplitude modulation - no pulse stabilization takes place. On the other hand, to
maximize self-amplitude modulation and to get to increasing reflection for increasing
pulse intensity, one needs to set ¢, = —m/2.

Equations , and are valid only in a small transmission (and hence high
loss) regime. In a low loss regime, on the other hand, the APM cavity behaves like a
resonator where the reflection has characteristic resonance dips, while in a high loss /
low transmission regime the reflection behaves more like a sinusoid. Exact definitions

for ysam and dgpps, with no approximations, are:

_ oI
VYSAM = Blar]?
0 /Z(T)
= — 2.11
OsPM ai]? (2.11)

where Z(T) is the phase of the field reflection, as in I' = |T'|e??, where ¢ = Z(T") =
tan~! %.

As an example of characteristic behavior, we plot the power reflection of the APM
cavity R = |['|?, and associated SAM coefficient ygan;, for the following parameters:
Qin = 0.8dB/cm, Ly, = 10cm (one way), r = 0.85, yxr, = 1.6 (W m)~!. Figure
2-4] [a] shows the absolute value squared of the field reflection coefficient I" versus
incident peak power (P, = |a;(t = 0)]?), where a large achievable modulation depth
of over 50% is evident. The results are shown for three values of linear phase bias
¢ —7,—7/2, 0. SAM coefficient ys43s, which is proportional to the slope of |T'|?
with respect to |a;|?, is shown in Figure [2-4f [b].

Figure [2-5] shows shortening of a pulse a single APM roundtrip, where the APM

cavity has parameters as described above. Both input and output pulses are normal-
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Figure 2-4: APM Response: [a] |T'|* vs incident peak power, for three linear phase
bias values; [b] Self-amplitude modulation coefficient yg4as, vs linear phase bias.

ized to their respective maximum power, in order to visualize the pulse shortening
more clearly. The linear phase bias is set to —0.97, which maximizes the SAM coef-
ficient (according to Figure [b]), and hence the pulse shortening. Figure b]
shows percent pulse shortening, defined as 100% x |1 — %m , versus peak
input power |a;|?, for Gaussian and Sech? pulses, with 200fs input pulse duration.

Pulse shortening over 6% is possible with proper adjustment of linear bias of APM

cavity.

While field reflection coefficient I' is the most straightforward to derive and di-
rectly relates to SAM coefficient, the physical measurable quantity is power reflection
R = |T'|?, as optical power meters measure optical power, not the electric field. Ex-
perimental results should produce a figure similar to Figure 2-4[a], where one could
extract modulation depth AR vs input pump power, as well as average power reflec-
tion value R. In order to be able to compare experiment and theory for APM-type
saturable absorbers, we relate vg4s directly to AR and R:

. or QP or oIrP 1
TSAM = 1R~ Ola|? 9T~ dlaif? 2|
orR 1
" Oal 2VR

(2.12)
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Figure 2-5: APM-induced pulse shortening: [a] Single pulse shortening with the
APM cavity, corresponding to Figure [2-4] for fixed input power, linear phase bias of
—0.97, for secant squared 200fs input pulse duration; [b] Percent pulse shortening as
a function of input power, for Gaussian and Sech? pulses, shown for linear phase bias
of —0.97 and 200fs input pulse duration.

The definitions of the SPM and SAM coefficients as proportionality constants be-
tween field reflection coefficient and the incident power are standard in the literature,
but exact formulas vary for a particular laser and mode-locking element geometries.
A different example of calculating such coefficients, for a nonlinear Sagnac loop ge-
ometry, could be found in [7]. Both calculations (the one presented here, and in
reference [7]) ignore dispersion, which could be easily incorporated, but makes the
explanations less obvious. Moreover, an equivalent set of parameters could be derived
for all Kerr-nonlinearity-based mode-locking methods described in Section [2.1.2] The
strength of those parameters determines important mode-locking characteristics, such
as stability of the pulses, possible pulse durations, and overall mode-locking regime,
as described by the Haus Master Equation [137, [I19] and presented in Section [3|
Physical design of the mode-locked laser systems by carefully balancing gain, loss,
SAM and SPM coefficients and dispersion should be the first step in designing any

novel mode-locked laser.

The APM method has been used extensively in the scientific community, and some
of the early demonstrations of solid state laser mode-locking have been implemented

using this method. However, the requirement of interferometric stabilization of the
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auxiliary cavity made it impractical for robust industrial applications. Instead, other
mode-locking methods that essentially use APM but exploit a clever cavity geome-
try that does not require precise length stabilization, such as, for example, nonlinear
optical loop mirror or NPR (described in Section , have become more popular.
However, when applied to integrated photonics, one can easily design two waveguides
of the same length, for any wavelength of interest. Moreover, effective Kerr nonlin-
earity of optical waveguides could be engineered to significantly exceed the values
obtained with free space bulk materials [136, [I35]. For this reason, APM is the most
straightforward method to be implemented in integrated photonics. In the next sec-
tion we show the design of a novel fully CMOS-compatible mode-locking element,

which is fundamentally based on the APM pulse interference principle.

2.2 Operating Principle

A CMOS-compatible mode-locking element should ideally include only the materials
that are already a part of the CMOS-compatible photonic layers within a particular
fabrication platform. The Kerr-nonlinearity-based approach is a good choice for this
task for several reasons. First, in integrated waveguides, device nonlinearity can
be greatly enhanced by waveguide geometry [I36], which enables over an order of
magnitude increase in nonlinearity compared with a core material bulk value. Second,
since the optical Kerr effect is considered instantaneous, proposed artificial saturable
absorbers are “fast”, meaning they are capable of supporting optical pulses on the
order of a few femtoseconds, provided that a proper balance between dispersion and
nonlinearity exist in the laser cavity. Finally, such devices could be designed for
any operating wavelength, provided this wavelength is outside of the material’s two-
photon absorption range.

We propose a Kerr-nonlinearity-based artificial saturable absorber partially based
on the APM principle. The schematic of the device is shown in Figure 2-6| The
device acts as a linear reflector at low incident power and has a nonlinear reflection

profile when incident peak power is high. Therefore, it acts as a saturable absorber,
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and with proper laser cavity design it should be able to initiate and sustain short
optical pulses. The device consists of an imbalanced coupler with power splitting
ratio a/(1 — «), two long arms, and linear reflectors at the end of each arm. The
light enters the device from the main laser cavity, gets split into two arms, propagates
through each arm, reflects back, and exits the device through the imbalanced coupler.
Part of the light is reflected back into the main laser (labeled as output 1 in Figure
, and part of it exits the cavity through output 2. Desired nonlinear behavior
of the device is caused by power-dependent pulse interference based on a difference
between accumulated nonlinear phases in each arm. The accumulated nonlinear phase
in each arm changes as a function of input intensity due to the Kerr nonlinearity:
ONL;i = 27#712,2‘11‘.[/1', where [ refers to intensity inside of the waveguide, A is the central
wavelength, ny is the nonlinear refractive index (responsible for the Kerr effect),
and L is the length of the device. Subscript ¢ stands for a particular arm of the
device. Assuming identical lengths and cross-sections in both arms, with perfect
end-reflectors, the nonlinear phase difference between the arms would be A¢yr, =
QTWAn_jﬂLeff(P]_ —P) = 27“:—;[16&(2@ —1)P;,, where P, is incident power. This power-
dependent difference between the nonlinear phases in the two arms would give a
power-dependent interference of the return signals at the coupler, which will result in

a sinusoidal output power as a function of the input power of the NLI.

If the two arms of the device are identical (i.e. have the same length, width, and
cross-section), and the end-reflectors at the end of each arm are identical as well, then
the linear phase accumulated by the light beam in each arm is identical, and there is
no linear phase difference. According to the theory presented is Section [2.2] with zero
linear phase difference the device should not need any linear phase bias. However,
for the case of integrated photonics implementation, small fabrication-induced differ-
ences on waveguide dimensions would almost certainly impart a small linear phase
difference between the two arms of the device. Such linear phase difference is not
power dependent, and could be mitigated by some form of linear phase bias in one of

the arms.

Because of the interferometric principle and power-dependent nonlinearity, we
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refer to the device in Figure as Nonlinear Interferometer (NLI).

input P R

Main Laser Cavity

<—
output 1

<—
output 2

A
\/

Figure 2-6: Schematic of a nonlinear interferometer.

If a nonlinear phase difference between the two arms is present, one of two situ-
ations is possible: 1) the reflection of the device, defined as fraction of input power
that is reflected back into the laser, will increase as a function of the input power
(this corresponds to positive SAM coefficient), 2) the reflection would decrease as a
function of the input power (negative SAM coefficient). For the artificial saturable
absorber effect, device output power should increase as a function of the input power.
Thus, a proper phase bias should be used.

A nonlinear phase difference between the two arms (and thus artificial saturable

absorption effect) can be achieved by any of the following methods:

1. Having the splitting ratio of the coupler that is different from 50/50. The non-
linear phase difference is maximized when o = 0.75. However, this significantly
lowers the overall reflection level of the device. We have designed and fabricated

integrated splitters with splitting ratios of 96/4, 93/7, and 90/10.

2. Having two different end-reflectors. If one reflector has, for example, 10% reflec-
tion, and another reflector has 90% reflection, this will cause different intensities
in the two arms of the device, and thus will lead to a nonlinear phase differ-
ence and artificial saturable absorption effect. However, this also introduces

additional losses into the arms of the NLI.

3. Having two arms of different lengths. As the nonlinear phase in each arm is

proportional to the length of that arm, the nonlinear phase difference between
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the two arms could be achieved by having the arms be different lengths. In this
case, care must be taken to account for differential group delay between the two
arms, in order for optical pulses from each arm to arrive back to the coupler

after traveling through the nonlinear interferometer, at the same time.

. Having two arms of different cross-sectional geometries. The Kerr nonlinearity
of the waveguide depends on both the materials used for the waveguide and
the exact waveguide geometry. Having different cross sections will result in
different effective nonlinearities in each interferometer arm, which will result
in a different nonlinear phase shift. As in (3), care must be taken to match
the group delays between the two arms. Having different arm lengths in order
to compensate for the group-delay mismatch that is caused by different cross

sections is one potential design option.

. Any combination of methods (1)-(4) could be used together to achieve even
greater nonlinear phase difference than what would be possible with just one
method. For example, one could employ an unbalanced coupler, different end-
reflectors, and different waveguide cross-sections/lengths in order to achieve the

nonlinear phase difference desired.

For the devices demonstrated in this thesis, we chose to imbalance the nonlinear

interferometer using the splitting ratio of the coupler only, as it is the most straight-

forward way to achieve SAM.

Although in this thesis we explore the NLI geometry presented in Figure [2-6],

various other device configurations are possible. For example, instead of the end-

reflectors, one may add another coupler at the left of the device, therefore making

it a Mach-Zehnder-type device that works in transmission, as opposed to reflection.

Another example of the same principle and different geometry would be using a multi-

mode waveguide, where the two modes have different effective nonlinearities, and the

power-dependent phase difference is achieved by coupling of the two modes together.
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2.3 Theory

The theory for the NLI closely follows APM theory presented in Section [2.1.3 but
includes important modifications for the particular geometry and device design. We
start with the device schematic shown in Figure 2-7, where the a; and b; are field
2

amplitudes defined such that |a;|* is optical power. The coupler has a power splitting

ratio a/(1 — «), or corresponding field splitting ratio of r/v/1 — r2, where r? = a.

a1+ b”

—

R
J—\bz
(— (__
— > —> [I RZ

Figure 2-7: Nonlinear interferometer coupler

The fields right after the coupler are written in terms of the fields incident on the
coupler as follows:

b r —iV1 =72 a a
) J L ” (2.13)

boy —J N r Aoy Qo
where S is the scattering matrix of the coupler. The light then propagates along
each arm, reflects off the mirrors with power-reflections R; and Ry, and is incident
upon the coupler again. For our particular device implementation, R = Ry = R,,,
where m stands for “mirror”, and both arms have identical cross-sections and length.
With linear power-loss of the waveguide ., One-way power transmission factor of
the cavity is written as n = e~®esL. Before the fields enter the coupler for the second

time, after round-trip propagation through the device, they could be written in terms
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of the fields immediately after the coupler:

bl— e_alossL A /Rme_j¢l 0 b1+
b2_ 0 A /RmefalossL 67j¢2 b2+
e 490 b
N | o (2.14)
0 e J92 bt

where L is a one-way physical length of the interferometer arm, and ¢; and ¢, are
phases accumulated in arm 1 and arm 2 respectively during the round trip propaga-
tion. The phase accumulated in each arm can be written as a combination of linear

and nonlinear phases:

o1 = ¢y, + ONL,
G2 = P1, + ONL, (2.15)

Linear phases in arm 1 and arm 2 are equal, provided the lengths and the cross-

sections are equal: ¢, = ¢, = ¢ = 27” negL. Therefore, we re-write Equation
214
b. ' ‘ —j(¢NL; —$NLy) b
' =nvVRn e 9t IoNL, ‘ l oY o (2.16)
by_ 0 1 by

Then, the final output of the coupler, using the S matrix, is:

" \/R_ —J¢1 ,—IPNL r —jv1—r? e~d(@nty=¢nts) Q)
(o —jV1—1r? r 0 1

x i EASRE R (2.17)
—jv1—r? r Ao

Finally, the input as, = 0, and we write the output fields from NLI as functions of
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the input fields, from Equation [2.1

a;. = (77 /R,, e—j¢ze—j¢NL2) [7"2 e JANL _ 1 + 7“2} ars

ao— = (N\/ Ry, €7700e7IN02) (—jry/1 — 12) [e‘jM’NL + 1} a1+ (2.18)

where A¢nr, = ¢nL, — ¢nL,- Nonlinear phase accumulated in each arm is a product
of optical power in that arm [W], effective nonlinearity parameter yxr, [1/ W- m], and
effective length of that arm [m], where Leg is the effective length of one arm, given by
Leg = M, and YNL1 = YNL2 = INL, Since the cross-sections of the waveguides

Qloss

in each arm are identical:

onty = 1w Lenlar[* + 72 Ryn nynwa Lenlaa|?

TV Vv
forward path backward path

= TQ'VNLLeff[l + Rmn} |ay |

ONL, = Sl — T2)7NL2LeH!&1!2/+£1 — 1) R ’YNLzLeff|a1!2/

NV TV
forward path backward path

=(1- r2)'7NL2LeH[1 + Rmﬁ} |ay|?

Aot = OnL, — ONLy, = INLLesr (1 + Rmn)(2r2 —1) |a1|2 (2.19)

From Equations and it is evident that the output fields have an oscillating
term proportional to the input power and based on the nonlinear phase difference -
the key in power-dependent behavior of the NLI.

Reflection R of the NLI is defined as a fraction of incident optical power that gets
reflected back into the main laser cavity; similarly transmission 7" of the NLI, T, is a

fraction of the input optical power that exits the NLI through the auxiliary output 2:

2
R = :Zl_:'z =0 Ry, [+ (r® = 1)* + 20°(r® — 1) cos (A¢n1) ]
1+
_ ’a27‘2 9 2 2
= 1 = Ry 2201 = )1+ cos (Ao ) (220
1+

To illustrate the power-dependent behavior of the NLI, we plot characteristic reflec-
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tion and transmission curves for a set of input parameters given in Table 2.2l The
results are shown in Figure [2-8. The modulation depth of this device, as seen from
R and T curves, is around 15%, and the increase in input power initially increases R,

which is the regime required for artificial saturable absorption (positive ysaas)-

Parameter Oloss r | L (one way) | Rumirror YNL
Value 0.8 dB/cm | 0.95 2 cm 098 |081/Wm

Table 2.2: Parameters used for NLI simulations.

NLI reflection and transmission NLI output vs input

100 350
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0 100 200 300 400 0 100 200 300 400
Input peak power [W] Input peak power [W]
[a] [b]

Figure 2-8: Nonlinear interferometer response vs input peak power. [a] Power reflec-
tion and transmission; [b] Power outputs.

The simulation above theory assumes ideal fabrication of the device, where the
two arms of the NLI have identical waveguides, and therefore identical linear phase.
In reality, normal fabrication-induced variations would introduce a small linear phase
difference between the arms. Theoretically this would change the expression for A¢yr,,

and make it

AN = ONLy — ONL, + Db (2.21)

where ¢, is power-independent phase bias. This phase bias will translate the curves in
Figure [2-8]a] horizontally, and thus may put it in increased incident power - decreased
reflection regime. Therefore, small phase bias might be necessary to compensate for

such fabrication-induced variations.
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Similarly to APM, we can calculate SAM coefficient v54a; from power reflection

R, by substituting R from Equation to Equation [2.12}

OR 1

YSAM —8|a1\2 —2\/}—%

dcos (Agn) 1

=n? R, 2r3(r* — 1
U RN

N VRy(14 Ryn) r?(1 — r?)(2r® — 1) yLegsin (A¢nr)

[7“4 + (r2—=1)24+2r2(r2 — 1) cos (A¢NL)]O'5

(2.22)

where A¢yy, is given by Equation 2.19] It is, however, much easier to obtain vyga
from power reflection data by numerical differentiation and normalization. Figure[2.3
shows SAM coefficient corresponding to parameters in Table 2.2 vs4s is maximum
when the slope of R is maximum, and zero when the value of R is maximum and
minimum. One can easily tune the linear phase of the NLI to bias it at the point

of maximum SAM coefficient. Similarly to APM analysis, we next send a single

<103 SAM coefficient Ysam’ (,bb=0

Yam [1TWI

0 100 200 300 400
Input peak power [W]

Figure 2-9: Self-amplitude modulation coefficient for nonlinear interferometer, corre-
sponding to Figure [2-8) and data from Table [2.2]

secant squared pulse through the NLI (with FWHM pulse duration of 350fs), and
look directly at the pulse shortening. The result, for an input peak power of 85W, is
shown in Figure [a]. Single pass pulse shortening by 28fs is evident. This pulse

shortening depends on the input peak power. Secant squared and Gaussian pulses
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of varied peak powers are next propagated through NLI, and the resulting percent
pulse shortening, normalized to maximum power, is shown in Figure [b]. For
secant squared pulses and this particular NLI, up to 8% of undistorted single pass

pulse shortening is possible.

] Shortening of a single Sech? pulse 10 Percent pulse shortening
0.55

0.8 8
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[a] [b]

Figure 2-10: NLI-induced single pulse shortening: [a] Shortening of one sech? pulse;

[b] Percent pulse shortening vs input peak power. Dispersion effects not included.

Device parameters optimization

In order to optimize the NLI, it is instructive to see how different device parameters
affect NLI performance. The device coupling ratio, effective nonlinearity, length and
dispersion could all be optimized in order to maximize the performance. In this
section, for any particular simulation one parameter is varied, while the others take
the values specified in Table . First, the performance of the NLI as a function of
the coupler power splitting ratio r2/(1 — r?) is evaluated, where r is the field coupler
transmission, and 72 is therefore power transmission of the coupler. For r2=0.5, both
NLI arms get the same amount of power, hence there is no nonlinear phase difference,
and no self-amplitude modulation (sine term in Equation is zero). Reflection and
Transmission of the NLI are then flat with respect to input power, and the device
reflects minimum possible amount of light. Similar behavior happens for 7?=1, when

all the light goes into one NLI arm, there is no nonlinear phase difference, and the
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maximum possible amount of light is reflected back to the main laser cavity. Desired
modulation range of R vs input power happens for r? between 0.5 and 1, where r?
affects both the amplitude and phase of R in different ways. The results of the NLI
response for r? € [0.5, 1] are shown in a 2D map in Figure [a]. At r? values close
to 0.5, the nonlinear phase difference between the two arms is small (but non-zero),
and the device is close to its minimum reflection. Only with very high peak power can
it reach high R values, and exploit full modulation depth. Theoretical modulation
depth in this case is the highest, since the device reflection spans the range from its
lowest to highest values. For r? values around 0.75, one can reach higher R values
at much lower input peak power, however, the modulation depth of the device is
reduced. The closer 72 gets to 1, the less peak power is needed to reach the peak
amplitude. Peak SAM coefficient and modulation depth for each r? value are plotted
in Figure [b]. The SAM coefficient (proportional to the slope of the sinusoid)
increases with increased r2, until its maximum at 72 = 0.75. This would be a good
point to operate the device if the modulation depth were also strong. However, the
modulation depth, as shown in Figure [b], appears to decrease significantly with
higher 72. This is somewhat deceptive, because with low r? values one needs very
high peak power to reach full possible modulation depth. For example, from Figure
2-11]a], to reach 85% possible modulation depth at r* = 0.55, one needs over 1000W
of peak power. Physical lasers systems usually have a certain operating region, and
further power increase is impractical. If we assume, for example, that the maximum
achievable peak power in the laser is 100W, we can define available modulation depth,
which is the modulation depth that the laser would have IF the peak power could not
go above 100W. In this case, as r? goes up, this modulation depth also goes up, as
the slope of the cosine function increases. The point of highest SAM coefficient and

modulation depth for this case is around 7?=0.85.

Next, the performance of the NLI is evaluated for a fixed coupler splitting ratio,
but for varying effective nonlinearity parameter yn;,. NLI reflection as a function of
~~L is shown in Figure [a]. Since yni, changes the phase of R only (Equation [2.20)),

increase in effective nonlinearity results directly in increase of oscillation frequency,
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Figure 2-11: NLI splitting ratio optimization.[a] NLI Reflection as a function of cou-
pler power splitting ratio and input peak power; [b] corresponding peak effective
nonlinearity, modulation depth, and “available modulation depth”, which assumes
maximum 100W of incident peak power.

and hence the slope of the R vs peak power curve, with no changes to amplitude,
or modulation depth. Peak SAM coefficient (proportional to maximum of the cosine
slope) is directly proportional to effective nonlinearity, as shown in Figure [b]
Effective nonlinearity should be designed to be as large as possible for stable mode-

locking with short pulses.

NLI performance vs device length is more complicated. Increasing length helps
increase the nonlinearity of the device, but it also directly adds loss to the system.
A 2D map of NLI reflection R vs peak power and one-way length L is plotted in
Figure [a]. For higher device lengths, significantly lower input powers are needed
to reach maximum possible reflection. However, the overall value of reflection de-
creases significantly, as the overall loss is added to the system. Figure [b] plots
peak SAM coefficient, modulation depth, and available modulation depth(with 100W
maximum input peak power limit). There is an optimum value of length (~25cm for
this particular device) that maximized the SAM coefficient, with decreased modula-
tion depth value. However, with this NLI length, the overall loss of the device is so

high that the reflection of the NLI back to the main cavity is under 30% - meaning
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Figure 2-12: NLI effective nonlinearity optimization. [a] NLI Reflection as a function
of effective nonlinearity of the waveguide; [b] corresponding peak SAM coefficient.

the NLI becomes a terrible reflector inside of a laser cavity. The length of the NLI
should be optimized together with the rest of the laser - first, one should determine
the maximum amount of additional loss the laser cavity could take from one of its re-
flectors, and still generate desired amount of power to drive nonlinearity and support
ultrafast pulses; second, with this loss value, the proper NLI length should be picked
out to maximize the SAM coefficient, with a sufficient value of modulation depth.
Finally, overall effective nonlinearity of the NLI must also be considered. For most
mode-locked lasers operating in a soliton regime, increase in overall nonlinearity on
the laser cavity is beneficial to a certain limit - combined with net negative disper-
sion, larger nonlinearity creates shorter pulses. However, if the nonlinearity becomes
too strong, the pulses become unstable. Therefore, the length of the NLI should also
be considered, apart from its mode-locking properties, in terms of “additional laser

cavity element” with a certain value of yyr,.

In summary, all the derivations and optimizations in this section are calculated us-
ing realistic parameters, but they do not include dispersion, or dispersion-nonlinearity
interplay during pulse propagation. Generally, channel waveguides would have nor-
mal dispersion. The effect of such normal dispersion on NLI performance would be to

stretch the reflection vs peak power curve horizontally - the peak power of the pulse
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Figure 2-13: NLI length optimization.[a] NLI Reflection as a function of length and
incident peak power; [b] corresponding peak SAM coefficient, modulation depth, and
“available modulation depth”, which assumes maximum 100W of incident peak power.

would be constantly lowered due to pulse spreading in time domain. This would result
in lower SAM coefficient. To exactly model NLI performance with all effects included,
one needs to run a complete split-step simulation for the device, which is done in Sec-
tion [2.4.1] Nevertheless, the theory presented above gives excellent intuition into NLI

parameter space and overall device performance.

2.4 Nonlinear Interferometer for 1900nm

2.4.1 Integrated Implementation

There are numerous potential implementations of the nonlinear interferometer archi-
tecture presented in Figure using various integrated photonics structures. The
main NLI coupler could be implemented using directional coupler, multi-mode inter-
ference coupler, or other more sophisticated devices. The end-reflectors at the end of
each arm could be implemented as integrated loop mirrors or as integrated grating
reflectors. Integrated grating reflectors could potentially reduce the footprint of the
device, and add additional dispersion compensation if necessary.

Figure shows one particular integrated implementation of the NLI device [13§]
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as designed for the DODOS project (shown is an actual layout of the device in Cadence
Virtuoso). The unbalanced power splitter is implemented by using an integrated
directional coupler. The end-reflectors are implemented using integrated loop mirrors.
We choose to keep the NLI arms identical in terms of cross-section and length and
achieve the nonlinear phase difference by the unbalanced coupler alone, in order not
to deal with group velocity mismatch. Although the two NLI arms are designed to
be identical, minor fabrication tolerances almost always impart a small linear phase
difference between the arms, and thus we end up tuning the device in order to balance
it properly. Integrated heaters are fabricated on top of the NLI arms in order to be

able to tune the device.

PoutZ
s ——lp-
P Length L ( \)
e A D=

Figure 2-14: Nonlinear interferometer layout

The device was fabricated as part of DODOS project, and thus the photonic
layer heights were restricted to DODOS fabrication platform, using CMOS-compatible
photonics layers as shown in Figure[I-5] A more-detailed view of photonic layers with
relevant names and dimensions is shown in Figure 2-15] Available layers for the NLI
are the three silicon nitride layers (SN, FN, ZN), and a silicon layer. We avoid
the silicon layer, because two-photon absorption at 1900nm , although significantly
reduced from its’ peak value at 1550nm [21], is still significant and will act as a power
limiter in the cavity. Main NLI waveguides are therefore implemented in silicon nitride

layers.

NLI Waveguide Design

In order to maximize NLI performance, it is important to design the main waveguide

in order to maximize effective nonlinearity vy, which in turn would maximize SAM
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ZN -"zero" nitride

FN - “first” nitride

SN -“second” nitride

Tm - Thulium-doped glass
Si - silicon

TR - trench etch layer
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Figure 2-15: DODOS Photonic layers with relevant layer heights

coefficient. However, this should not come at the expense of significant increase in
normal dispersion, which will have the opposite effect. We therefore choose the best
SisN, material layer, within our fabrication platform, to achieve this. From Figure
[2-15] NLI could be implemented in 400nm thick ZN SizN, layer, 200nm thick FN
SizNy layer, or a combination of FN and SN layers together, termed “DN” for Double
Nitride. We calculate effective nonlinearity and dispersion, at A=1900nm, using finite
difference eigenmode(FDE) solver, vs waveguide width, for FN, DN, and ZN layers,
making sure the waveguide width is within a single mode operation regime only.
The results are shown in Figure 2-16l The DN layer combination yields higher yxi,
over the SN layer. The ZN layer yields even higher effective nonlinearity, however,
increased normal dispersion of ZN waveguides, together with higher linear loss due to
larger nitride height spreads the pulse in time as it propagates within the waveguide,
thus constantly reducing the peak power available to drive the nonlinearity. This, in
turn significantly reduces the SAM coefficient and makes mode-locking prohibitively
difficult. We therefore choose to implement NLI in the double-nitride layer, and pick

the waveguide width of 1.5um, which maximizes nonlinearity, minimizes dispersion,
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and ensures single mode operation. vy, was calculated using the formalism presented

in [135]. Final cross-section of the main NLI waveguide, optical mode profile, and the
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Figure 2-16: Effective nonlinearity and dispersion of different SizN, layers.

resulting nonlinearity and dispersion are shown in Figure 2-17

Dispersion and nonlinearity vs width
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Figure 2-17: NLI waveguide design: [a] Cross-section of waveguide; [b] Mode profile;
[c] Dispersion and nonlinearity optimization.

NLI Coupler Design

Once the design of the main waveguide is selected, other NLI components are designed

using the waveguide geometry of the main waveguide. It is possible to implement the
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loop mirror, coupler, and NLI arms all in different nitride layers, and then use layer-
to-layer transition components in between. However, for simplicity, we choose to
make all NLI components using the same waveguide cross-section, shown in Figure
2-17

A directional coupler is used in order to implement both the power splitting cou-

pler and the loop mirrors. The transfer matrix of the directional coupler is given

by

S = (2.23)

where t> + k2 = 1 — kK = /1 —t2, and t is the field transmission through the
coupler. The output fields b; and by are written as b = Sa, where a = [a;;as] are
input fields. Given ay=0, and assuming lossless coupler, the fraction of light power

coupled into each arm is:

hi=p, ="
P
Ty = P“’ —k2=1-¢ (2.24)

The NLI coupler splitting ratio is a critical parameter, since it affects directly the
SAM coefficient, the available modulation depth, and the loss of the NLI as an end-
reflector in the laser cavity, as shown in Figure 2-11] Since the actual reflection value
of the device is very important, we choose T} /T; values to be 90/10, 93/7, and 97/3.
The last two coupling gaps result in single digit modulation depth values (see Section
for simulations), which is still sufficient to sustain mode-locking action. For an

integrated directional coupler, the ¢ and x coefficients obey the following relation [139]:

t* = cos* (CL)

Kk* = sin? (CL) (2.25)

where L is the length of the coupler, and C' is a coupling coefficient, proportional to
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e~49 where ¢ is the size of the gap, and A is some constant. Therefore, the required
splitting ratio can be obtained by varying either the coupling gap, or coupler length.
We choose to keep the length of the coupler fixed, and vary the gap between the
two waveguides. Coupled mode theory [140], together with an FDE solver are used
to calculate the field coupling coefficients as the gap between the two waveguides is
varied. The results for the top arm transmission 7} vs the gap size are shown in
Figure [b], and are used to select the gap values corresponding to 77=90%, 93%,
and 97%. Full layout of the power splitter, with exact dimensions corresponding to

T1=90%, is shown in Figure 2-1§| [a].

NLI Coupler transmission
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Figure 2-18: NLI coupler design: [a] Layout; [b] Transmission vs gap size.

Loop Mirrors Design

In the ideal case, the integrated mirrors at the end of each NLI arm would be 100%
reflective. In this design iteration, we implement integrated reflectors using linear
loop mirrors. Such a loop mirror consists of a directional coupler with 50/50 splitting
ratio, with the arms connected together to form a loop, as shown in Figure [2-19
[a]. When the two outputs of the directional coupler described by transfer matrix

in Equation [2.23] are connected to each other, the final transfer matrix of the loop
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mirror becomes

01 —2jKt  t? — K2
Sim = S = (2.26)
10 2 — k2 —2jkt

The power fraction R back into the laser, and T out of the cavity, are

R =4(1 — *)#?
T = (2t* — 1) (2.27)

Solving the above equation for t> when R=1 gives t* = 1/2. We therefore design the
directional coupler in the loop mirror to have field transmission coefficient ¢ = v/2 /2
to give maximum reflection back to the laser cavity. Using the same coupled mode
theory-based directional coupler code as in the previous section, we sweep the gap
size and calculate the resulting field transmission and corresponding power reflection
R. The results are shown in Figure [b] The gap size of 940nm corresponds to
100% reflection in a loop mirror configuration for our NLI waveguide geometry. The
layout of the device with all relevant dimensions, is shown in Figure 2-19[a]. The
bend-radius inside of the “loop” of the mirror is 60 pum, which was optimized for our

particular cross-section.

Reflection of the Loop Mirror
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Figure 2-19: NLI Loop mirror design: [a] Layout; [b] Reflection vs gap size.
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Bandwidth consideration

It is important for the NLI to be broadband in order to support ultrafast optical
pulses. Therefore, the bandwidth of the device should be carefully evaluated. The
loop mirror was designed to have 100% reflection at 1900nm, and the coupler was
designed to have 90/10 splitting ratio exactly at 1900nm. With the design parameters
fixed, we analyze the wavelength dependence of those components. Figure [a]
shows the wavelength dependence of the loop mirror and the coupler individually.
Both appear to be broadband. Next, a combined wavelength response of the full
NLI is calculated, taking linear loss into account. The full response (NLI reflection
R, assuming no nonlinearity) is shown as a black curve in Figure [a]. This
combined response peaks at about 1850nm, and has less then 2.5%variation within
100nm bandwidth. However, this shows that the NLI prefers 1850nm wavelength over
1900nm, by 2.5%. If the rest of the mode-locked laser had no wavelength dependence
(i.e. flat gain profile), the NLI would be the element picking the central wavelength of
the device. However, the gain in fact is strongly wavelength dependent, with an effect
that is much stronger than 2.5% (see Chapter |3). The gain profile of the laser would
then pick the final operating wavelength, with the NLI playing a small additional
effect.

It is possible to re-design the NLI to have a peak response at 1900nm, by, for
example, shifting the peak loop mirror reflection to higher wavelengths. The result
is shown in Figure [b]. In this case, NLI will have the strongest reflection at
1900nm, which is also very broadband. However, this introduces small additional
losses to the device - in the original case (Figure [a]), the peak reflection value
of the NLI is 62%, while in the wavelength-shifted case (Figure [2-20] [b]) this value is
at 55%.

In both cases, the device has sufficient bandwidth to support femtosecond-level
optical pulses - the reflectivity drop within 100nm around central wavelength value
is only 2.5%. At most 40nm are needed to support 100fs-long secant square pulses

according to time-bandwidth product, therefore, the NLI should not pose any band-
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width limitations.

NLI response vs wavelength
Linear NLI response vs wavelength
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Figure 2-20: NLI bandwidth: [a] NLI reflection (no nonlinearity) vs wavelength; [b]
NLI reflection (no nonlinearity), with peak response shifted to 1900nm.

2.4.2 Full Device Simulations

In order to fully model the NLI response, the effects of dispersion, nonlinearity, and
all the associated losses must be taken into account. To do this, we numerically
solve Nonlinear Schrodinger Equation (NLSE) using the symmetric split-step Fourier

method [141], at each point along the NLI. The associated NLSE form is

DA(z, [y 07 A(z, :
(gi 2 :j% 8(; ) — JulA(z )P A2, 1) — LA(2) (2.28)

where [, is group delay dispersion in fs?/m, vy, is effective nonlinearity in (Wm)™,

and [ is linear field loss in m™!. The algorithm for this model is:
1. Create a pulse (electric field), with a peak power Ppeax
2. Apply NLI coupler transfer matrix
3. Propagate light forward, separately for each NLI arm, using NLSE

4. Apply loop-mirror reflections
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5. Propagate light backward, separately for each NLI arm, using NLSE
6. Apply NLI coupler transfer matrix

7. Calculate R, T, other system outputs for this Peax

8. Increment peak power value, repeat 1-7.

The devices were originally modeled using simulated values for nitride loss, the NLI
coupler, and loop mirror reflection, however, the model was updated to use exact
values for those parameters, as measured (see Section [2.4.3). The values for effective
nonlinearity and dispersion are simulated, where the dispersion is calculated using the
FDE solver with Sellmeier coefficients as extracted from the refractive index measure-
ments of our materials, and effective nonlinearity is calculated using the same FDE
solver based on the algorithm outlined in [135], and bulk material Kerr nonlinearity

values taken from the literature. The parameters for the simulation are shown in

Table 2.3

Parameter [ (loss) 712 L (one way) Rumiror  YNL
Unit m~! - m - (Wm)™! | fs*/m
Value 18.42 | 0.91 0.023 0.98 0.6 810x103

Table 2.3: Parameters used for full NLI propagation simulations.

The results of the simulated reflection and transmission of the device are plotted
in Figure 2-21[b]. The reflection of the device varies between 28% and 40%, implying
12% possible modulation depth, if one could achieve the 500W peak power necessary
to reach it. For an efficient CW laser, it is desirable to have a much higher end-
reflector, ideally above 80%. However, linear loss of the NLI waveguide is the limiting
factor, where the material loss of the SizNy is currently limited by fabrication capa-
bilities. Making the NLI shorter would reduce the loss, but would also significantly
reduce the SAM coefficient. Corresponding output power of the device is shown in
Figure [a]. Average as opposed to peak power is plotted here, because peak power

is not clearly defined for an output pulse that has been stretched and modulated in

96



time domain due to dispersion effects. Peak power is defined for the input pulses -
in this case, the peak-to-average power conversion is based on the simulation input
parameters - secant squared pulse train, with 960MHz repetition rate, with FWHM
pulse duration of 200fs.

NLI Output vs input power NLI Output/Input ratio

0.6 50
—rm 1 o Reflection R, %
0.5 arm 2 = Transmission T, %
Ch 40 [ |
= Re]
2 04 2
'% 2 30
g03 g
= =20
&8 0.2 é
®10f
0.1 5
o
0 : - 0 - : *
0 0.5 1 1.5 0 500 1000 1500 2000
in, average’ [W] Pin peak [W]
[al [b]

Figure 2-21: NLI simulation: [a] Average output power vs average input power, for
both outputs. Peak-to-average power conversion is done based on 960MHz repetition
rate laser with 200fs pulses; [b] Reflection and Transmission vs input peak power.

Corresponding SAM coefficient and modulation depth are shown in Figure 2-22]
Mode-locking is only possible when R is increasing with increasing incident power, and
hence with positive ysanm coefficient (shown shaded in Figure . Corresponding
modulation depth is shown at each point, in regions where ysay > 0. The laser is
likely to work only during the first region of positive SAM coefficient, where the input
peak power is from 0 to 450 mW. The second region of increasing R and corresponding
positive SAM coefficient (input peak power range from 980mW to 1620mW, from
Figure [b]) would impart oscillating power-dependent reflections to the wings
of the pulse, breaking up the pulse. The device can be easily biased at the point
of maximum ~ganm, however, this reduces available modulation depth by 50%. The
integrated mode-locked laser presented in this thesis has up to a 150W of peak power
inside of the laser cavity. This allows using up to a third of available modulation
depth (about 4%). Therefore, for the lasers described in Chapter [3 biasing the NLI

at a maximum vysay point doesn’t sacrifice available modulation depth.
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Figure 2-22: SAM coefficient yg54s, and corresponding available modulation depth,
shown only in regions with vg45; > 0, where mode-locking is possible.

For comparison, we simulate three NLIs with as-designed coupler power splitting
ratios (90/10, 93/7 and 97/3) and all other parameters as shown in the Table [2.3]
The results for all three power splitting ratios are shown in Figure [a], and
corresponding SAM coefficients are plotted in Figure [b]. While the NLI with
a coupler with 97/3 splitting ratio has the lowest SAM coefficient and the lowest
modulation depth, it also has the highest average reflection value, meaning if the
laser is just above the threshold, this device is most likely to work. Further changing
the coupler splitting ratio of the NLI, down from 97/3, increases the SAM coefficient,
and would continue to increase it up until 75/25 splitting ratio, where ygan is at its

maximum.

The final full simulation illustrates the effects of the dispersion on the NLI re-
sponse. Figure [a] shows NLI reflection for one device with coupler power split-
ting ratio of 90/10 and all other parameters corresponding to Table and another
device with the same parameters, but with dispersion 8, = 0. Figure [b] shows
the corresponding SAM coefficient. The effect of dispersion is the stretching of the R

curve horizontally, reducing vs4as, and making higher reflection accessible at higher
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Figure 2-23: NLI response for three different power splitting ratios: [a] Reflection; [b]
Corresponding SAM coefficients.

input power, compared with zero dispersion case. It is impractical to design an inte-
grated waveguide with high nonlinearity and near-zero dispersion. A better approach
would be to make sure that the dispersion compensation in the cavity is balanced in
such a way that the pulse, upon entering the NLI, has negative chirp. The positive
dispersion of the NLI will then shorten the pulse as it propagates through the device,
which will drive nonlinearity with higher peak power, and would thus have a higher

SAM coefficient. Another approach is to add dispersion-compensating gratings into

the NLI itself.

2.4.3 Results

Linear characterization of the NLI was done to measure passive waveguide losses,
loop mirror reflection/transmission, and NLI coupler reflection/transmission. Linear
loss of the waveguide was measured using the cut-back method, by having straight
waveguides of two different lengths, and by having paperclip structures with the
same number of bends but different lengths of the straight sections in between those
bends (Figure [a]). The NLI coupler was characterized using a test structure
corresponding to the directional coupler used. CW light was coupled into the input

waveguide and collected through the two outputs of the coupler (Figure [b]). This
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Figure 2-24: Dispersion effects on NLI performance: [a] NLI response with and with
no dispersion; [b] Corresponding SAM coefficients.

allows to directly estimate the power splitting ratio of the coupler. Loop mirrors were
measured in a similar way, by having a test structure for a directional coupler that was
used inside of the loop mirrors(Figure [c]), and calculating the actual response
of the loop mirrors using Equation [2.27. The results of the linear measurements are
summarized in Table 2.4, The slight discrepancy in power splitting ratio between
design and measurement values is due to a slight fabrication-induced change in the

SizNy refractive index, compared with initial expected values.

‘ ‘ Design Value Measured Value ‘

Linear Waveguide Loss - 0.8 dB/cm
Loop Mirror Reflection 100% 98%
Splitter % Ratio 1 90/10 83/17
Splitter % Ratio 2 93/7 86/14
Splitter % Ratio 3 96/4 91/9

Table 2.4: NLI linear characterization summary, for 1900nm devices

Nonlinear characterization of the device was performed using an optical parametric
oscillator (OPO) centered at 1.9um, with an 80MHz pulse repetition rate, and a pulse
duration of 200fs. In order not to pre-chirp the input pulses, light was coupled into
the device using a free-space objective. Light was collected at the output of the

waveguide using a lensed fiber. An optical chopper and lock-in amplifier were used
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Figure 2-25: Test structures for linear characterization of the NLI: [a] Paperclip
structures for linear loss measurements; [b] NLI coupler test structure; [c] Loop mirror
coupler test structure

to detect small changes in the device output power. The setup diagram is shown in

Figure [2-26]

variable aspheric
attenuator N2 lens lensed
fiber
OPO (2um) NLI
chopper
Lock.—in Detector
| Amplifier |

Figure 2-26: Setup used to measure NLI devices.

In the above setup, the output of the NLI was measured through “output 2”7, as
shown in Figure 2-14] Therefore, the transmission of the device was measured, as
opposed to the reflection. Reflection could be easily calculated from transmission

measurement using Equation [2.20
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NLI output power as a function of the input power, measured using setup in
Figure is shown in Figure [a]. On/off-chip coupling losses were calibrated
out using separate measurements. The “transmission” of the device, calculated as
the ratio of output power to the input power at the output of the NLI coupler, is
shown in Figure [b]. The nonlinear behavior of the device is immediately evident.
We note that the peak power available for the experiment was limited by the peak
power produced by the OPO. 1.9um-centered signal used was an idler OPO beam,
with limited pulse energy. In order to properly calculate the modulation depth and
the self-amplitude modulation coefficient, we fit the data to a sinusoid signal. Fitted
data for NLI transmission, and corresponding NLI reflection (calculated from fitted
transmission using Equation are shown in Figure [a]. The device exhibits
9% modulation depth, compared with the 12% design value. The data also shows
a linear phase bias of about —m, as compared with simulation. For comparison,
we plot simulation data with a linear bias of —7 in Figure [b]. This shows a
close simulation /measurement modulation depth correspondence; however, the period
of the sinusoid (the peak power it takes the NLI to experience 27 nonlinear phase
change) is about a factor of two larger in measured data [a]) compared with
simulation (2-28|[b]). The corresponding SAM coefficient would then be a factor of 2
smaller for measured data. This indicates that the simulation has either overestimated
the value of effective nonlinearity, or underestimated the value of dispersion. While
all other simulation parameters were measured experimentally, the dispersion and
nonlinearity values come from separate simulations. Dispersion was calculated using
an FDE solver with Sellmeier coefficients for the materials measured exactly, while
effective nonlinearity was calculated using the formalism presented in [135], [136] using

bulk Kerr nonlinearity values for SizN4 and SiOy from the literature.
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Figure 2-27: NLI results: [a] Measured output power vs input power. [b] Measured
transmission vs input peak power.
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Figure 2-28: NLI fits to measured data: [a] Reflection and transmission fits to mea-

surements; [b] Linear phase bias-shifted simulation of the reflection/transmission.

The MLLs presented in this thesis could have up to 150W of peak power, meaning
they would be able to access about one sixth (1.5%) of measured modulation depth.
According to full laser simulations presented in Chapter [3 this modulation depth and

corresponding SAM coefficient are enough to mode-lock the lasers.
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2.5 Nonlinear Interferometer for 1550nm

An integrated nonlinear interferometer for mode-locked lasers centered at 1550nm
was designed similarly to the one for 1900nm, with the main architecture, layout,
and optimization steps analogous to the previous section. First, the dimensions of
a double-nitride SisN4 waveguide were calculated to maximize effective nonlinearity
vnL at 1550nm, and minimize dispersion at 1550nm. Next, the NLI coupler and
integrated loop mirror were designed using this waveguide geometry, with parameters
to maximize the reflection of the loop mirror and to optimize the NLI coupler for
maximum SAM coefficient. The layout of the 1550nm NLI is identical to that of
Figure 2-14] with waveguide dimensions adjusted for 1550nm design specifications.
Next, full simulations of the NLI were done using the model described in Section
[2.4.2] based on the 1550nm design parameters, and later adjusted based on the data
from linear characterization. Finally, the devices were measured using a 1550nm-
centered OPO with 180fs pulses at 80MHz. In this section, we show key simulations
and results of the 1550nm NLI design/characterization.

Figure [2-29shows the design of the main NLI waveguide, which consists of the two
silicon nitride layers, where the height of each layer is 200nm, the oxide gap between
the layers is 100nm, and the width of both Si3N, waveguide layers is optimized for
maximum effective nonlinearity and small normal dispersion. Table shows the
design and measured values for the NLI coupler splitting ratios, integrated loop mirror
reflection, and linear waveguide loss. NLI coupler splitting ratios were designed to
be 97/3, 96/4, and 90/10. Measured values are slightly lower, but close to the design
specifications. Loop mirror reflectors are measured to be 98% reflective, which is
close to a design value of 100%. Linear loss at 1550nm was measured using three
different methods, all of which resulted in a value of about 1.4-1.6 dB/cm, which
is considerably higher than expected. Upon further investigation, it was discovered
that our fabrication facility had a problem with a nitride deposition tool during the
wafer run, which resulted in much-higher-then expected losses for SizNy layer, for this

particular tape-out. With 2.3 cm one-way NLI length, the net nitride-only NLI loss
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Figure 2-29: 1550nm NLI waveguide design: [a] Dimensions of the NLI waveguide
cross-section, not-to-scale; [b] Intensity profile for optical mode in this waveguide; [c]
Effective nonlinearity and dispersion optimization.

for this tape-out is 7.4dB, which drastically reduces NLI nonlinear performance, and

makes it a poor reflector at the end of a laser.

Design Value ‘ Measured Value

Linear Waveguide Loss - 1.5 dB/cm
Loop Mirror Reflection 100% 98%
Coupler Splitting Ratio 1, % 90/10 87/13
Coupler Splitting Ratio 2, % 96/4 91/9
Coupler Splitting Ratio 3, % 97/3 94/6

Table 2.5: NLI linear characterization summary, for 1550nm central wavelength de-
vices

Full simulation of the NLI was done using the method described in Section [2.4.2]
using data from Table For linear loss, coupler power splitting ratios, and loop
mirror reflectivity, measured data were used. For effective nonlinearity and disper-
sion, calculated data were used based on the FDE mode-solver, in-house measured
values of Sellmeier coefficients for SisN, and SiO, materials, and literature-based Kerr
nonlinearity values. The results of this simulation are shown in Figure 2-30], for three
different values of the NLI coupler splitting ratios. The final modulation depths for
87/13, 91/9, and 94/6 modulation depths are 8%, 5.8%, and 4%, respectively. The
device with an 87/13 power splitting ratio has the highest SAM coefficient, which is

about a factor of two greater than that of 94/6 device. However, the reflection of
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the NLI with the 87/13 coupler oscillates around a 14% value, which makes for an
inefficient CW laser, and hence limits the amount of energy needed to form pulses

and drive the NLI nonlinearity.

Parameter ‘ l (loss) ‘ r? ‘ L (one way) ‘ R, irror ‘ YNL

Unit m! - m - (Wm)™' | fs?/m
34.9 0.94 0.023 0.98 1.12 717x10°
34.9 0.91 0.023 0.98 1.12 717x10°
34.9 0.87 0.023 0.98 1.12 717x103

Table 2.6: Parameters used for NLI (1550nm) simulations.
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Figure 2-30: Full NLI simulations for 1550nm NLIs: [a] NLI Reflection for three mea-
sured values of NLI coupler power splitting ratio; [b] corresponding SAM coefficients.

Nonlinear interferometers were fabricated at the CNSE facility as a part of the
EPHI project fabrication runs. Both stand-alone NLIs, and mode-locked lasers with
the NLIs, were fabricated. The devices were tested using the setup similar to the one
shown in Figure but with an OPO that was centered at 1550nm, with 180fs
transform-limited pulses at an 8OMHz repetition rate.

In order to show that the NLI could be biased for increasing reflection at increasing
incident peak power, integrated heaters were deposited over both arms of the NLI.
The heaters are deposited on top of a 4um of SiO, cladding layer, which is directly over
the double-nitride structure (see Figure [a]). The optical mode inside of a 1.0um
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double-nitride NLI waveguide is well-confined, therefore, the light doesn’t interact
with the metal heater deposited on top of the oxide. The thermo-optic coefficient of
stoichiometric silicon nitride has been reported to be 2.45 x 107° REU/°C [142]. To
arbitrarily tune the NLI phase bias, a maximum of 27 linear phase shift is needed

(accumulated over the round-trip propagation): 2*An(2L) = 27 — An = 2AT =

A2L = 21%92"0”;1 ~ 4.75 x 107°, assuming a heater is deposited over the length of 2.0 cm

(out of 2.3cm length of each NLI arm), directly over the SizsN, waveguide, but away

from NLI coupler and loop mirrors. This gives required temperature change at the

4.75x10-5

Si3N4 Waveguide AT = S 45%10—5 —

1.94°C'. Assuming a factor of 3 heat transfer loss
from the surface of the heater to SizNy4 layers (conservative estimate, done without
heat distribution simulation), this gives the required temperature of the heater to be
AT =1.94 x 3 =~ 6°C, for a full 27 phase shift. This is a reasonable temperature to

achieve in an integrated heater.

The heaters were fabricated at MIT’s Microsystems Technology Laboratories, us-
ing standard photolithography process with lift-off, using chromium photomasks (Fig-
ure [b]). The heaters are 20um wide, 2cm long, and the thickness is made up
of 150nm of titanium, followed by 100nm of gold. 100x100um contact pads are de-
posited at each end of the heater. DC probes with are used to run current through
the heaters (Figure [c]). For this generation of heaters, the resistance of each

heater was measured to be approximately 3305).

The results of the 1550 NLI measurements, for the device with 91/9 NLI coupler,
with integrated heaters, are shown in Figure 2-32] Output vs input power mea-
surement is shown in Figure [a], with on/off-chip losses calibrated out using a
separate measurement, for 4 applied heater voltages and corresponding currents. The
output was measured through “output 2” - the transmission output of the device, as
shown in Figure 2-T4] NLI transmission can be directly calculated by dividing the
transmission output power by the input power. The results for NLI transmission vs
incident peak power are shown in Figure 2-32) [b]. From this data, ~6mA of heater
current is necessary to bias NLI by half-cycle. 6mA at 3302 corresponds to 12mW

of electrical power to the heater. Since accumulated linear phase is distributed along
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Figure 2-31: NLI heaters: [a] Cross-section of fabricated heaters (not-to-scale); [b]
Heater deposition process; [c] Top view of the integrated heaters.

the 2cm length of the heater, the device is power-efficient. Further improvements in
heater efficiency are possible with better heater designs and a more controlled heater
fabrication. In addition, a p-n junction in silicon could be used as a Joule-heat-based
heater, which would heat up NLI from underneath, as opposed to from above as done
in this work. This result demonstrates that NLIs could be easily tuned to operate in a
regime that favors mode-locking operation, with small electrical power consumption
required for tuning. Chapter [3|shows the operation of such NLI heaters inside of the
actual integrated MLLs, where heater tuning allows to turn the mode-locking on and

off.

The reflection of the NLI is calculated from the transmission measurements using
Equation [2.20] Corresponding reflection vs incident peak power are shown in Figure
2-32 [c]. The reflection oscillates around the central value of 14.5%, with the modu-
lation depth of 2.5%. For the same device, full simulation predicts 5.8% modulation

depth, with reflection average value of 16.5% (Figure [a]). In addition, the pe-
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Figure 2-32: NLI (at 1550nm) measurement results: [a] NLI output power vs input
power, for 91/9 coupling power splitting ratio NLI, for various heater-induced biases;
[b] Corresponding transmission of the NLI; [c] Corresponding reflection of the NLI,
calculated from measured transmission data.

riod of the sinusoidal oscillation is smaller by about a factor of two in simulation
results, compared with measured results. This results in correspondingly larger SAM
coefficient in simulation (it therefore overestimates it). The discrepancy between the
simulation and measured data is likely in the value of the effective nonlinearity of the
waveguide, which was calculated using full ynp, as described in [I35] using bulk ny val-
ues for SiOsand SizNy from the literature. Because literature-reported values for Kerr
nonlinearity of SizN, vary by more than a factor of 2, this discrepancy is likely caus-
ing the overestimation in effective nonlinearity of our devices. Similar discrepancy is

found in our measurements of 2um-based NLI, as shown in Section and Figure
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m. Full NLI simulation uses all measured device/waveguide parameters, except for
effective nonlinearity and dispersion, both of which are calculated separately.

In the above chapter, we have demonstrated fully-on chip integrated mode-locking
devices, operating at 1550nm and 1900nm, to be used with integrated mode-locked
lasers operating at corresponding wavelengths. Chapters [4] and [3] show the designs
of such on-chip mode-locked lasers with the mode-locking devices being part of the
laser cavity. Moreover, full mode-locked laser models are presented that highlight
how NLI properties influence the behavior of the mode-locked laser, its stability, and

pulse duration.
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Chapter 3

1900nm Mode-Locked Lasers

This chapter presents several designs of integrated mode-locked lasers for 1900nm
central wavelength operation. The main requirement of the lasers in this chapter is
high peak power (and hence short pulse duration). The lasers were designed for the
DODOS project, where they would drive an integrated supercontinuum generation
device, where the resulting continuum would generate a frequency comb and which
would be subsequently stabilized using the on-chip 1f-2f interferometry (see Section
for further details). In order to produce an octave of coherent supercontin-
uum signal in silicon waveguides, pulses on the order of 100-200fs are required [84].
Therefore, the starting point of the mode-locked laser design was selecting the laser
architecture and mode-locking method that would enable and sustain such pulse du-

rations.

This chapter is organized as follows: first, general physical guidelines for design-
ing an on-chip mode-locked laser are discussed, and basic theoretical framework with
general design parameter space for short pulse mode-locked lasers is presented. Next,
Section presents a complete design, numerical simulations, and results for an in-
tegrated MLL based on a spiral architecture. An improved MLL configuration, based
on a segmented architecture, with corresponding design, simulations, and results, is
presented in Section[3.2] Finally, novel MLL design variations are presented in Section

[3.3, where full simulations and design improvements are investigated.
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Design Principles

When designing integrated mode-locked lasers, both integrated photonics and laser
physics should be considered together. The starting design point for such systems
should always be the physics and operating regimes of mode-locked lasers, keeping in
mind the constraints of state-of-the art silicon photonics (for example, the lack of an
on-chip isolator makes certain laser systems challenging to implement on a chip)

Since active mode-locking generally produces pulses on the order of a few pi-
coseconds, the approach in this work is to use passive mode-locking, which would
allow pulse durations to go down to 100fs or below. In this case, the addition of a
passive mode-locking element to the laser cavity is necessary. Passive mode-locking
methods and associated devices, along with their potential implementation in inte-
grated photonics, are discussed in details in Section [2.1] Regardless of the type of a
passive mode-locking device used, such mode-locked lasers have several well-studied
operating regimes based on their cavity configuration and net cavity group velocity
dispersion (GVD). Figure shows a map of various operating regimes, which are
briefly discussed below:

e Soliton operation regime Soliton-like laser operation is possible in net anoma-
lous dispersion regime [132] [143] 144]. To achieve shortest possible pulses, a
careful balance of Kerr nonlinearity and dispersion in the laser cavity is needed.
In particular, the cavity should operate in a net anomalous dispersion regime,
with enough Kerr nonlinearity to allow for soliton effect to take place, which
would facilitate further pulse shortening. However, too much Kerr nonlinearity
in this operating regime would destabilize the pulses and make laser operation
highly unstable. The soliton operating regime allows for shortest pulse dura-

tions at the output of the laser.

e Stretched-pulse regime The stretched pulse regime, also called “dispersion -
managed” regime, relies on long sections of the laser with alternating normal and
anomalous dispersion [145] [146]. Normal dispersion sections frequently contain

optical gain. In such a case, the pulse is stretched in time domain, but is allowed
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to accumulate energy. Anomalous dispersion laser cavity sections reverse the
spreading stabilize the pulse. The pulses are usually strongly chirped at the
output of the stretched pulse laser, and external dispersion compensators are

frequently used to compress them.

e All-normal dispersion regime All-normal-dispersion regime fiber lasers avoid
dispersion management altogether - rather, they rely on a bandpass filter with a
well-defined bandwidth to shape optical pulses [147, 148 [149]. All-normal dis-
persion fiber is used for both gain and passive sections. The strongly up-chirped
optical pulse is stretched in time. In the frequency domain, this manifests in
more power at higher and lower frequencies within the pulse spectrum. The
bandpass filter is then used to remove those higher and lower frequencies, and
hence to stabilize pulse duration. The output pulses from all-normal dispersion-
based lasers are usually up-chirped at the output and could be externally com-

pressed.

e Self-similar regime Self-similar laser operation is characterized by optical
pulses that have parabolic shape in both time and frequency domain, where
nonlinear phase accumulation is translated into linear frequency chirp [I50].
The pulse evolution takes place in an all-normal dispersion regime, where a
parabolic pulse is strongly up-chirped. An optical filter with a carefully de-
signed Gaussian transfer function shapes the pulses after one cavity round-trip
propagation in such a way as to allow self-similar pulse evolution. Although the
pulses exit the laser positively chirped, they could be compressed down to the
appropriate transform-limit for parabolic pulse shape. Externally compressed
pulses from self-similar lasers have been demonstrated with pulse durations un-
der 100fs. One of the implementation drawbacks of this laser regime is its strong

dependence on the exact parameters of the Gaussian filter used.

It is desirable to have the output of the integrated mode-locked laser to have the
shortest pulse duration possible, without having to use an integrated pulse compres-

sor. Although integrated pulse compressors have been demonstrated on a monolithic
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Figure 3-1: Mode-locked lasers operating regimes, based on net cavity dispersion.

on-chip platform [I51], it would be an additional integrated photonics component in-
side of a DODOS on-chip synthesizer system, with possible insertion loss, and likely
strong power and pulse duration sensitivity. As a general rule in integrated photonics
sub-systems, it is good to avoid unnecessary additional devices. The pulse propa-
gation scheme that provides the shortest pulse duration at the output of the MLL
without any external pulse compression is a soliton, or soliton-like regime. There-
fore, the MLL laser cavity should be designed with net anomalous dispersion and
carefully controlled Kerr nonlinearity. While Kerr nonlinearity could be easily en-
gineered, chromatic material dispersion of SiO, and SizNy is normal. Waveguide
dispersion could be used to force net dispersion of a device to be in anomalous regime
for the wavelengths of interest. A different approach would be to use the all-normal

dispersion laser cavity with a discrete dispersion-compensating element.

To qualitatively look at the design parameter space of a soliton-like mode-locked
laser, we look at general chirped secant squared solutions to Haus Master Equa-
tion [137, 119, [7], which assumes the effects of nonlinearity, dispersion, and self-
amplitude modulation are small and additive within one cavity round-trip, assuming

steady-state operation. The Master Equation is written as

2

{0, +iD) G+ =130+ (- i0aP} a0 =0 3)
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where Dy = &, g is optical (electric field) gain [1/m], Q, is gain bandwidth [1/m?],
D is dispersion parameter [s*/m] with D = GVD/2 where GVD is group velocity
dispersion; [ is field loss per round trip [1/m], ¢ is accumulated linear phase, v is

SAM coefficient [1/W], and ¢ is SPM coefficient [1/W].

The solutions are plotted in terms of normalized parameters D,, and 7,, where

D, =D/D,, 1, = g‘gj, W represents the pulse energy, and 7, represents the actual
width of the pulse. Another parameter that is frequently calculated from solving
the Master Equation is the stability S of the optical pulse, which is defined as net
loss before and after the pulse. For stable mode-locking, optical pulse propagation
should be favored and amplified over lower intensity noise, and thus S =1—g¢ > 0.
The net loss window must precede and follow each optical pulse. When stability S
of the MLL is less then zero, the wings of the pulse get amplified more than the
central part, which leads to pulse breakdown. Figure [3-2| shows pulse stability S,
pulse duration, and chirp parameter versus normalized dispersion parameter D,,, for
one particular value of SAM coefficient vsan, but varying Kerr nonlinearity dspu
values. Soliton and soliton-like pulses are represented by curves at the upper left
quadrant of each plot (negative D,,, anomalous dispersion regime). From the pulse
duration plot it is evident that higher values of nonlinearity for a particular (low)
value of anomalous dispersion allow for shorter pulse durations, which is exactly
the soliton pulse shaping effect. For higher values of anomalous dispersion, the pulses
become strongly negatively chirped, and nonlinearity can no longer shorten the pulse.
Excessive Kerr nonlinearity (large dgpys) within anomalous dispersion could also drive
the pulse into the unstable regime, looking at Figure [c]. Net normal dispersion
regime represents all-normal-dispersion laser solutions, which must be stabilized with
bandwidth compensation. Generally, pulse durations in the normal dispersion regime
are larger than those of the anomalous regime, given the same nonlinearity value and

the same absolute value of dispersion.

Figure [a], [b], and [c] show the solution curves for pulse duration, chirp, and
stability, respectively, for a fixed value of dgpy, but varying values of self-amplitude

modulation coefficient ysan. From the chirp plot, in the net anomalous regime the
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Figure 3-2: Haus Master Equation solution curves for a fixed value of ysam =
0.01 W1, and varying nonlinearity dspy. [a] Normalized pulse duration vs nor-
malized dispersion; [b] Chirp vs normalized dispersion; [c] Stability parameter vs
normalized dispersion.

SAM coefficient does not strongly affect the chirp or the pulse width. However, the
stability of optical pulses strongly depends on the SAM coefficient. Larger SAM
values allow for significantly more stable mode-locking solutions. If one is unable to
increase the SAM coefficient in a particular laser system, potential solutions to bring
the laser into a stable mode-locked operating regime might be to either decrease the
nonlinearity of the system or make the net dispersion more anomalous, as proposed in
Section Chapter 2] focuses on design parameters of the integrated mode-locking

device that would maximize the SAM coefficient and allow for a more stable mode-
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locking operation.
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Figure 3-3: Haus Master Equation solution curves for a fixed value of dgpyy = 1 W1,
and varying SAM coefficient ysan. [a] Normalized pulse duration vs normalized
dispersion; [b] Chirp vs normalized dispersion; [c] Stability parameter vs normalized
dispersion.

For particular values of small signal gain coefficient, gain bandwidth, pulse energy,
and dispersion / nonlinearity values, the Master Equation could be used to roughly
estimate final pulse duration, chirp, and bandwidth. This formalism should be used
only as general guidelines for initial laser design and a qualitative laser behavior
indicator, to provide intuition and first look at the initial parameter space. The
Master equation has analytical solutions only in the approximation of small-change-

per-round-trip regime, where all laser cavity parameters could be linearly expanded to
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the first order. This is generally inaccurate in many MLL systems (and particularly so
in some of our integrated laser designs). Moreover, the formalism ignores many higher
order effects. Nevertheless, this serves as an important first-order approximation

design step.

Finally, we comment on possible laser resonator configurations. Free-space laser
resonators have been constructed with linear, ring, sigma, and more-complicated
multiple-mirror-assisted folded configurations. Only a linear configuration can pro-
duce stable pulses without some form of optical isolator in the cavity. Since the state-
of-the-art CMOS-compatible integrated photonics community currently lacks inte-
grated isolator approach, linear resonator configuration is the most straightforward
choice. It does, however, have unique disadvantages, such as signal standing waves
in the cavity, that could create spatial hole burning and prevent self-starting [152].
Once on-chip optical isolators become available, integrated mode-locked lasers will
quickly move to ring-based resonator configurations, which should greatly simplify

laser design and operation.

Once the physical design space of the laser has been established, integrated pho-
tonics is used to design laser components to create a cavity within the required pa-
rameter range. In the next few sections, we describe a comprehensive integrated
photonics design process for on-chip MLLs with the following physical parameters,

based on the discussion in this section:

Linear laser cavity with 500MHz-1.5GHz repetition rate

Net anomalous dispersion regime

Sufficient Kerr nonlinearity to provide for soliton effect to shorten the pulses

Artificial saturable absorber with strong ysanm to stabilize the pulses against

laser noise
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3.1 “Spiral” Mode-Locked Laser Design

Our first mode-locked laser architecture is based on a linear resonator spiral-shaped
cavity configuration. The gain material is Thulium-doped Aluminum Oxide glass
(AlyO3:Tm3") which is deposited using reactive ion sputtering on top of the entire
chip. The laser is pumped with the 1614nm Erbium-doped Fiber Amplifier (EDFA),
and lasing occurs around 1900nm, corresponding to *Hg-3F) atomic transition in
Thulium. The total one-way length of the laser cavity is about 14cm, which corre-

sponds to 680MHz repetition rate.

3.1.1 Architecture

The full laser architecture is shown schematically in Figure 3-4, The pump enters the
MLL through a spot-size converter Si3N, waveguide shown on the left in Figure [3-4]
The pump light then further propagates through a pump/signal combiner, which is
designed to let 1614nm pump light propagate straight through the coupler, and to let
1900nm signal light couple across, thereby separating the pump and the signal. Next,
the pump light enters the gain waveguide through several waveguide transition com-
ponents (which allow to transition between different photonic layers and eventually
into the appropriate mode of the gain waveguide). In the gain waveguide, the pump
mode is sufficiently expanded in order to have a large interaction region with the
gain material. The trench, etched into the SiO, layer (shown in gray in Figure [3-4),
contains the gain region where the pump and the signal modes overlap in the gain
material over the length of the trench, establishing a sufficient interaction region to
sustain steady-state lasing. The trench/gain waveguide bends in a spiral<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>