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Chapter 1

Next Generation Light Sources in

Data Center Interconnects

1.1 Introduction

With the explosion in demand for artificial intelligence and machine learning, Internet
Protocol traffic, particularly intra-datacenter traffic, has thrust hyperscale datacenters
into the ”Zeta-byte era” [I]. Current trends in artificial intelligence are demanding in-
creased model size, which is seriously constraining current datacenter architectures. Par-
ticularly, the complexity of chips has continued to exponentially increase, requiring the
net input/output (I/O) data rate to also exponentially grow. In order to address this is-
sue for high performance chips, power-hungry and large serializer/deserializer (SERDES)
blocks have filled the gap[2]. This, however, has led to a 25x increase in the power allo-
cated to SERDES[3], which cannot be sustained forever.

Currently, it is still more power efficient to transmit data on and off the chip with
copper wirelines. However, as individual lane rates increase, the loss through copper
wirelines continues to increase, which requires higher order modulation formats, such as

1
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partial amplitude modulation (PAM), at the cost of higher signal to noise ratio (SNR)
needs. In contrast, optical fiber loss is measured in dB/km, offering the possibility of
inter-datacenter links without the need for optical amplification. Thus, the energy cost
of scaling the data rate of optical links can outscale electrical links[2], but the initial
creation of the optical data-signal currently costs too much energy per bit (J/bit) for it
to out compete electrical links over short distances.

To reduce power spent on input-output (I0), increase chip lane rates, and eliminate
the 10 bottleneck at the front panel of server rack units [4], datacenter links will see
the photonics move into the electronics package in the near future [2, [5]. This seriously
constrains the power consumption, footprint and spectral efficiency of next generation
links. Significant breakthroughs in silicon photonics have led to compact, power efficient
transceivers, which benefit from the high volume production capability of silicon [6].

One technology in particular, micro-ring modulators (MRMs) has allowed silicon
photonic transceivers to produce optical links with extremely high 10 bandwidth per mm?
[7]. MRMs benefit from a compact footprint and are resonant structures, allowing them
to modulate a single wavelength in a Dense Wavelength Division Multiplexing (DWDM)
signal, potentially eliminating optical multiplexers (MuxMuxes)[§]. This capability has
dramatically increased the need for a monolithic light source that can deliver all DWDM
channels. The three approaches typically considered to meet this need are distributed
feedback (DFB) arrays, nonlinear optical frequency combs (NOFCs), and semiconductor

mode locked lasers (MLLs) [9].

1.1.1 DFB Arrays

The archetype Wavelength Division Multiplexing (WDM) light source, DFB arrays

are implemented in long-haul, metro, and datacenter applications [10]. DFBs are com-
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mercially available across the entire telecom range, with wavelengths available anywhere
between 760-14000 nm [IT]. The WDM source is formed by combining the optical output
of many individual lasers. DFB arrays have two aspects that NOFCs and MLLs do not;
namely the ability to scale the power in each channel independently to the desired level
and no reduction in efficiency as the number of channels increases. They do, however,
have the largest footprint, and require a Mux to combine individual channels into one
fiber. Additionally, the large temperature variation inside data center racks requires
control electronics to keep each individual laser aligned to the DWDM grid / MUX,

increasing their energy cost per bit [12].

1.1.2 Nonlinear Optical Frequency Combs

As an alternative to DFB arrays, NOFC offer the ability to generate a spectrum
of discrete optical frequencies separated by a fixed channel spacing. NOFCs typically
employ micro-disk or micro-ring resonators, but a straight waveguide can be used in
combination with a MLL [9]. They can offer extremely large bandwidth [13], the channel
spacing can be adjusted over an extremely large range [14} [15], and individual comb lines
can offer superior optical linewidths making them suitable for coherent communication
[16]. Anomalous Group-Velocity-Dispersion (GVD) Kerr solitons suffer from an inher-
ently low efficiency [I7]. Recently, normal GVD dark soliton combs have reached 41%
on-chip pump-to-comb efficiency [I8]. Their biggest drawback is the large power vari-
ation of channels across the comb (10-20 dB). They also suffer from an inherently low
efficiency when considering net wall plug efficiency (WPE) of the entire source. Often
neglected from the calculation, the WPE of the pump laser itself must be considered.
Additionally, optical coupling losses between the laser and the NOFC further decrease

the efficiency, however integration will alleviate this [19]. Excluding pump generation
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and coupling, conversion efficiencies can be as high as 40-60% [18], 20].

1.1.3 Semiconductor MLLs

Semiconductor MLLs output a high frequency pulsetrain with a fixed frequency spac-
ing between the longitudinal cavity modes in a compact, efficient, reliable, and robust
device, making them a natural candidate for optical sampling [21], clock distribution [22],
and as DWDM sources [23]. Additionally, these devices do not require initiation rou-
tines or feedback loops and only use voltage and current sources. quantum well (QW)
MLLs have been investigated for more than three decades, however the introduction
of Indium Arsenide (InAs)/Gallium Arsenide (GaAs) quantum dot (QD) active region
has improved their performance. QDs have been shown to have lower threshold [24],
smaller linewidth enhancement factor [25], benefit from inhomogeneous broadening [26],
improved temperature-induced threshold increase (T) [27], and improved carrier dy-
namics [2§]. Implementing InAs QDs has led to the development of high output power,
efficient MLLs suitable as comb sources [29, 9].

Using the benefits of InAs/GaAs, quantum dot mode locked lasers (QD-MLLs) are
capable of generating the flattest combs of any multi-wavelength light source, producing
combs with tens of comb lines and a fixed channel spacing. This makes them ideal candi-
dates for meeting the needs of next generation terabit-scale WDM systems for short reach
applications, which demand low-cost, extremely low power consumption, and miniatur-
ized size. This has attracted attention in using them in DWDM transmission systems for
nearly two decades[30, [31], with the two main architectures originally shown in [31] and
reproduced in [Figure 1.1} The system on the left is a standard archetype DWDM system
implementation using a single light source. The light must be spectrally separated with a

demultiplexer (DeMux) into the individual modes or channels for each modulator, which
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adaptability remains challenging. Two potential comb laser-driven transceiver approaches are illustrated in Figure 2.
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DeMux and detectors. (b) shows a compact system designed around silicon-based
PIC, where wavelength-specific MRM allow in-line operation with no Mux/DeMux
required. figure reproduced from [31].
is typically a Mach-Zehnder Interfesrofgeeyo( X671 yeortw-anodulated channels each receive
data, and are combined with a Mux before being transmitted down the same fiber. At
the receiver, another DeMux is used to separate each channel into it’s respective detector.
The system on the right uses the unique properties of MRM, to selectively modulate an

individual channel of a DWDM signal without the need for a DeMux/Mux. These two

layouts are discussed in greater detail in the rest of this chapter.

1.2 DWDM System Architecture

The following system drawn in [Figure 1.2] is designed to leverage the advantages
of using a QD-MLL for DWDM data transmission. This link architecture along with
experimental results are discussed in [32], and is similar in design to b. The sys-
tem utilizes one QD-MLL as a multi-wavelength source that produces twenty-wavelength
(20-A) comb with 60 Ghz spacing. The laser drives two independent transmitters, each
capable of transmitting 1 Th/s; the output from each facet of the laser is fiber coupled
with polarization-maintaining (PM) fiber to the inputs of photonics PIC. The channels

of the 20-\ comb are first split with a 1x2 power splitter for polarization division multi-
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Figure 1.2: Schematic of the MRM-based DWDM-transmission system. A single
QD-MLL produces 20 wavelength channels to drive 20 MRMs for each polarization.
This system is designed to transmit 1 Tbh/s with minimal size and power consumption.
Reproduced from [32]
plexing; for each of wavelength there are two MRMs, one for each polarization. Following
this, the channels are separated with an interleaver into even and odd channels to in-
crease the comb spacing present at the MRM banks to 120 GHz. This is done to reduce
the crosstalk between channels caused by parasitic modulation of adjacent channels by
MRMs][33].

The data is encoded on each channel with 26.4 Gb/s NRZ signal with 5.6% forward
error correction (FEC) overhead, netting a 25 Gb/s data rate. An in-depth discussion
of the need for FEC in compact, energy efficient links along with the accrued latency
is discussed in [32]. The net data rate per channel gives 500 GB/s for one comb. The
output from the PIC is then amplified by a QD semiconductor optical amplifier (SOA),
before passing through a polarizing rotating beam combiner to launch both outputs of

the PIC onto one PM fiber on orthogonal polarizations, which increases the data per

fiber to 1 Th/s. The received data is first polarization demultiplexed with a polarizating
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rotating beam splitter before passing though an interleaver to separate the channels into
even and odd. The received signals are then wavelength demultiplexed with ring filters.
The drop port of the ring filter is connected to a high speed photodetector (PD), which
recovers the original data signal. Clock forwarding is accomplished by using a variable
optical attenuator modulator with a 209 MHz signal, which is 128 times slower than the
data rate. This clock fowarding scheme is implemented to reduce energy consumption
by removing the need for clock recovery digital signal processing[34].

This system places several constraints on the MLL. The most important restriction
is the wavelength stability of the individual comb lines, because MRMs have frequency
dependent loss and extinction ratio. MLL-based combs have a very stable comb spacing,
however the absolute frequency does drift[35] These lasers were shown to be stable enough
for data transmission[36] 32]. Additionally, the power of each comb line must fall in a
narrow window. The power of the highest line must not exceed the nonlinear thermal
threshold of the MRM. Simultaneously, the power of the lowest line (PoLL) in the 20-
A must have a large enough power to have the required received power at the receiver
PD to have the required SNR to meet the bit error ratio (BER) required for the FEC
architecture chosen. Most importantly, the laser much produce the comb with the power
allocated in the budget. Temperature performance is also considered, because the system
was designed to work from 20 to 80°C and the laser was designed to operate at the average
temperature, 50°C. These metrics will be discussed in detail in later chapters.

In addition, the QD-MLLs were also used in a coherent experiment involving two
MLLs, one as the transmitter, and the other as an optical local oscillator (LO). The
experimental setup is shown in and the full details can be found in in [36].
This setup is similar to a, however it uses a tunable bandpass filter (TBF) to sep-
arate comb lines for data transmission, instead of a DeMux, which is commonly done

in demonstrations. Because the data is coherently encoded, an additional laser at the
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Figure 1.3: experimental setup for a comb to comb transmission expirement. Figure

taken from [30]
receiver is used as a LO in coherent detection. In DWDM demonstration experiments, a
commercial external cavity laser (ECL) or DFB is commonly used, which could have bet-
ter phase noise performance than the transmitter light source. However, this experiment
uses a QD-MLL at the receiver, identical to a real world deployment of the system. The
two QD-MLLs are as identical as possible; the devices come from the same laser bar and
have the same saturable absorber length. This gives very similar performance between
the devices, particularly that they have identical repetition rates, and very similar comb
bandwidth and power per line. This coherent data transmission experiment uses a 1Q
MZI, because MRM are only capable of intensity modulation. Multiple praseodymium-
doped fiber amplifiers (PDFAs) were used to overcome the losses from the MZI and
TBFs.

1.3 DWDM Data transmission with QD-MLLs

The QD-MLL-powered DWDM system was envisioned by Innolume GMBH and the

first demonstrations were performed using QD-Fabry-Perot (FP) lasers with either 40 or
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Figure 1.4: Comparison of the state-of-the-art data transmission experiments done

using a single source. (a) compares the net data rate vs. the number of channels

encoded. (b) compares the net data rate vs. symbol rate, and (c¢) compares the net

data rate for one channel vs. the number of channels used. Figure taken from [36]
80 GHz channel spacing[30, BI]. An individual comb line was filtered out using a TBF,
amplified with a QD-SOA, and modulated with a lithium niobate (LiNb) MZI. In [30],
they modulated ten comb lines with with 10 Gb/s, and achieved error free transmission
(BER< 107'3) for all lines, while in [31] they modulated an unspecified number of lines
that were within 3 dB of the highest powered mode and achieved error free transmission.
The demonstrations that followed switched to MLLs because of the previously mentioned
benefits, such as flatter spectra and equal channel spacing. Although self-mode locking
was observed in both InAs/GaAs and InAs/Indium Phosphide (InP) MLLs[37, 38], most
DWDM data transmission experiments were conducted on InAs/InP self-mode-locked
MLLs due to larger interest in C-band operation.

shows a summary of the highest data rate transmission experiments with

different sources. (a) compares the number of channels vs. aggregate data rate. All other

MLL demonstrations on [Figure 1.4 are C-band with InAs/InP based lasers, which have
channel spacing of 42[39], 25[40], 34[41], 28]42], and 28[43] for the 10, 12, 12.03, 12.5, and



Next Generation Light Sources in Data Center Interconnects Chapter 1

12.54 Th/s respectively. These demonstrations are labeled 21-25 in . Not included in
the figure is a previous demonstration from UCSB, where a comb with 20 GHz spacing
was used to transmit 4.1 Th/s[23] by using 65 comb lines. The data labeled ”this work”
refers to an experiment conducted in [36], outlined in which uses a QD-MLL
with 58 GHz comb spacing.

The work presented in [36] produced the highest data transmission rate for a single
device in the O-Band, and the highest data rate for a comb-2-comb data transmission
experiment using MLLs. This was achieved by using the high channel spacing, which is
1.5 — 2x larger channel spacing of the other MLL demonstrations, which allowed data
transmission with higher symbol rate of 56 GBaud. Additionally, the excellent noise
performance of the lasers allowed more complex modulation formats up 32QAM. An
aggregate data rate of 12.1 Th/s was achieved with 26 comb lines, about % the number
of lines of the other MLL demonstrations. This gives the highest net data rate per

channel out of any demonstration.

1.4 Dissertation Outline

The body of this dissertation discusses all aspects of the production, characterization,
physics of operation, and optimization of QD-MLLs for generation of combs. The next
chapter is dedicated to an overview of all aspects of QD-MLLs and Optical Frequency
Comb (OFC) in general. The growth of material, fabrication processes, and operational
principles are detailed. Following this, the analytical tools used to characterize lasers are
built up. The tools and methods used in collecting and analyzing data are explained.
The types of combs generated by QD-MLLs are discussed, and distinguished from the
mode-locking typically observed. In the last chapter, a systematic study of the doping

in the active region is explained, which shows the optimum p-doping.
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Chapter 2

Introduction to Quantum Dot Mode

Locked Lasers

In this chapter, all the individual aspects that constitute QD-MLLs are discussed. To
understand their operation, both the production steps and the fundamental operating
principles will be discussed.

The growth of QDs by molecular beam epitaxy (MBE) will first be discussed. Unlike
a QW gain region, which can be grown with relatively large changes in growth conditions,
particularly temperature, QD growth requires exact and repeatable conditions. Follow-
ing this the fabrication of MLLs will be discussed. The process is similar to FP laser
fabrication, and different waveguide structures are discussed.

The second portion covers theoretical aspects of understanding comb operation and
types of combs generated in semiconductor MLLs. Active versus passive mode locking
is discussed, along with the different types of phase locking states that can be present
inside a passive MLL. Lastly, harmonic mode locking is detailed, which is necessary to

generate high channel spacing and temperature resilient lasers.
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2.1 Growth of Quantum Dots by MBE

Quantum dots are extremely small particles, with sizes comparable to the de-Broglie
wavelength of electrons in the material that they are made up of. This causes quantum
confinement of electrons, and also holes in semiconductor materials, which gives them
optical and electrical properties not exhibited by the bulk material. The carrier confine-
ment causes discrete energy levels, similar to solving Schodinger’s equation for a particle
in a box with finite barriers. This energy structure is reminiscent of atomic spectra, and
QDs are sometimes referred to as artificial atoms. By changing the size or shape, the
electrical and optical properties can be tailored.

The concept of semiconductor-based QDs was first proposed by A. Arakawa and H.
Sakaki in 1982[27] as purely a thought experiment that discussed the advantages of having
a band structure with discrete energy levels and radiative recombination. They asserted
that the radiative recombination could be temperature insensitive if the intraband sep-
aration was much larger than kT at room temperature, which does not hold true for
holes in the InAs/GaAs or InAs/InP material system. The first demonstration of a QD
laser was in 1994,by using Indium Gallium Arsenide (InGaAs) on GaAs. Mirin et al.
demonstrated the first room temperature photoluminescence (PL) with clear evidence
of Stranski-Krastanow (SK) growth of QD by MBE, showing evidence of the theorized
atom-like density of states[44].

The term self-assembled QDs refers to using the SK growth mode to form QDs simply
by supplying In and As atoms onto the surface without pre-patterning. In SK growth, the
initial monolayers of material wets the surface with a conformal layer. The layer-by-layer
growth continues until a critical thickness, governed predominantly by strain, is reached,
after which the growth rapidly transitions to 3-D growth of self assembled islands. The

fundamental principles driving SK growth, particularly in the process of QD formation
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are explained in great detail in [45].

Because the kinetics of SK growth are governed heavily by strain, adatom mobility,
and surface morphology, MBE is a well suited technique for highly tunable growth condi-
tions necessary for repeating important parameters such as dot density or PL full width
at half maximum (FWHM). Many studies have investigated the growth conditions that
affect dot quality, some of which are temperature, growth rate, growth interruptions,
V/III ratio, Ass/As, ratio[46], 47, 48, 49, 50, 51], and the use of a high temperature
anneal known as an indium flush[52]. Additionally, QDs can be grown in a InGaAs QW
which is referred to as a dots in a well (DWELL), which can have varying composition
and thickness[53, [54].

The lasers analyzed in this dissertation were grown without major changes to the
growth recipe discussed by Norman et al. in [55]. Predominantly, the indium growth
rate was adjusted to change the InGaAs well composition from 13.5 to 14.5%, while
leaving the deposition time constant. This small change, which alters the total InAs
deposited from 2.24 to 2.43 monolayers and the growth rate from 0.1 to 0.107 ML/s,
significantly alters the center wavelength of the PL. All QD layers were grown at 495°C,
with a -3°C offset for 37 wafers. There was a growth interrupt around 1.3 monolayers,
which is approximately at the initiation of island coalescence, which was observed in
Reflection High Energy Electron Diffraction (RHEED). The V/III ratio used for the 2
nm prelayer of InGaAs before the QD growth is 15. Then, the QDs are grown with
a relatively high V/III ratio of 35, to reduce adatom mobility and encouraging earlier
dot nucleation. After 1.3 monolayers, during nucleation, a 1 second pause occurs and
the remaining 1.1 monolayers is deposited in six bursts spaced by one second. After a
ripening pause the QDs are capped with 5 nm of InGaAs and 2.5 nm of GaAs.

After the DWELL structure is grown and capped with GaAs, the sample is heated

to 580 °C for 5 minutes to perform the indium flush. This allows the coalesced dots
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Figure 2.1: Measured PL from three samples grown the same day, each with a different

InGaAs composition and total amount of InAs in the QD layer.
which protrude above the cap to either be removed through In evaporation or to reduce
their height, while also allowing for Ga-In interdiffusion to make the dots more uniform,
improving PL. After the In flush, a 35 nm GaAs spacer is grown in multiple QD-layer
structures in order to prevent strain coupling between dot layers. shows how
sensitive QD PL peak wavelength is to the amount of InAs deposited; the PL tunes 35
nm in wavelength with a 12% change in the amount of InAs deposited. For the system
architecture discussed in [Section 1.2} the device operation temperature and wavelength
were specified. This required tuning the indium cell by as little as 0.1°C to tune the PL
wavelength by 3-4 nm. The gain peak thermally tunes by 0.5 nm/°C, and a small error
of 5 nm would result in a change of laser operating temperature by 10°C. This makes

controlling the comb center at a specified temperature very difficult.
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2.2 Epitaxial Layers for Quantum Dot Lasers

All devices discussed were grown on nominal (001) n-doped GaAs wafers with either a
Varian Genll or VEECO GenlII solid source MBE machine. Either MBE system is capa-
ble of generating exceptionally-high-quality quantum dots with 6 x 10'%cm =2 dot density
and FWHM of 28 meV, so both systems were used interchangably. The details of the
epi-stack are shown in [Figure 2.2] The stack begins with a 400-nm-thick, highly-doped,
n-contact layer. The aluminum content in the Aluminum Gallium Arsenide (AlGaAs) is
then graded to 40% to form the waveguide lower cladding, which is 1.4 pum thick. The
Al content is then graded to 20% for a 20-nm-thick confinement layer, before the active
region. The active region contains either five[29] or six[56] DWELL layers, each separated
by 37.5 nm of GaAs. The p-type cladding consists of the same Al concentrations and
thicknesses, with a 300-nm-thick p-type, highly-doped, contact layer on top.

The doping of each layer is shown in [Figure 2.2 The doping profile was optimized
in order to give the best device efficiency. In a diode laser, there are three main sources
that reduce efficiency: ohmic resistance, optical loss, and injection efficiency less than
one. Considering the device through the perspective of conservation of energy, the laser
output is usable energy removed from the system. Both optical loss, though scattering
and absorption, and ohmic heating, are two sinks reducing usable energy extraction.
Increased doping, particularly in the cladding and grading layers nearest the waveguide
core, increases optical loss, through free carrier absorption and scattering, dopant absorp-
tion and scattering, and intervalence-band absorption. However, the increased doping
helps reduce the series resistance of the device which reduces energy losses to ohmic heat-
ing. Therefore the doping is reduced in the grading layers and the p-cladding to optimize
performance.

The growth temperature of the stack must also be considered for several factors. Due
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Figure 2.2: Schematic of the epitaxial layers used for the QD-MLLs in this dissertation.

to QD intermixing, the entire epi-stack above the QD layers is grown at 540° C. If a
higher temperature is used, it will cause broadening of the PL, which degrades perfor-
mance. Fortunately, incorporation of the p-type dopant, beryllium, into AlGaAs films is
not heavily temperature dependent. The n-type Aly4GaggAs is however very sensitive
to silicon incorporation [57), 5§]. This is partially due to the high activation energy of
Si in AlGaAs when Al content is over 22%, which are refered to as DX centers. They
are the lowest energy level state for donors, and thus dominate the conductivity in the
n-cladding[59]. This can be counteracted by incorporating higher Si levels, but avoiding
Si incorporation in an arsenic sight, which compensates n-type doping. This is achieved

by altering the Asy/As, ratio and substrate temperature to increase Si incorporation.
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The incorporation and doping activation of Si in MBE AlGaAs films was studied via
Secondary Ton Mass Spectroscopy (SIMS) in [60]. They found that the measured SIMS
levels of Si decreased with increased arsenic overpreassure or increased substrate tem-
perature. They believed arsenic was making a volatile compound with Si, which was
removing it from the surface before incorporation. The doping level of 4 x 107em =3
was achieved in the n-type Aly4GaggAs by decreasing the growth substrate temperature
from 580 to 560°C, decreasing the V/III ratio from 30 to 15, and decreasing the cracker
temperature of the VEECO MrkIV Arsenic cell from 850 to 800° C, which increases the

As,/As, ratio. The change in As,/As, ratio cannot be measured because the MBEs used

do not have a direct way of distinguishing between As species during a flux measurements.

2.3 Fabrication

The epitaxial layers described in the previous section were processed into ridge-
waveguide lasers of two different types. First the general fabrication steps involved in
deeply-etched lasers will be described, and are presented in [Figure 2.3 and most details
of fabrication can be found in [61, 62, 63]. After growth, the first step is the deposi-
tion of p-metal, which is patterned in a liftoff process (a). The p-metal contact stack
is Pd/Ti/Pd/Au. This is followed by deposition of 500 nm of SiOs, which is patterned
by dry etching to form a hard mask (b). The hard mask is used to dry etch the ridge
waveguides with an inductively-coupled-plasma reactive-ion-etching process which uses
Ny and Cly (¢). The etch conditions were continually monitored and optimized to give
vertical sidewalls with minimal sidewall roughness. Directly after etching, the sidewalls
are passivated with 12 nm of atomic-layer-deposition alumina to reduce sidewall recom-
bination, followed by 1 pm of sputtered SiOy (c). The n-via in the passivation is opened

through dry-etching (d) and n-metal is deposited with electron beam deposition and pat-
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terned with liftoff (e). The n-metal consists of Pd/Ge/Pd/Au. The p-via is then opened
and 1pm of gold metalization is deposited for making electrical connections via probes or
wirebonds (e). The substrate is thinned to 200 pm before depositing the same n-metal
stack on the back of the chip for backside contact (for samples with n-type substrates).
When all contact metal is deposited, the samples are rapid thermal annealed (RTA) for
sixty seconds at 350° C. This makes the n-contact ohmic, and improves the resistance
of the p-contact, yielding specific contact resistivities of about 2x1075Q-cm? for both
contacts. The samples are then cleaved using a Loomis LSD-100 or 155. This tool al-

lows for precision scribing at finely tunable pressures, which is critical for cleaving and

N I IR I | N\TY NAT T _ ) R . S S . *a 1 a1

(a) p-metal dep. b) Hard mask pattering (c) mesa etching & passivation
= ﬁ
(e) p-via & metalization (e) n-metal dep. (d) n-via

== - AEL

Figure 2.3: Overview of the fabrication process of deeply-etched QD lasers.
P-metal is deposited. (b) Hard mask is patterned for waveguide etch. (c) Laser
mesas are etched and passivated with oxide. (d) N-via is opened. (e) n-metal is de-
posited. (f) P-via is opened and routing metal is deposited.

In addition, the general fabrication flow for shallow-etched ridge-waveguide lasers are

depicted in[Figure 2.4l The process is similar to the fabrication steps for the deeply-etched
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lasers up until the waveguide etch. In the shallow-etched process, the waveguide etch
stops at or above the active region, or equivalently at or above the 12.5 nm unintentionally
doped (UID) GaAs layer in . In actuality, it is possible to control the etch
depth to an accuracy of 100 to 200 nm, so the target layer is the last 100 nm of the
p-cladding, not the UID layer. In samples with backside contact, it is still necessary to
have a topside n-type contact in order to allow for characterization (backside contact
suffers from intermittent contact). This requires a separate dry-etch to the n-contact
layer, which is shown in steps (d) & (e). This etch requires passivation to insure the
n-contact does not short to the p-type layers that remain below the stopping point of
the waveguide etch. A via in the n-contact area must be opened before deposition of the
n-metal (f). Follow this, the p-via and metalization steps (g) & (h) are identical to the

deeplv-etched process. as well as the substrate thinning and backside metal deposition.

(a) p-metal dep. b) Hard mask pattering (c) mesa etching & passivation (d) n-contact hard mask
h) metalization (g) p-via ) n-metal via e) n-contact etch
& deposition & passivation

_&_

Figure 2.4: Fabrication process of shallow etched QD lasers. (a) P-metal is deposited.
(b) Hard mask is patterned for waveguide etch. (c) Laser mesas are etched and
passivated with oxide. (d) Hardmask for n-contact-etch is developed. (e) Openings
for n-contact are etched and passivated with oxide. (f) N-via is opened and n-metal
is deposited. (g) P-via is opened. (h) Routing metal is deposited.
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2.4 Principles of Frequency Combs

OFCs represent a group of optical sources that have a periodically repeating output
signal, which makes them coherent in time. This type of light output was first accom-
plished with a MLL[64], however other devices also emit OFCs such as Kerr solitons[9].
Taking the ideal case of a pulse circulating in a cavity with round trip
T, every time the pulse strikes an output mirror, it would emit a pulse. This pulsetrain

has a repetition rate of the pulse, frep = % = 3%,

where v, is the velocity of the pulse. In
the presence of dispersion, the speed that the pulse propagates is not equal to the speed
of propagation of the electric field, v.. This causes the position of the electric field inside
a pulse to be slightly different from the preceding pulse (i.e. the pulse and the carrier
wave walk off from one-another), and this phase shift that is added each sequential pulse
is denoted with ¢..,, called the carrier envelope offset phase. The pulse envelope function

is periodic in time, but ¢.., implies that the electric field is not. Thus the electric field

can be defined as

E(t) _ Z Enei(nwmp+wce°)t. (2.1)

By imposing an added phase shift ¢.., in the electric field at E(t + 7) from E(t), and
¢C€O

using the above definition of E(t), this givs that wee, = . This gives us the canonical
T

definition of an OFC, that each frequency component is given by f, = nfrep + feeo,
where n >> 1. Additionally, by taking the Fourier transform of the above definition of
E(t), each frequency component is spaced by f,., and has an associated complex scalar,
E, = A,e"". The phase term associated with each frequency component, ¢, is a scalar,
and remains constant in time. The constant phase relationship of each frequency mode
is an important result and the laser output is now referred to as mode locked. When
the frequency of each mode is identical, ultrashort pulses are generated, however, other

phase distributions exist which exhibit a constant phase relationship and do not emit
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pulses.

2.5 Active Mode Locking

In active mode locking of semiconductor lasers, an electrical microwave signal is ap-
plied to the laser in addition to a DC bias[65]. The frequency of the modulation signal
is chosen to be the free-spectral-range (FSR) of the laser cavity, which is typically in the
GHz range. This is different from gain switching, where the frequency is not at or near
the FSR, and ! R ‘ R oo e !
locking, typic
phase[67] or t
deviceis show [ ]

the gain secti

tegrated laser

DC Bia

1amod eondop

Cavity Losses

Mirror

Time

Figure 2.5: (a) is a diagram of a active mode locked semiconductor laser. The mi-
crowave bias can drive either the gain material or the modulator. (b) is a diagram of
the cavity loss and internal power vs time. RF: radio frequency OC: Output Coupler,
7: round trip time

The case of cavity loss modulation is considered in [Figure 2.5b] The frequency of
the microwave signal is chosen to be near the FSR of the laser, such that the signal

has a period equal to the round trip time of the laser cavity, 7. This causes a pulse
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of light with the correct timing to pass through the modulator, while suppressing stray
light at other times. Secondly, the leading and trailing edge of the pulse are attenuated
by increased modulator loss, which is a pulse narrowing phenomenon. In the frequency
domain, the individual longitudinal cavity modes, with slightly uneven frequency spacing,
develop sidebands with equal frequency spacing. The sidebands are very near the adjacent
longitudinal modes, which shift the modes via frequency pulling and create a cross-
coupling between modes [69], creating a mode-locked state. This can be done at a
harmonic frequency of the FSR, which increases the number of pulses circulating inside

the cavity.

2.5.1 Passive Mode Locking

Passive mode locking is the most widely used form of mode locking; it allows for a
optical frequency comb to be formed without the need for any active stabilization or
modulation. This allows for the repetition rate of the device to be governed by the
round-trip time, which can be made very small in integrated photonic devices, allowing
repetition rates up to 100 GHz or greater to be achieved. Additionally, using a passive
process eliminates the need for the active components in the previous section: particularly
the microwave oscillator and modulator. This greatly simplifies the components necessary
for the production of integrated MLLs on-chip. Perhaps most importantly, passive mode
locking allows for the generation of extremely narrow temporal pulses. Through different
passive processes, optical pulses with femtosecond temporal duration can be generated.
The ability to generate such narrow pulses has found a large number of applications in
science and engineering.

Even though the emission of periodically repeating optical pulses is often the goal

of passive mode locking, it is not a requirement and a more general definition of mode
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locking is required. Any signal that has an exact repeating nature in time requires that
both the amplitude and phase of its frequency are constant, by virtue of the Fourier
transform. This makes no assumption about ¢, for each frequency component, except
that it is constant. If the phases of each component are contrived to be equal, then the
output signal will be a pulsetrain, as discussed in [Section 2.4l Because the amplitude
of this signal is being periodically modulated, particularly if it was recorded with a
high speed PD, this state is referred to as amplitude-modulated (AM) mode locking,
because of its similarities to an AM encoded signal in the radio frequency (RF) scientific
field. This is a common state in MLLs, and is often the goal. However other states
of synchronization between the different modes of the frequency comb can exist and
are stable. Other MLLs produce a nearly-continuous-wave (CW) output, which can be
produced when the instantaneous frequency of the laser is being swept in a sawtooth-
pattern. The nearly constant-power output with continually changing frequency is akin
to information encoded in a frequency-modulated (FM) signal in the RF field, and is
referred to as FM mode locking, and combs that exhibit this are referred to as FM

combs. The differences will be discussed here and an in-depth analysis of FM-comb

formation in QD-MLLs will be discussed in [Chapter 4}

2.5.2 AM Mode Locking

In passive mode locking, the modes are phase locked through a nonlinear element in
the laser cavity (Figure 2.6a))[70]. When the dynamics of the nonlinear element enhance
the in-phase locking of modes, this causes self modulation of the intercavity light leading
to optical pulses. In solid state lasers such as Ti:Sapphire, this is typically achieved with
Kerr lensing[71], [72], [73]. However, passive mode locking is most commonly done with

a saturable absorber (SA)[74, [75], which has a power dependent loss / absorption[76].
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Figure 2.6: (a) is a diagram of a passive mode locked semiconductor laser. The SA is
reverse biased with respect to the gain section. (b) is a diagram of the optical gain,
cavity loss, and internal power vs. time. OC: Output Coupler, 7: round trip time

Semiconductors make an ideal material for SAs, because they undergo spectral hole
burning, carrier heating, carrier depletion, and recovery[78]. The first demonstrations
of passively mode locked semiconductor lasers were achieved with external nonlinear
elements[79] and SAs[80]. By using an electrically isolated section of the gain medium
in semiconductor-diode MLLs, the SA can be integrated into the laser cavity[81]. This
allows the absorption to be perfectly matched to the the gain spectrum of the laser. The
generation rate of electron-hole pairs in optical absorption is proportional to incident flux
of photons and the absorption coefficient of the material, which is very large even near
the bandedge in III-V semiconductors[82]. This makes semiconductors ideal material
for saturable absorbers, and is the reason why semiconductor saturable absorber mirrors
(SESAMs) are used in passive MLLs[78]. The fast bleaching in the absorption is shown
with the steep leading edge in the cavity losses in [Figure 2.6D] which attenuates the

leading etch of the pulse, narrowing the pulse. The absorption recovers slower, because
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the electron-holes must either recombine or be removed by an external electric field,
which is depicted in with the shallower trailing edge of the cavity loss. This
leads semiconductors to be classified as slow SAs. Applying an electric field to remove
the carriers by an applied reverse bias recovers the absorption much more rapidly than
recombination[83] (The SA is reverse biased in [Figure 2.6a). This helps to attenuate
the trailing edge of the pulse to narrow the pulse, but stable mode locking can still be

achieved with a slow saturable absorber (recovery time)|[75].

2.5.3 FM Mode Locking

In contrast to AM combs, other states of mode-synchronization exist that do not pro-
duce temporal pulses in the output. These states have been widely observed in quantum
cascade lasers (QCLs)[84, [85] and have also been reported in III-V interband lasers based
on 1310 nm InAs/GaAs QDs[86, 56], 1550 nm InAs/InP quantum dash (QDash)[87] and
QD[37], as well as more traditional QW based lasers[88, [89]. Additionally, an important
distinction of FM combs is their ability to form in single section / FP cavities; they
do not require additional elements such as SAs in passive AM mode locking or modu-
lators in active mode locking. Instead, FM combs were first discovered in FP cavities
(without SAs) in QW lasers [90, 01], and have been observed in QCLs[92], 1310 nm QD
lasers [38], 93, O4], QDash lasers[87, ©05], 1550 nm QD lasers[37]. Because FM combs
can be formed in FP cavities, they have gained interest, potentially offering the simplest
and most power and size efficient implementation possible for comb generation, making
them highly desirable for intgrated solutions where miniaturization is important. The
dynamics of FM combs are discussed in detail in [Chapter 4!

An important distinction to be made, the FM mode locking discussed here is self-

starting and requires no externally controlled elements to form. This is in stark contrast

25



Introduction to Quantum Dot Mode Locked Lasers Chapter 2

to FM combs formed by implementing a phase modulator inside the cavity, in a manner
similar to active mode locking, but periodically modulating the intercavity phase [67, 96,

97 instead of the amplitude.

2.5.4 Colliding Pulse Mode Locked Lasers

Currently, DWDM networks typically operate at 50 or 100 GHz channel spacing and
the lasers presented in this dissertation were designed for 60 GHz operation. When
channel spacing exceeds 30-40 GHz, the cavity length becomes prohibitively short for
QD-MLLs, and the laser gain cannot overcome the losses with enough headroom for high-
quality or high-temperature passive-mode locking. In order to achieve 60 GHz spacing,
colliding pulse mode locking (CPM) was employed to raise the channel spacing of lasers
to multiples of the cavity FSR [08]. As an alternative to CPM, single section mode
locking can also be used to remove the saturable absorber, which reduces the required
net modal gain, and allows for higher channel spacing [93].

In CPM, the SAs are placed in a location that creates multiple pulses circulating in
the cavity, which raises the repetition rate of the laser by an integer multiple equal to
the number of pulses. This is accomplished by placing multiple SAs at integer fractions
of the total cavity length. The denominator of the fraction is equal to the number of
pulses circulating, and is known as the harmonic order (i.e. 3"¢, 4" or 5'*), which is 37
in When two pulses collide in the SA, they mutually bleach its absorption,
which creates a lower-loss state in the laser than one pulse circulating. This moment is
shown in at the right SA. In each instance that a pulse propagates through
an SA, there is always another pulse to collide with it. For stability, the SAs closest
to the two output facets must be included. The SAs at other positions in 4** and 5™

harmonic lasers can be excluded.
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The goal of CPM is to increase the channel spacing of MLLs, which is accomplished
through increasing the repetition rate of the laser by the integer equal to the harmonic
order. The Fourier transform of this higher frequency pulse-train gives a spectrum with
greater frequency spacing between components. However, the fundamental modes of the
laser cavity, which are spaced by a single FSR, are still present in the optical spectrum.
These modes are considerably suppressed, as can be seen in [Figure 2.7 In this dis-
sertation, this suppression is refered to as side mode suppression ratio (SMSR), and a
SMSR of 30 dB or greater can be achieved for optimal states. This is a different use case

than what is typically discussed for DFB lasers. The definition and analysis of SMSR is
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Figure 2.7: (a) Diagram of multiple pulses circulating in a 3"¢ harmonic CPMLL. A
pulse is emitted from a facet per cycle. In position A, two pulses are colliding in the
right SA and a pulse is being emitted from the left facet. The position of the three
pulses a half cycle later is shown in position B. Two pulses are colliding in the left
SA and a pulse is being emitted from the right facet. In position C, one full cycle

has been completed and the position of the pulses are analogous to position A. (b)
Enlarged Optical Spectrum of a 3"¢ harmonic CPMLL with high SMSR.
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2.6 Conclusion

The aspects of producing QD-MLLs as well as their principles of operation were dis-
cussed in this chapter. The specific steps and growth conditions used in QD growth
by MBE were explained. The sensitivity of QD PL-center-wavelength was also covered.
Then, the fabrication processes necessary for producing devices were covered. Two dif-
ferent fabrication processes were covered, with the latter, shallow-etched, used for the
devices in this dissertation.

Then an overview of the operational principles of MLLs was presented. The two over-
arching types of mode locking, active and passive, were briefly described. Passive mode
locking requires no microwave frequency generators or feedback signals, offering a simple
turnkey operation to generating OFCs. Two different types of passive combs, AM and
FM, were distinguished. FM combs are of particular importance in this dissertation for

producing many of the desirable aspects of a multi-wavelength source, and are discussed

in great detail in
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Chapter 3

Efficient Comb Formation

3.1 Introduction

The footprint and power consumption requirements of copackaged optics necessitates
optical sources with high data transmission capacity and high optical channel count,
which has already been motivated. QD-MLLs simultaneously meet both of these needs,
providing a large channel count and channel spacing to supply aggregate data rates of 12
Tb/s[36] and greater with a single compact turnkey source. However, there is an alternate
metric, power efficiency, that is equally as important for the next generation of copackaged
optics. The system power consumption requirements severely restrict the electrical power
available for the laser to generate the optical carrier frequencies. Traditionally, one metric
existed to describe the efficiency of lasers, known as the WPE. However, throughout this
section analysis will be derived for the characterization of combs to better analyze their
efficiency in DWDM systems. This approach is designed around a system viewpoint,

where each channel has its own link budget and power allocation.
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3.2 Wall Plug Efficiency

The output of a laser is generally characterized with a light-current-voltage (LIV)

measurement, where the voltage and output power are measured as the current injected

into the gain region is swept. The light-current (LI) is shown in [Figure 3.1)(a)[29], and
voltage is omitted for clarity. The WPE is defined as

output power

WPE = (3.1)

voltage x current’

which simply divides the power out of the laser by power in and it can be calculated for
every point along an LIV curve, and this is shown in [Figure 3.1[(b). This figure of merit
is used in a systems calculation to convert the optical power needed in a link budget to
electrical power required and vise versa, for the case of a single frequency laser such as a
DFB or distributed Bragg reflector (DBR) laser, where effectively all the output power
is at one wavelength. With a multi-wavelength source, this analysis cannot describe how
the power is distributed across the different wavelengths. Additionally MLLs have an
SA, which affects the output power and WPE as the applied voltage is changed. This in

general complicates the analysis.

3.3 Free Space Power Analysis of Mode Locked Lasers

The light-current and single sided WPE curves for 60 GHz 3"¢ harmonic CPMLLs are
shown in (a) and (b). The devices were tested continuous wave on a tempera-
ture controlled copper heatsink at 20°C. An integration sphere was used to measure light
output, and voltage was measured in a four-wire or four-terminal configuration. The
total SA length, as a fraction of the cavity length (2048 pm) is labeled on the respective

curves. The performance of the devices are shown under two conditions; the first is with

30



(a)2s By (c) 59
Foward Biased —.~ s s
20 < 8 R 40
— L
2 g S
T 15 % 6 B 30 18%
gm S 4 2 20
5 ® = 10%
o @ [} S
5 22 210 6%
%) o
0- 0 0
0 50 100 150 200 0 50 100 150 200 50 100 150 200

Current (mA) Current (mA) Current(mA)

Figure 3.1: (a) shows the LI for three devices, which are identical except for the ratio

of the SA to the total cavity length(6, 10, and 18%). Each laser has two LI curves:

one with the SA forward biased in parallel with the gain section and one with the

SA reverse biased at 2 V. (b) shows the wall plug efficiency for the devices in (a).

(c) shows the reduction in power between the forward and reverse biased LI curves.

Figure taken from [29]
the SA sections connected in parallel with the gain section (labeled forward biased), and
the second is with the SA sections reverse biased at 2 V (labeled 2 V). The forward
biased performance mimics the expected performance of FP lasers of the same design
(i.e. lasers with no SA section). There is no significant difference in the light output
or voltage between the three devices. When the SA is reverse biased, the decrease in
output power due to the SA is clear. The small penalty in efficiency imposed by the SA
creates equal frequency spacing between comb lines. The decrease in output power as a
percentage of forward biased power is shown in [Figure 3.1/ (¢). When considering devices

with shorter SA sections, which will later be shown to be optimal for comb generation,

the decrease in output power and WPE is only in the 10-20% range.

3.4 Two-Dimension Mapping of Mode Locked Lasers

The light output from the device is collected with PM fiber, which allows for data to be
acquired with standard fiber-optic test equipment. The test setup is shown in|Figure 3.2al,

with the QD-MLL on the left. The DC gain drive current and SA bias voltage is supplied
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by a dual channel source meter unit (SMU), which for most measurements is a Keithley
2600. The output light from the QD-MLL is collected by a PM lensed fiber, which is
directly followed by an optical dual-stage isolator. This is followed by a series of optical
splitters, with the splitting ratios listed in the diagram. All fiber hardware used is PM.
Block (¢) contains the optical analysis of the light collected, which includes an optical
spectrum analyzer (OSA) and power meter. Block (i) represents the RF analysis of the
output light. The RF signal is generated by the high speed PD, but the frequency is to
high for the electrical spectrum analyzer (ESA). A mixer and LO are used to shift the RF
signal into the bandwidth of the ESA Rlack (iii) containe the acminment nead ta analvre
the optical pulsetrain that is gener

which generates a autocorrelation f

the oscilloscope. A SOA is used to
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Figure 3.2: (a) shows a the measurement setup used to collect data to analyze the
performance of QD-MLLs. (b) shows how the 2-D array of data is measured for given
SA voltages and gain currents.

shows the order in which data is collected. An array of gain currents,
typically 30-230 mA in 5 mA steps, and SA biases, typically 0-6.9 V in 0.3 V steps, are

defined, which creates a matrix of all possible combinations of these two arrays. This

is shown as the 2-D grid of boxes in [Figure 3.2b] First, the gain current is set to a
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value, then the SA is set to the first element in the array, 0 V. The fiber coupled power,
optical spectrum, electrical spectrum, and autocorrelation trace are recorded along with
the voltage and current of of the gain as SA section. The voltage is increased by 0.3 V to
the next value and the same data is collected again for this data point. The SA voltage
is increased (represented by the blue arrows in until the 6.9 V is reached
on the SA, unless the current compliance of the SA is reached or the laser stops lasing
from the increased loss from the SA. If the compliance of the SA is reached, the data
is collected for this point but the SA bias is not increased further (x on the arrow). If
it is detected with the OSA that the laser is no longer lasing, no data is collected for
that point (x in the square). The current is then increased to the next value and the
SA voltage is swept again. This is done over the range of injection current values and
when this is completed, data has been collected for all possible points of the matrix of
injection currents and SA voltages. The data from each point is analyzed to extract key

metrics, which are then plotted in 2-D color-coded plots in the following sections.

3.5 Optical Spectra Analysis

The analysis of the optical spectra collected from the method described in the previous
section can be analyzed in several ways. There are several important metrics to OFC,
and it is useful to analyze all spectra collected and plot each metric over the range of
gain and SA biases. These 2-D color-coded plots are used to benchmark the performance
of devices and to compare across different design parameters. The analysis techniques

for finding the metrics are described in the following subsections.
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3.5.1 Side Mode Suppression Ratio of Colliding Pulse Mode

Locked Lasers

As was discussed in [Subsection 2.5.4] the CPMLL geometry is used to increase the

channel spacing of OFC. The fundamental FP modes are still present in the optical
spectrum, and are spaced by the FSR of the cavity. The ratio of power between the
enhanced and suppressed mode (or modes for higher harmonic CPMLLSs) is defined as

the SMSR, given by the following equation.

POWET enhanced mode

SMSR =

= POWET enhanced mode [dB] - powersuppressed mode [dB]
POWET suppressed mode

An example calculation of this is shown in the collected optical spectrum
from a particular gain and SA bias (120 mA, 1.5 V) of a 2"¢ harmonic CPMLL is shown
in where every other mode suppressed. The enhanced modes are marked
with yellow asterisks ( ) and the suppressed modes with blue asterisks (*). Additionally,
the twenty contiguous modes with the highest power are selected and shown with red
asterisks (*), and the twenty-one suppressed modes surrounding them are shown with
cyan asterisks (*). These modes are being considered becasue they are important for
the 20-A\ DWDM system. Looking on the edges of [Figure 3.34 it is clear that for the
areas outside lasing bandwidth, the SMSR is small, even for a state with excellent CPM.
Thus, the SMSR calculation is restricted to the twenty contiguous modes with the highest

power.
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Figure 3.3: (a) depicts the identification of the enhanced modes ( ) and suppressed
modes (*) used in identifying side modes. The twenty contiguous modes of the spec-
trum are identified (with *) along with their corresponding side modes (with *). These
are used to calculate the average SMSR of the state. (b) is a zoom-in of the middle
of (a) to show the suppressed states clearly.
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Figure 3.4: A color-coded plot of the average SMSR of each state measured for the
274 harmonic CPMLL. The state marked with a * shows a chosen operating condition
for a 20-A-DWDM system Greyed out region was not measured because compliance
was reached in the SA section.

There are two values of the SMSR for each mode: one for the shorter wavelength
and another for the longer wavelength side, which can be seen in [Figure 3.3b] which is
a zoomin of the center of The smaller value for each mode is taken and
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averaged for the twenty modes. This average is used to quantify the quality of the CPM
and can be done for every spectrum collected in the 2-D array of gain current and SA
values, as described in [Section 3.4l The average SMSRs are displayed in a color-coded
plot in [Figure 3.4] The grayed-out region in the upper right corner was not tested because
the current compliance was reached on the SA section, which prevents damage. These
plots are useful for identifying the best areas of operation for generating OFCs. It is also

relevant to compare the shape and area of states that have an SMSR > 25 dB.

3.5.2 Comb Bandwidth Analysis

An important metric in characterizing OFCs is their optical bandwidth. The optical
spectra, collected in the manner described in [Section 3.4, are individually analyzed to
calculate their bandwidth. The method for finding the bandwidth is depicted in
[ure 3.5a] and starts with identifying the mode with the highest optical power, which is
marked with a *. The bandwidth is then found by establishing the extent, or width, of
the optical spectrum that is contained within a reduction in power from the peak, such
as 3 or 6 dB. For this case, 6 dB cutoff is considered, and is shown with a dashed black
line in . The continuous modes (which implies there are no gaps or missing
lines) with power greater than this threshold are counted to find the bandwidth, and
marked with *. For the spectrum in , there are 22 modes, and the modes are
spaced by 58.2 GHz in this device, which gives bandwidth of 1.22 THz or 6.78 nm.

The bandwidth from every state measured is calculated and the results are shown in
the 2-D color-coded plot in [Figure 3.5b] The position of the state shown in
is shown with a x. This plot is useful for evaluating how the comb evolves over different
bias conditions. There is a clear increase in bandwidth for states with high gain and SA

biases.
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Figure 3.5: (a) depicts the modes that are contained within the 6 dB bandwidth of
the spectrum. The highest power mode is marked with a * and the black dashed line
represents the power level that is -6 dB below this mode. The modes that are above
this level are contained in the 6 dB Bandwidth and identified with a *. The bandwidth
of each spectrum, measured by the number of modes, is shown in (b). Greyed out
region was not measured because compliance was reached in the SA section.

3.5.3 Individual Comb Line Power

The optical spectra can be further analyzed to understand how they can be used
in a optical system for data transmission. In particular, these combs were designed for
a 20-\ DWDM system, so understanding the performance of twenty comb lines was of
particular importance. When data is encoded on each channel, there is an associated link
budget requiring a maximum and minimum optical power for each channel, the latter
being the major concern. Thus, it is useful to find the comb line with the minimum
optical power and track this line over the 2-D array of gain currents and SA biases. The
twenty contiguous comb lines (i.e. no gaps in the spectrum) with the highest power are
identified in with *, and the comb line with the highest and lowest power are
identified with a (O and () respectively. The PoLL is tabulated for all states, and this
is displayed in This plot is very insightful for finding the optimum OFCs
for data transmission. It is also possible to generate the 2-D plot for the power of the

highest line and for the power difference between the highest and lowest line, but it is

37



Efficient Comb Formation Chapter 3

not as useful for finding optimum states.
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Figure 3.6: (a) An example optical spectrum with the 20 (b) 2-D color-coded plot
of the comb line with the lowest power in a 20-A comb. Greyed out region was not
measured because compliance was reached in the SA section.

3.5.4 Individual Comb Line Efficiency

In addition to tracking the PoLL, the efficiency of generating each comb line is also a
crucial parameter. This is calculated in a similar manner to WPE, but the power of each
comb line is divided by the total electrical power consumed. Because the denominator is
the same, the comb line with the lowest power will have the lowest WPE. This metric,
referred to as wall plug efficiency of the 20 line (WPE20), is calculated for every state
and shown for the example device in [Figure 3.7al The example spectrum has the highest
WPE20 out of any spectrum collected for this device, which is -26.13 dB. The value of
PoLL is equal to -3.56 dBm and the power consumption is 180.65 mW or -22.57 dBm
(and the WPE20 is found simply by the subtraction of the former from the latter when
both are in dBm). The -26 dB metric was important because this signifies a WPE of
10% or better for each comb line. This remarkable device is able to produce an efficient
20-A comb from 70 to 220 mA.

It is helpful to equate the WPE20 calculated in the previous paragraph to a linear
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Figure 3.7: (a) shows the WPE of generating the 20" comb line. The x shows the
location of the state shown in[Figure 3.6al (b) shows the same information as (a), but
assuming 20-\ spectrum, and using a linear scale to highlight the variation in high
efficiency states

WPE value that was shown in and is (seldom) shown in data sheets. The
power budget typically specifies an electrical power allocated per channel and a optical
power requirement. Therefore, the electrical power consumption of the entire laser is
divided by the number of channels, which is twenty in this document. Additionally, the
lasers emit equal power from both facets, so the fiber coupled power is multiplied by a
factor of two. The equal fiber power from both facets of the laser was confirmed with
many devices both by LIV and fiber-coupled-LIV measurements of both facets and also
confirming spectra were identical from both facets. Additionally packaged MLLs have
two fibers per laser and show equal power per facet in the ideal case when both fiber
attachments are done without significant fiber drift. The per-channel line efficiency is

also more convenient to view in linear scale and is referred to as wall plug efficiency

per channel (WPE/C). It is shown for the example device in |[Figure 3.7bl The example

spectrum has a WPE/C of 9.76%. Comparing [Figure 3.7al and [Figure 3.7b| and more

generally the difference between a logarithmic and linear scale, the former shows better
detail across all ranges and does not compress the lower efficiency states while that latter

is better for comparing states that are closer to the top of the range, which is 10%
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for WPE/C in this document. This device has an amazing bandwidth of producing all
twenty wavelengths efficiently, allowing the PoLL to be tuned from -8 to -0.75 dBm by
only tuning the gain, and leaving the SA bias constant at 1.8 V, with a WPE/C greater
than 8%.

3.6 Electrical Spectrum Analysis

Optics enjoys the ability to detect the frequency and phase difference between two
different wavelengths (or frequencies) of light by simply combining them on a PD, in
a technique known as optical heterodyne detection[99]. This is used in coherent com-
munication to extract information that is encoded on the phase and amplitude of an
optical carrier. In contrast, heterodyne signals are created in electronics with a nonlinear
circuit element, such as a rectifier, which has a quadratic response term. In photonics,
the carrier frequency is too high to directly detect the electric field. Instead PDs convert
optical power to photocurrent linearly, which makes them quadratic in response to the
electric field. When the sum of the two electric fields are squared, it produces a cross
term, which is responsible for the modulation of the photocurrent at both the sum and
difference frequency of the two optical tones. In optical heterodyne detection, only the

difference term is within the detector bandwidth, and is referred to as the beat note.

3.6.1 Fundamental Beat Note

The optical spectrum of MLLs are comprised of a large number of equidistant modes
with a fixed phase relationship, where each mode is separated by the repetition rate of
signal, frep. By virtue of a Fourier transform, this creates the periodic output signal
with a period 7 = 1/f,.,. The periodic modulation of the amplitude can be detected

with a PD, which produces an RF signal. However, more insightful analysis can be
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understood in the frequency domain. The optical spectrum of the MLL is represented
in with a series of complex scalars, E,,, with an amplitude A,, and phase
¢m. E,, and E,, ., produce a heterodyne beat note signal, B, ,,+1 at the frequency

difference, fi,41 — fin = frep, With an amplitude proportional to the product of A,, and
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Figure 3.8: Diagram depicting the generation of a beat note. Each pair of optical
modes creates a heterodyne signal, e.g. By, m+1 for E,, and E,,;1. This beat note
has an amplitude and associated phase. The measured beat note, B, is a complex

sum of all heterodyne signals.
When the entire spectrum is incident on the PD, a heterodyne signal is produced
from the sum of all the mode-pair beat notes, which is known as the fundamental beat

note, B, given by
N
B = Z Bm,m—|—1~ (32)
m=—N

Typically the lineshape and magnitude of B is recovered with an ESA. If the phase of the

individual beat notes are recovered, the phase of an individual comb line can be found

through the following sum:
m=k—1

¢k: Z A(Zsm,m+1a (33)
m=—N

assuming without loss of generality that ¢,, = 0. The full electric field can be recon-
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structed with this information, with the assumption equating to a arbitrary delay in

defining time ¢ = 0. Further analysis in this topic is discussed in [Subsection 4.3.1]

3.6.2 Measurement of the Fundamental Beat Note

The beat note generated by the RF PD and the MLL is analyzed with the ESA. The
frequency corresponding to the harmonic beat note is around 58 to 60 GHz, which is above
the bandwidth of most ESAs, including the one used for the following measurements. This
requires the use of an electrical mixer and a LO to produce a difference, or intermediate,
frequency that is within the bandwidth of the ESA. The frequency of the LO is chosen
to be 39 GHz to produce an intermediate frequency around 20 GHz. Electrical spectra
are collected for all available gain current and SA biases in the method described in
[Section 3.4 First, a broad sweep is completed, with a 4 GHz span, 100 kHz resolution
bandwidth (RBW) and 100 kHz video bandwidth (VBW). If the peak of the trace exceeds
-74 dBm, a finer resolution speed is collected with a 20 MHz span, 5 kHz RBW and 10
kHz VBW centered at the peak of the broad sweep. The finer scan is accurate enough
to resolve the shape of the beat note, while also completing the scan quickly. Slower
scans accumulate low frequency noise (particularly thermal fluctuations), which broaden
the measured linewidth. Additionally, the Keithley SMU causes non-continuous jumps
in the spectrum caused by digital feedback loop that controls the outputs for the gain
current and SA bias, which can be seen around the peak. Faster acquisition
time help to remove these noise sources and gives a more accurate snapshot of the beat
note linewidth. A low noise current source must be used to capture an accurate beat
note linewidth, however it would be too time consuming to map all devices with a low

noise source.
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3.6.3 Linewidth Extraction

The beat note is a good representation of all noise sources present in the laser (e.g.
thermal, electrical, optical...), and thus the linewidth of the beat note is an objective
metric for the noise level present in the state of the MLL. In particular, the square root
of the beat-note linewidth is related to the timing jitter of the repetition rate of a MLL
[100], but the devices here generally do not operate in a regime that generates pulses. The
narrow electrical spectra collected are curvefit to extract the linewidth of the harmonic
beat-note. This is typically done by fitting the data with a Voigt function, which is the
convolution of a Gaussian and Lorentzian distribution. The use of a Voigt lineshape

is complicated because the function does not have an analytical form and fitting the

function is extremely difficult. The use of a [Mathworks package| for MatLab made the

Voigt fitting possible. [Figure 3.9a]shows a spectrum, collected at the same bias conditions
as the example optical spectrum in[Section 3.5} that has been fit with the Voigt lineshape
using the Mathworks package. It is plotted on a log scale, which exaggerates the fit error
in areas with small signal, which would be the side wings of the spectrum, however this
area doesn’t have a large effect on the linewidth. Additionally, a large portion of the
lineshape is hidden below the noise floor. To combat this, and data that constitutes
the noise floor is removed before fitting. Only the data in black in is used
for the fit. The linewidth extracted from this state is 103 kHz, which means it is likely
being broadened by the noise from the Keithley SMU, because it is close to the minimum
linewidth achievable using a Keithley SMU, which is roughly 50 kHz.

All the data collected is fit, and the extracted linewidths are plotted in a 2-D color-
coded plot in [Figure 3.9b] The Linewidth is plotted on a log scale to appreciate the entire
range of values. This chart is very useful for identifying the useful areas of operation,

which must have low linewidth. In general, states with linewidth greater than 2 MHz are
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Figure 3.9: (a) shows the the fitting of the RF beat note collected by the ESA with
a RBW of 5 kHz and a VBW (b) shows a 2-D color-coded plot of the extracted RF
linewidth of all states. The x shows the location of the state shown in (a).

not usable, and states where the linewidth is below 2 MHz are usable. This fortunately

corresponds to the area of efficient comb formation identified in [Subsection 3.5.4] and

this region will be discussed more in

3.6.4 RF Power and Frequency

The ESA traces also give information about the RF power and frequency of the beat
note. The RF power of the beat note is useful for understanding the comb dynamics,
similar to the linewidth. The RF power and frequency are extracted from the broader
sweep. The data is extracted from the sweep by establishing the point with the highest
power and recording the power and frequency of this point. shows how the
frequency tunes with gain current and SA bias. There is relatively little tuning with gain
current, and large tuning with SA bias. This is fortunate, because it allows the gain to be
tuned to different high efficiency states without changing the comb spacing.
shows the change in RF power of the beat note across gain current and SA bias. There
is a large change with SA bias and a small change with gain current surprisingly. This

is attributed to the increased saturable loss in the laser at higher SA bias.
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Figure 3.10: (a) shows a 2-D color-coded plot of the beat note frequency measured
by the ESA (b) shows a 2-D color-coded plot of the maximum power measured of the
beat note.

3.7 Autocorrelator analysis

To take a picture of an event, you need a shutter or strobe that is faster than the
event being imaged. In general, the time resolution of imaging an event is limited by
the minimum time aperture possible. However, the width of optical pulses with a 10 fs
pulsewidth would require a detector with 100 THz of bandwidth. To circumvent this,
the pulse itself is used as the time-aperture; the pulse is used to image itself. There are
several measurement techniques developed to do this [I01], and the process often used
is known as an autocorrelation. The instrument used to measure the autocorrelation is
known as a autocorrelator, and the type used for all measurements in this dissertation is
shown in [Figure 3.11}]

The theory describing the output from the background-free autocorrelator is well
documented[102]. When the output is averaged over several optical cycles, the output at

the detector is equal to g2, which is defined as
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Figure 3.11: Diagram of a noncollinear second harmonic generation geometry which

is found in background-free autocorrelator. NL: non-linear

where 7 is the difference in the delay between the two arms of the autocorrelator
shown [Figure 3.11 and the range of the delay is normally around 50-200 psec. The
optical delay is swept over a much larger time-scale than the delay itself. This means
thousands or millions of pulses are interfered with themselves and time averaged through
the collection of one trace. The AC outputs the autocorrelation trace as a voltage signal,
which is captured by a real time oscilloscope. The data is averaged over 16 traces by
the oscilloscope, which is collected by the computer. The timescale of the oscilloscope
is converted to the optical time-delay with the conversion factor of 33250 psec/sec. An
example trace is shown in[Figure 3.12al The AC used has a scan trace of 200 psec, and the
repetition frequency of the laser is roughly 16.7 psec (for a 60 GHz harmonic repetition
rate), which gives 12 pulses or cycles in one trace. Therefore, the length of the fixed-delay
path should be carefully tuned to identify exactly which pulse is the autocorrelation, and
which are cross-correlations, because only the autocorrelation pulse has an accurate pulse

width (and timing jitter broadens the cross-correlation pulses).

3.7.1 Pulse extinction ratio

In order to analyze the autocorrelation, a simplified pulse extinction ratio, n,, is de-

fined in order to illustrate the different modes of operation in QD-MLLs. An example
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Figure 3.12: (a) shows the autocorrelation trace collected by the oscilloscope. The
pulse power level, V,, and CW power level, V,,,, are shown on the right. level are
shown with black and blue line. (b) shows a color-coded 2-D plot of the extinction
ratio for all states. The x shows the location of the state shown in (a).

of the process is shown in |[Figure 3.12al The noise floor (which is very near zero) is

identified to have a more accurate calculation. The CW level is established by smooth-
ing the spectrum and identifying and averaging the four troughs on either side of the
autocorrelation peak (which is at the zero time delay). The CW signal amplitude, V.,
is the difference between the CW and noise floor, which is shown on [Figure 3.12al The
pulse signal amplitude, V,, is found by fitting the pulse (which is discussed in the next
section). The fit is used because the peak level has considerable noise and the fit is more
representative of the actual level. V,, is simply the subtraction of the peak value and the

noise floor. 7, is defined by the following equation:

Vew | =05 (AM domination)

Ny =1~ (3.5)

Vi o
< 0.5 (FM domination)

A plot of n, for all states measured is shown in [Figure 3.12b, with the location of
the example case from marked with a x. This plot is useful for identifying
different areas of operation, which were defined with the conditions listed in [Equation 3.5|
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The efficient states are located in the FM regime, where the pulse extinction ratio is low.

3.7.2 Pulsewidth

The pulsewidth is a key metric for all MLLs; it relates the phase relationship of comb
lines to the temporal width of the pulse, through the time-bandwidth product[I02]. The
pulsewidth is conventionally measured with the FWHM of the intensity profile, which is
found with an AC. A hyperbolic secant squared pulse shape is assumed for the pulses

inside the QD-MLL, and it is given by

1.7627t
) ”

2
I(t) = sech <W
p

where Atff WHM i the temporal FWHM of the pulse. The autocorrelation of [Equation 3.6

is given by
3 2.71961 2.71961
@) _ B
A7) o[ 271967 |:A7_£WHM coth <AT£’WHM) 1] ) (3.7)
sinh —ATEW 7

where ATEWHM g the temporal FWHM of the autocorrelation trace. The two FWHM
are related by

AEEWHM — 1 54 ArEWHM (3.8)

The function in is used to fit the data from the AC and the relation in|3.8|is
used to find the FWHM of the pulse. An example of this is shown in [Figure 3.13a] which
is a zoomin of the pulse at zero time delay (7 = 0). The curve has good fitting over the
range, and the CW level is predetermined and input to the fit as a set parameter.

The pulsewidth is calculated for all states, and the results are shown in [Figure 3.13D)]
with the state from marked with a x. The state with the lowest pulswidth
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Figure 3.13: (a) shows a zoomin of autocorrelation trace collected by the oscilloscope
around the zero time delay pulse, to illustrate the accuracy of the fit. (b) shows a
color-coded 2-D plot of the pulsewidth for all states. The x shows the location of the
state shown in (a).
is 110 mA and 6 V, with a FWHM of 1.78 psec. This is a relatively broad pulse, but
these lasers are optimized for flat comb formation, not minimum pulsewidth. The area
where the pulse extinction ratio is less than 0.15 cannot be fit accurately, because the
amplitude of the pulse is on or below the level of the noise floor. The example state from

is plotted in [Figure 3.14a], which has a n, of 0.05. The fit analysis erroneously

fits fluctuations in the power that are not at zero time delay. This is the cause of the
large variation in the pulsewidth seen in Therefore the area with low 7,
is removed from the FWHM plot, which is shown in This plot accurately
shows the variation in FWHM for the states with visible pulsation. There is an area of

low pulsewidth at high SA and low gain current, which is discussed in

3.8 Conclusion

The various techniques developed for the analysis of QD-MLLs were detailed. The
use of a multi-wavelength source requires more complex analysis of MLLs than single
frequency lasers. The optical spectrum analysis was explained, and several key metrics for
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Figure 3.14: (a) shows a zoomin of autocorrelation trace collected by the oscilloscope
around the zero time delay pulse. The data cannot be fit when the 7, is too small.
(b) shows a color-coded 2-D plot of the pulsewidth for all states. The x shows the
location of the state shown in (a).
benchmarking the performance of devices were defined, the most important of which is the
WPE/C. Because MLLs emmit a periodic signal, additional analysis can be conducted.
The electrical spectrum can be measured with a high speed PD and ESA, with the help
of a mixer. This analysis is useful for gaining insights into the noise performance of the

laser, by measuring the linewidth of the beat note. Lastly, the AC trace can be used to

understand and identify the different regimes of operation present in QD-MLLs.
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Chapter 4

FM Comb Formation

4.1 Introduction

The formation of FM combs establishes an exciting alternative to producing optical
frequency combs to the traditional approach, which involves the production of optical
pulses. Many of the desirable properties for multi-wavelength sources are found in FM
combs, such as ultra-stable operation, broad combs with even power distribution, and self
starting behavior enabling single-section MLLs[103], 87, 02, 90, 38], making them a highly
researched topic. Traditional mode-locking was considered to only occur when all modes
of the cavity are in phase with each other, giving rise to pulsating output. Unlike their
AM counterparts, FM combs generate a quasi-CW output, which results in a flat-topped
optical spectrum, giving equal power to all data channels necessary in DWDM systems.

Early efforts to produce optical frequency combs in QD lasers followed similar tech-
niques used in QW devices, employing a two-section device geometry with an electrically
isolated active region section acting as a SA[I04]. Subsequent advancements allowed
QD-MLLs to achieve transform limited pulses[105] and 400 fsec pulse duration[106]. Op-

tical pulse generation occurs in AM mode locking states, where the phases of optical
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modes are nearly identical, producing the narrowest transform-limited pulse when the
phases are perfectly aligned[I07]. SAs create coupling between cavity modes to achieve
this, but several factors attribute to phase shifts being introduced between modes, caus-
ing a frequency chirp in the pulse. The intercavity dispersion causes pulse broadening
through frequency chirp, and is especially challenging for semiconductor MLLs because
it is generally difficult to implement broadband frequency chirp compensation in inte-
grated platforms[I08]. Additionally, the high peak power present in narrow pulses causes
nonlinear phenomena such as gain saturation and self phase modulation[70], which both
attribute to pulse broadening.

Additionally, QD lasers experience increased spatial hole burning (SpaHB) over QW
devices from enhanced carrier confinement[103]. In semiconductor lasers, carrier-population
oscillations are caused by standing wave patterns formed by different FP modes[109] 110,
I11]. The carrier-density undulations cause oscillations in the gain, which is referred to
as SpaHB, which destabilizes single-mode emission[I12]. The changing carrier concen-
tration also causes index gratings, through both the linewidth enhancement factor and
the carrier plasma effect, which in combination with gain gratings leads to enhanced
Four Wave Mixing (FWM)[I10]. In QW devices, the gratings with small wavelength
are washed out by the higher minority carrier diffusion lengths present[I13], however
QD lasers see an enhanced grating strength leading to larger FWM[IT4]. FM combs
equally distribute power across the cavity, which alleviates the gain compression caused
by SpaHB. Additionally, the colliding pulse cavity arrangement combined with linear
frequency chirp generated in FM states causes the same wavelength light to cross in the
SA, leading to enhanced bleaching. These factors form FM combs with a narrow beat

note and quiet operation.
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4.2 Device Design

The devices used in this study implement the shallow etch ridge-waveguide structure,
which was discussed earlier in[Section 2.3 An overview of the device design and structure
is shown in [Figure 4.1[(a). The total cavity length is designed to be 1.37 mm, which
produces a cavity FSR of 30 GHz. The device is a 2"¢ harmonic CPMLL, with a single

SA centered in the middle of the cavity, which creates a optical spectrum with 60 GHz

spacing (additional details in [Subsection 2.5.4). A short SA whose length is 7.8% of the

total cavity length strikes a good balance between efficiency and performance. The SA
of this device is created by etching a 500 nm deep isolation trench that is the width of
the waveguide and 10 pm long. [Figure 4.1(b) shows a cross-section Scanning Electron
Microscope (SEM) image of a output facet of the device. Certain regions are shown
in false color; the active region, shown in red, is below the termination point of the
waveguide etch. The width of the shallow-etched ridge width is chosen to be 2.6 pm to

improve WPE.

Metal contact
p+ GaAs contact layer (300 nm)
p - Al Ga, As grading layer (50 nm)

p - Al,,Ga, As cladding (1400 nm)

SA Gain (p)

UID GaAs waveguide (12.5 nm)
GaAs (37.5 nm

n contact

UID GaAs waveguide (12.5 nm)
Gain (p) n - Al;,Ga, As (30 nm)

n - Al,,Ga, As cladding (1400 nm)

n+ GaAs buffer (400 nm)

n+ GaAs substrate

Figure 4.1: (a) Schematic of the InAs/GaAs CPMLL. The total cavity length is 3.7
mm, and the SA, whose length is 7.8% of the total cavity length, is placed at the
center of the cavity. (b) Cross-section SEM image of the shallow-etched waveguide
structure. Figure taken from [50]

93

p - AlGa, As grading layer (20 nm)
p - Aly,Gay4As (30 nm)
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shows the free-space characterization of the device. Both facets of the FP
cavity are left as-cleaved, which gives equal output power from each facet and enables the
most efficient comb dynamics. Because the formation of the AM/FM comb is dependent
on the bias conditions of the gain and the SA sections, depicts the light-
current (L-I) curves under different reverse biases on the SA. With the increase in SA
reverse voltage from 0 to -6 V| the slight increase in the internal loss results in an increase
in the threshold current from 15 to 21 mA along with a decrease in single-facet external
efficiency n from 13% to 10.1%. The latter is calculated by n = %%, with h the Planck
constant, ¢ the speed of light, ¢ the electron charge, and A the lasing wavelength. In all

SA bias conditions, the QD laser studied exhibits a sufficient free-space output power

over 15 mW and a peak WPE of 9% (single-side) (Figure 4.2h)).
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Figure 4.2: (a) LI curves of the QD laser under different SA reverse biases at 20° C.
(b) Corresponding WPE curves calculated from the data in (a).

4.3 Inter-modal Phase Measurement

In general, the phase relationship between optical modes is important to characterize
and difficult to measure. It is necessary for both the amplitude and the phase of each

comb line to remain constant in order to have a periodic signal in time. The (optical)

54



FM Comb Formation Chapter 4

spectral amplitude is extremely easy to measure, only requiring an OSA. However the
phase of the optical carriers are difficult to measure because the laser can have phase drift
from the various noise sources (particularly thermal drift on the order of msec, which is
the time required to take ESA traces) and the frequency is extremely high, (229 THz
for 1310 nm): PDs record only received power, not the electric field itself. However,
optical heterodyne detection does recover the phase difference between the
two frequencies. This can be leveraged to recover the phase difference between optical
modes [115, 87, 116]. Two lines can be filtered out from the spectrum and analyzed
with a oscilloscope, however the phase difference cannot be recovered directly, because
it is arbitrary without a reference (the measured phase of the beat note is shifted with a
time delay, and data acquisition cannot be synchronized to an optical carrier frequency).
The laser can be electrically modulated[I17], which allows synchronization with the RF
source, but this also actively mode-locks the laser. The output light can be externally
modulated but the oscillator must be synchronized to the free-running laser. This requires
an external clock recovery signal to generate the synchronization signal, which is complex
to implement. This optical heterodyne technique resolves the synchronization dilemma
by using the fundamental beat note of the MLL as the phase reference.

Figure 4.3/ shows the measurement setup for the experiment. The tunable laser source
(TLS) is used as an optical local oscillator, which is positioned at a frequency between
m*™ and m*™ +1 comb lines. The linewidth of the TLS is around 100 kHz, which is below
the linewidth of the comb lines so it does not significantly impact the measurement
resolution. The TLS is mixed with the two comb lines by simply using a fused fiber
coupler and a 50 GHz PD; all fiber components are PM to ensure the beams are colinear
at the detector. The resultant beat signals are amplified by a low noise amplifier before
being mixed with an analog mixer with an electronic local oscillator. With thoughtful

selection of the frequency of theTLS and the electronic local oscillator, the three necessary
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Figure 4.3: Schematic diagram of experimental setup used for inter-modal phase mea-
surement. TLS: tunable laser source, OSA: optical spectrum analyzer, OSC: real-time
oscilloscope, LO: local oscillator
beat notes can always be placed in the bandwidth of the real-time oscilloscope, and the
measurement is only limited by the bandwidth of the PD and analog mixer. The data
collected by the real-time oscilloscope is analyzed to find the intermodal phase difference

between the two modes. The TLS is then stepped by the repetition rate of the MLL to

determine the phase difference between the m' + 1 and m!* 4+ 2 comb lines.

4.3.1 Theory for Inter-modal Phase Extraction

The output of a MLL is a periodic signal, which means it can be described by sum-
mation of complex frequency components spaced by the repetition rate of the laser. In
analogous to RF systems, these spectral components can be described as modulations on

a high frequency signal carrier at ws. The electric field of the MLL, which was generally

defined in [Subsection 3.6.1] can be expressed more rigorously as

N

Bug®) = > (VPuexp(GmQt + o) ) exp(juost + jou(t)) (4.1

m=—N
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where P,, is the power of the m™ comb line, 27/Q is the period of the signal, ¢,, is
the spectral phase of the m'* mode, w, is the average optical frequency of the signal,
and ¢4(t) is the phase noise of the carrier. There is phase noise for each frequency
component, however it is much smaller than the common-mode noise and can be ignored
for this measurement[35] Similarly, the electric field of the optical local oscillator can be
described with

F;(f\ = 1/ Prn ﬁYn(d(x)rmf—.— 7{f)rn(f\\ . (42\

[ 1]
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Figure 4.4: Diagram showing the placement of the TLS between the k* and the k***1 mode.

The heterodyne beat note signals are detected by the the PD, which has large enough
bandwidth to detect all signals, including the fundamental beat note at 60 GHz. These

are electrically mixed with an local oscillator at the frequency f, which gives a signal
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given by

S(t) oxn/ Pro Py cos (6t + ¢ro(t) — ¢s(t) — o)
+ V/ ProPri1cos (2 — 6 — f)t — gro(t) + ¢s(t) — ¢5(t) + Prt1)
+ N A pund €os (2 — f)t — ¢¢(t) + G puna) + DC terms + higher order terms,
(4.3)

where ¢(t) is the phase noise of the electronic local oscillator, 7, is the efficiency of the
mixer, and Ayynq and ¢,nq are the amplitude and phase of the fundamental beat note at
Q. The 90%/10% fiber splitter in is chosen to maximize the product \/Pro Py
given that the power of the TLS is 10 dBm and a comb line is -5 dBm. The first three
terms in are needed to find the intermodal phase difference; which is found
by summing the phase arguments of the component at § and 2 — d — f and subtracting
this from the phase of the 2 — f component. In doing so the phase noise of the laser, TLS,
and the electronic local oscillator all cancel out. The remaining terms are the intermodal
phase difference, A¢ = ¢i11— @ — P funa. This process determines A¢ between two modes
up to a offset, ¢synq, which remains constant for each pair of modes considered in the
spectrum. This term acts as an anchor for the intermodal phase difference, otherwise the
phase difference of two frequency components varies with a time delay. This is analogous
to the discussion earlier about clock synchronization; in this case, the difference A¢ for
the k and k£ + 1 mode-pair and the £k 4+ 1 and k + 2 mode-pair are synchronized with
the fundamental beat note. This constant phase-offset, ¢ 1,4 equates to a time delay of

G una/S? in [Equation 4.1, and doesn’t affect the temporal reconstruction of the signal,

therefore, the average A¢ is subtracted when data is displayed.
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4.3.2 Data Acquisition and Analysis

The phase arguments of each term in can be acquired by calculating the
fast fourier transform (FFT) of the signal collected by the real-time oscilloscope. The
signal from the PD is first amplified by a low-noise RF amplifier with a gain of 30 dB
and a bandwidth of 18 GHz. The amplifier helps improve the fidelity of the measurement
and overcome the mixer loss, which is around 10 dB. The device has a repetition rate of
roughly 60 GHz and the frequency detuning of the TLS was chosen to be 10 GHz, which
produces three beat signals at 10, 50 and 60 GHz. The frequency of the electronic local
oscillator, f, is chosen to be 45 GHz, so that the down-converted signals 2 — f — ¢ and
Q) — f are at 5 and 15 GHz respectively. A small portion of the data collected by the
real-time oscilloscope is shown in [Figure 4.5 the interference of multiple signals can be

clearly seen in the trace.

Figure 4.5: Small segment of raw data collected by the real-time oscilloscope of het-
erodyne signal of the TLS and hte MLL. Figure taken from [56]

The real-time oscilloscope used is capable of collecting 256 GSa/sec and data is typi-
cally collected for 2!7 samples, which equates to 8.1 usec of data collected. This strikes a
good balance between brevity in the measurement duration and frequency resolution in
the FFT. The duration of the measurement should be kept short primarily to avoid drift
in the wavelength of both the MLL and the TLS. Additionally, the wavelength control

circuit in the TLS periodically shifts the grating in the laser, which causes frequency
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jumps in the output of the TLS. The data is collected in a continuous manner, and
on short enough time scales, which is the main advantage to a real-time scope over a
sampling scope. This allows for accurate phase measurement of the optical signals, and

problematic data with frequency discontinuities can also be identified and removed.

(a)

(b)

Figure 4.6: FFT amplitude (a) and phase (b) of the data shown in |[Figure 4.5| Figure
taken from [56]

The data from the real-time scope is analyzed by applying a FFT to either the entire
block of data or subsets of the data. The three beat signals are clearly identifiable in the
amplitude of the FFT coefficients . To check the quality of the data, the
frequency of FFT component with the greatest amplitude at {2 — f — ¢ and § are summed
and compared to the frequency of the peak component at 2 — f. If they are equal, then
the phasors for each FF'T component are normalized and A¢ is calculated. If they are not
equal, this is an indication that a frequency jump or large drift occurred at some point in
the data. If this occurs, the data is divided by a factor of 2, and the process is carried out

on all data tranches that meet the requirement. A¢ is calculated for each tranche and
60



FM Comb Formation Chapter 4

averaged. The tranche-processing was performed on data that met the null-frequency-
difference condition, and identical A¢ was calculated in both techniques. Additionally,
a Hilbert transform can be used to extract the phase difference. This requires that the
two signals at 2 — f — § and § are mixed in the digital domain to produce a signal at
Q) — f, which is then filtered out with a raised cosine filter. This gives two signals at the

same frequency, 2 — f, and the phase difference is extracted with a Hilbert transform.

4.4 FM Comb Formation in QD-MLLs

Generating optical pulses is a sufficient but not necessary condition for mode locking;
there are additional states of modal synchronization that can occur in MLLs. In a optical

frequency comb, each pair of modes produces a beat note envelope in the electric field

intensity; as was discussed in [Subsection 3.6.1 This beat note has a frequency equal

to the repetition frequency of the comb as well as an associated phase, which together
can be considered an oscillator. Each pair of modes has a beat note, and they sum
together to form the fundamental beat note; when the comb reaches a quiet operational
condition each beat note has nearly identical frequency and this leads to a narrowing
of the linewidth of the fundamental beat note. The individual modes of the laser are
coupled together through a passive mode locking effect, gain dynamics and nonlinear
effects inside the laser cavity, which couples the oscillators together that represent each
beat note.

AM comb operation is produced by in-phase synchronization of the oscillators, which
is equivalent to temporally aligning the beat note envelope of all mode pairs. This state is
represented with the top array of metronomes in [Figure 4.7, where each mode pair beat
note occupies the same location on the unit circle. However, additional stable states

of synchronization exist in coupled oscillators which are referred to as splayed-phase or
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4.4.1 Intermodal Phase Analysis of FM Combs

The FM comb dynamics were investigated by using the stepped heterodyne method
to measure intermodal phase in and are summarized in [Figure 4.8 Two

states were chosen for illustrating the FM dynamics, which have identical gain current,
110 mA. The state in the left column is at 0.9 V and the state in the right column is 3.3

V. The optical spectra are shown in the first row, and the inset depicts the RF spectra

with a Voigt lineshape fitted, as was detailed in [Subsection 3.6.3| The second row shows

the extracted intermodal phase, A¢ for the two states. Each state shows the fingerprint
of FM combs, which is a linear distribution of intermodal phases over 27, for the modes
within the high-power flat-topped part of the optical spectrum, which is highlighted in
blue. The autocorrelator traces obtained by intensity autocorrelation are then shown in
the third row.

The two states together demonstrate that QD-MLLs have the ability to generate FM
combs, and that the FM comb dynamics and importantly the bandwidth can be tuned
simply by changing the SA bias. The state at lower SA bias, on the left, represents
the regime of FM combs that are achieved more readily in the QD-MLL platform, even
for non-optimized devices, and has a very flat optical spectrum, only 1.5 dB of power
variation across the FM bandwidth. This is attributed to the long recovery time of the
SA, which suppresses AM operation. This state has an 7, = 0.13, which is similar to
values observed for CW operation, which also corresponds to a weak beat note signal of
-70 dBm. When considering the oscillators discussed in the last section, this state had
the phases of all oscillators spread uniformly over 27 and the amplitude of each oscillator
identically matched. This leads to strong annihilation of the beat note signal, flat optical
spectrum and flat AC trace.

When the SA bias is increased to 3.3 V, the FM operation is still maintained with
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Figure 4.8: (c) and (d) show the measured intermodal phase of two FM comb states.
Both states have the same gain current, and only the SA bias is changed from 0.9 to
3.3 V. (a) and (b) show the corresponding OSA trace, with the insets showing the
narrow RF beatnotes. (e) and (f) show the corresponding AC traces with the CW
levels marked with dashed lines.

an increased comb bandwidth. The 10-dB optical bandwidth is increased from 5.6 nm
(1.02 THz) to 8.2 nm (1.49 THz). Additionally the linewidth of the beat note degrades
slightly from 20 kHz to 40 kHz, which is attributed to the increased number of comb
lines contributing to the beat note. In the 3.3 V state, the A¢ are also distributed over
the range of 27, but in a less uniform fashion; the slope of A¢ versus wavelength is not
as constant. Additionally the power of all comb lines are not as equally matched; the

power fluctuation across the comb increases to 3 dB. These two factors cause a less equal
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annihilation of the contribution of each oscillator, which leads to larger AM ripples. This
is directly seen in the AC trace with clear pulses present, and a 7, = 0.34. This also leads
to an increased beat note, which shows a 10 dB increase in power. The useful tuning of

FM comb states of QD-MLLs is discussed in more detail in [Section 4.5

4.4.2 Regimes of Operation

QD-MLLs are capable of creating both AM and FM combs in the same device, simple
by changing the injection current of the gain section and the reverse bias of the SA sec-
tion. This demonstrates that FM and AM operation are not mutually exclusive modes
of operation in semiconductor lasers. The long upper state lifetime of interband lasers,
which is on the order of nanoseconds, is much larger than the round trip time of the lasers,
allowing for stable pulse propagation inside the cavity. Additionally, an intercavity sat-
urable absorber with fast recovery time is achieved simply by reverse biasing part of the
active region[119, [120]. However, quantum dots possess enhanced three-dimensional (3-
D) carrier confinement over their QW counterparts[103], which enhances SpaHB leading
to multimodal lasing[I09, 113] and enhanced FWM|I14]. Additionally the inhomoge-
neous broadening of the QD gain spectrum leads to large gain bandwidth[121], all of
which leads to a broad optical spectrum with even power distribution.

The most definitive method of determining if the comb is FM or AM in nature is
to measure the inter-modal phase (discussed previously in , but this is a
very intricate and time consuming measurement, which cannot be carried out for all
984 possible gain current and SA bias combinations. However, the AC data, which is

collected for every state, can be used to identify the different regimes of operation by

extracting the pulse extinction ratio, 7,, which was defined in [Subsection 3.7.1, but is
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defined again for ease of reference. The pulse extinction ratio is expressed as follows:
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Figure 4.9: Pulse extinction ratio in the QD mode-locked laser. The formation of an
AM comb requires that the gain recovery is slower than the SA recovery. The QD
laser should operate with a low gain current and a high SA reverse bias to generate
an AM comb. An increase in the gain current leads to the formation of an FM comb
owing to the four-wave mixing. Figure taken from [56]

The ranges in are used to determine the boundary between state that
are AM or FM operation. depicts the pulse extinction ratio of the QD-MLL
shown in with the AM and FM operating conditions labeled. It should be
noted that the definition of 7, = 0.5 is a rough estimation for the boundary of AM and
FM operation. Pure AM state take place when 7, close to 1. It should be noted that
np, = 0 is not a necessary condition for an FM comb, because there is always power

imbalance present between optical modes in the comb. This leads to an imbalance in the
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annihilation of the amplitude modulation and the fundamental beat note. This allows
the beat note to be detected with a fast PD and an ESA, even for FM states. In this
work, we demonstrate that values near 7, = 0.1-0.3 produce an FM comb. Additionally,

AM operation plays a dominant role in the laser’s operation while 0.8 < 7, < 1.

4.4.3 AM Mode Locking Regime

The two regimes of operation present in the laser will be discussed starting with
AM operation. The area of AM operation occurs at lower gain bias conditions and
higher SA reverse bias conditions. The recovery time of the SA exponentially decreases
with reverse bias, from 62 psec to 700 fsec over 0-10 V range[83] as can be seen in
[Figure 410D The recovery time is affected by the electric field and not the applied
voltage, but their structure is similar to the one under consideration. At 4.5 V, the
recovery time is approximately 16 psec, which is the equal to 7 = 1/f,.,. This allows
the absorption of the SA to significantly recover between pulses. Additionally, the gain
recovery time increases for lower injection current densities[28]. These conditions lead to
a loss and gain profile similar to where a periodic window in the net gain
opens, producing stable pulsed operation. The increased SA reverse bias also changes
the absorption spectrum, which is depicted in [Figure 4.10] Primarily, there is a redshift
in the absorption, due to the quantum confined Stark effect[120], 83]. The absorption
peak also decreases in strength and broadens, however the peak tunes into the lasing
bandwidth, yielding a net increase in modal loss with increasing reverse bias. Thus there
generally exists a balance between decreased gain recovery time and increased internal
loss in establishing the optimum AM mode locking.

The data collected was classified with the conditions in and states domi-
nated by AM combs dynamics are summarized in The QD laser suffers from
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(a) (b)

FIG. 2. Time resolved pump-probe traces for increasing reverse bias on the

Figure 4.10: (a) displays the change inQemtaibichsovpticn. Siredentpone@dDfibiusedVvSiser). Absorption
Figure reproduced from [120]. (b) disPEysotiReaiienoemreatddititsdh) recovery time
with applied reverse bias voltage. Figure reproduced from [83].
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Figure 4.11: (a) Mapping of the 10-dB optical bandwidth under different biases on
the gain and the SA. (b) Mapping of the average side-mode-suppression-ratio (SMSR)
among the central 20 comb lines under different biases on the gain and the SA. (c)
Mapping of the RF beatnote intensity under different biases on the gain and the SA.
AM, amplitude-modulated dominant operation; FM, frequency-modulated dominant
operation. (d) Intensity autocorrelation of an AM comb state. (e) Optical spectrum
of an AM comb state. The gain current is 45 mA and the SA reverse voltage is -4.5
V. Figure taken from [506]

4.4.4 FM Mode Locking Regime

This section explores the states characterized by FM operation. The devices in this

study primarily exhibit FM operation, as demonstrated in |[Figure 4.12| and [Figure 4.13}

which has the AM data removed. The pulse extinction ratio is effective at identifying
AM states, however the autocorrelator alone cannot distinguish between a CW state
and a FM state which has a quasi-CW output; both produce a flat AC trace. CW states
produce a coherence spike only at zero time delay. FM states, however, generated a series
of coherence spikes spaced by 7, because the coherent comb repeats itself after one period.

An example of a FM autocorrelator can be seen in [Figure 4.8 where the coherence spikes
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Figure 4.12: (a) depicts the SMSR of the FM states. (b) illustrates the change in the
beat note intensity of FM states

The FM operation is most easily achieved with low SA bias, starting near threshold
and extending through the entire gain current range, however it also occurs at higher SA
biases for a more limited current range. The area in with SMSR greater
than 20 dB are FM comb states, and the highest SMSR is achieved in the 0-2 V SA bias
range. In the low SA bias range of 0-2 V, the recovery of the SA is much slower than
the repetition period of the signal[83], which leads to the SA being continually saturated.
This causes there to be a nearly constant cavity loss profile in time, which suppresses
AM operation. This particular device does not show FM operation from 0-0.7 V, but it
can be achieved, such as the device shown in [Figure 3.4]

The low SA bias range also shows the narrowest beat note linewidth and the lowest
beat note intensity, which is a signature of FM comb formation. This behavior is shown
in [Figure 4.13a] however the trends in linewidth are not completely illuminated because

the Keithley SMU limits the narrowest measurable linewidth to about 100 kHz. The
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linewidth of two states are measured with a low noise current source and shown in

linewidth below 20 kHz, while the state in right column has the same gain current and a

The state in the left column is made with a 0.9 V SA bias and has a

3.3 V bias and possesses a 40 kHz linewidth. The trend in beat note intensity is clearer

in [Figure 4.12b| increasing with higher SA bias, which was discussed previously.
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Figure 4.13: (a) Linewidth of the beat note for all states. The FM states have the

narrowest beat note. (b) 10 dB optical bandwidth of the comb for all states.

However, for higher SA biases, the FM operation is infringed at both lower and higher
gain bias with different modes of operation, which shows up as a triangular area of FM
operation in Considering a cut across the states at 4.5 V, the different

regimes can be seen. At lower gain currents, the operation is AM as previously discussed

in [Subsection 4.4.3] As the gain current increases, the bandwidth of the comb increases,

as can be seen in until about 60 mA. Here the optical bandwidth is too
broad to sustain AM operation from chirp in the pulse. The extracted pulsewidth is
shown in [Figure 4.14] and there is a clear increase in pulsewidth which is accompanied
by a very broad beat note linewidth and low SMSR). This is
an area of unstable mode-locking, caused by a lack of SA recovery and high inter-cavity
power.

For gain currents above 100 mA, the device switches to FM operation. In this region

high comb bandwidths are achieved, as can be seen in the plot of 10 dB bandwidth
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Figure 4.14: Extracted pulsewidth of states with a 7, > 0.15. States with low 7, are
shown in light gray, because they cannot be accurately fitted.

in This area achieves greater than 35 comb lines (11.8 nm) in the 10 dB
bandwidth. This area was confirmed to be FM operation as was shown for the state at 110
mA and 3.3 V in [Figure 4.8d. In the region of FM operation the bandwidth is relatively
constant with gain current, and is mainly controlled with the SA bias; increasing bias
increases the comb bandwidth. The operation eventually becomes unstable for large gain
current and large SA biases around 170 mA. Above this current the bandwidth becomes
larger but the beat note linewidth increases to greater than 1 MHz (Figure 4.13a)), and
the SMSR. drops below 20 dB. There is also a clear increase in the pulsewidth at this
transition from FM to unstable mode locking. Further increasing the gain current causes

completely unstable operation, with SMSR near zero and linewidth above 10 MHz.

4.5 Dispersion and Kerr Nonlinearity in FM combs

A unique and counter-intuitive property of FM comb formation in QD-MLLs is that
the bandwidth is independent of changing the gain current, in contrast to FP QD lasers,
where optical bandwidth increases with pump current. In AM combs, dispersion is
an unwanted parameter normally compensated for; however, interestingly, dispersion is

necessary for FM combs to form. In FM combs, the bandwidth is not governed by the gain
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bandwidth of the material. Instead, the FM bandwidth is mainly governed by a balance
of SpaHB, dispersion, and the Kerr nonlinearity induced by the gain[122], which is well
described by the model in [123]. This model was used to simulate FM comb formation
in a QCL laser. shows A¢ of the FM comb formed for five different values
of cavity group velocity dispersion (GVD)[123]. There is a minimum required GVD
necessary for FM comb formation; below which the bandwidth of the comb is greater
than the material gain and unstable CW operation occurs. As the GVD increases, the
slope of the intermodal phase, which is directly related to instantaneous frequency chip of
the comb, increases and the bandwidth decrease. In AM comb operation, GVD negatively
impacts pulsewidth, however nonzero GVD is necessary for FM comb formation, which
helps define the comb bandwidth necessary to span 27 intermodal phase distribution,
which creates the FM-comb state.
(a) (b)

Figure 4.15: (a) depicts the change in intermodal phase slope and comb bandwidth
caused by changing the cavity dispersion, which also results in a change in FM comb
bandwidth. (b) depicts the change in the FM comb bandwidth with a change in the
gain-induced Kerr effect, S2. The Autocorrelation shows the degree of comb temporal
coherence. Figures taken from [123] and [124] respectively.
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It has also understood that nonlinear optical properties play an important role in
the cross-coupling of optical modes in a laser cavity[125], 126]. The affect of the Kerr
nonlinearity was also modeled in [124] and are shown in|[Figure 4.15b] where the dispersion
of the cavity is assumed to be zero. The optical spectrum of the device was calculated for
different values of the gain induced Kerr nonlinearity, 82, and shown in the waterfall plot
in the center of [Figure 4.15a] The autocorrelation on the left is calculated by comparing
the temporal intensity of one round trip with itself after 500 round trips. With low
B2, a chaotic CW operation with low autocorrelation is achieved because the required
FM bandwidth is broader than the gain bandwidth. The threshold for FM formation
is around [, = 35pm/V?, at which the maximum comb bandwidth is achieved. As (3,
increases, the maximum bandwidth of the comb decreases, corresponding to a steeper
slope in the plot of A¢ versus wavelength, similar to the affects of increasing GVD in
[Figure 4.15al The two dashed yellow lines show the position of the two spectra on the

right in the waterfall plot showing a decrease in bandwidth with increasing [s.

4.5.1 Dispersion and Linewidth Enhancement Factor in QD-
MLLs

The FM comb bandwidth is determined by the interplay of the GVD and Kerr non-
linearity present inside the cavity. As was previously motivated, the cavity dispersion is
necessary for FM comb formation and is important to characterize for the laser in this
study. For high Q ring-resonators, several techniques have been employed to measure the
dispersion, mostly by sweeping an ECL laser and measuring the transmission signal with
a synchronized PD. The wavelength of the ECL is calibrated with an unbalanced MZI or
a fiber comb laser with 40 MHz FSR to resolve the exact position of the resonances[127].

These types of techniques excel at sharp resonances, but don’t facilitate more accurate
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resolution in the low-Q resonators created by FP lasers, particularly because the reso-
nance is broad, making it hard to identify the exact resonance position in the presence
of noise.

To overcome this, a novel method of measuring GVD was implemented in this study[56],
which is depicted in a. The amplified spontaneous emission (ASE) emission
of the SOA provides a ripple-free light-source, which propagates through the unpumped,
cold-cavity of the laser. In order to avoid the large interband absorption of the active
region, the SOA center wavelength was chosen to be 1320 nm, with a 40 nm bandwith.
An FP laser of the same length and ridge width was used in the dispersion measure-
ment. The transmission spectrum of the ASE is collected with an OSA, and the data is
smoothed before the resonance locations are determined. The normalized group delay is
proportional to the first derivative of resonance position with respect to w, so the deriva-
tive is averaged over multiple resonances to improve accuracy. The measured normalized
group delay is shown with blue dots in b. The data is fit with a linear curve,
shown with a blue line. The derivative of the best fit line is proportional to GVD, which
was calculated to be 1200 fs?/mm. The dispersion of the laser was simulated in a model
that takes into account both material and geometric dispersion, the results of which are
shown with the red curve of GVD on b. In the lasing range of the QD-MLL,
the simulated value of GVD ranges from 1164 to 1257 fs*>/mm, with an average of 1210
fs? /mm, which is in good agreement with the measured value. The laser operates from
1280-1310 nm across 20-80°C temperature operating range at maximum, in which the
simulated GVD changes marginally from 1210 to 1320 fs?*/mm. Thus the GVD does not
change considerably or effect FM-comb formation over the operating regime.

The increased bandwidth seen from increasing the SA bias in [Figure 4.13D] and [Fig-

is attributed to increased Kerr nonlinearity. In III-V lasers, the real part of the

refractive index is linked to the imaginary part of the index, through a relation called the
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Figure 4.16: (a) depicts the setup used to measure the dispersion of QD lasers. SOA:
semiconductor optical amplifier, FP: Fabry-Perot, ISO: isolator, OSA: optical spec-
trum analyzer (b) measured normalized group delay shown with blue points with
linear line of best fit shown in blue. Simulated GVD shown in red. (c) measured
ag-factor versus wavelength from the QD-MLL for different SA biases.

linewidth enhancement factor (LEF), denoted by ay. Both the real and imaginary part
of the index vary with carrier concentration in the active region, therefore, it is useful to

express the LEF as[12§]:

¥ dn/dN _ 4w dn/dN

— = 4.
c dg/dN A dg/dN (45)

(0%:)

where N the carrier density injected into the active region, A is the lasing wavelength,
dn/dN the differential refractive index, and dg/dN the differential gain. The ay-factor
quantifies the change in the real part of the refractive index caused by the change the

gain or the imaginary part of the index. The standing-wave patterns in FP cavities
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that form population undulations, which lead to SpaHB, also cause a modulation in
the index through the ay[I10]. Because the differential gain is very closely linked to
intercavity light intensity in III-V lasers, the index change produced by ap is intensity
dependent. By definition, the Kerr nonlinearity is a change in index of refraction with
light intensity. Thus, this effect is termed the gain-induced Kerr nonlinearity, (55[122).
The crystalline Kerr effect in I1I-V semiconductors is relatively small, however fast gain
material, particularly QCLs, show a large gain-induced (5. Nevertheless, it should be
noted that the Kerr effect is much weaker in lasers with a slow gain medium, such as
QW lasers, due to the decreased SpaHB[129].

QD lasers can possess a significant gain-induced Kerr nonlinearity due to their fast
gain medium|28] and enhanced SpaHB from greater carrier confinement[103]. However,
QD lasers can have exceptionally low ay[I30], which is a desirable property in many
applications[I31), [132], but diminishes the gain-induced Kerr effect. Recently, it was
demonstrated that the agy-factor of QD-MLLs substantially increases with applied SA
reverse voltage [133], [134], where a similar device was shown to increase its ay from 2
to 12 when the SA was swept from 0 to 5 V in [134]. This illustrates that the Kerr
nonlinearity in QD-MLLs can be tuned by adjusting the SA bias and the ay-factor.

Figure depicts the spectrally resolved ag-factor for varying SA biases measured
at threshold for the QD-MLL used in this study. Around the gain peak, the ay-factor
increases from 1 to 3.1 when the reverse bias of the SA is increased from 0 to 6 V. This
is less variation than the samples in [134] where the lasers had roughly twice as much
p-doping in the active region as the samples in this study. As was shown in [I34], the
affect is mainly due to the increase in the numerator of [Equation 4.5] which is the carrier-
induced refractive index change. The denominator, which is the differential gain, does
also decrease slightly. The ASE method is used to extract the sub-threshold differential

gain and apg-factor from the ASE[I35]. The change in wavelength of an individual mode
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is tracked above and below threshold with optical spectra to eliminate the thermally
induced changes and determine carrier-induced index change[I34] 56]. The data around
the peak of the gain region is missing because this region experiences strong intermodal
perturbations from SpaHB[129] [T03], preventing accurate measurement of the ay-factor
in this region. Importantly, the slope of the apy-factor versus frequency day(w)/dw,
determines the sign of 8, [136], which is negative for the QD comb laser studied. With
a positive GVD and a negative Kerr nonlinearity, an increasing oy leads to an larger
magnitude [y, which compensates the cavity dispersion, leading to broader FM comb
bandwidth[56]. This aspect allows the comb bandwidth to be tuned by a factor of 2x by

changing the SA bias.

4.6 Conclusion

In this chapter, the comb dynamics of a 60 GHz QD-MLL were investigated. The
design of the device utilized a shallow-etched design, which greatly improved the per-
formance of the device, enabling efficient FM formation over an extremely large range.
A method for investigating the intermodal phase, refered to as the stepped heterodyne
technique, was thoroughly explained in [Section 4.3l The method involves using a ECL
laser to create two distinct beat notes, from which the the intermodal phase is recov-
ered. The mathematical model used in the method and the data analysis techniques were
detailed.

The stepped heterodyne technique was used to analyze the phase relationship present
in the laser used in this study. It was shown that the laser produced the splayed-phase
state, proving that the comb dynamics are in fact FM in nature. The intermodal phase
was measured for two states with different bandwidth and both states were found to be

FM combs, with the bandwidth increasing by 50% in the comb state with higher SA bias.
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The device in this chapter was shown to achieve both AM and FM comb operation, and
each regime was investigated in detail. The FM region was demonstrated to maintain
constant bandwidth with increasing gain current, a striking difference from QD-based
FP lasers; instead the comb bandwidth is completely controlled by the SA bias.

Lastly, the dependence of comb bandwidth on cavity GVD and the gain-induced Kerr
nonlinearity was discussed. First modeling analysis of FM comb dynamics in QCLs was
depicted to illustrate the role that both the dispersion and the Kerr nonlinearity play
in FM comb formation. The necessity of cavity dispersion for FM comb formation was
shown. The origin of a intensity dependent index perturbation, termed the gain-induced
Kerr nonlinearity, was explained and the role that this has in FM comb bandwidth was
discussed. The cavity GVD was measured with a novel method and the measured GVD
was found to be in good agreement with a thorough dispersion model. The LEF factor
was also measured over a large wavelength range, and for a range of SA biases. LEF
was shown to increase with increasing SA bias, which increases the strength of the Kerr
nonlinearity. This effect is attributed to the tunable bandwidth observed in QD-MLL in

this study.
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Chapter 5

Effect of P-doping in the Active

Region on Comb Efficiency

5.1 Introduction

QDs offer an exciting alternative to QW lasers for a multitude of reasons. They
were theorized to offer temperature insensitive operation due to the atom-like density of
states[27], assuming that energy separation between ground state (GS) and excited state
(ES) was much larger than kT at room temperature. However, as is the case for most
II1/V materials combinations, in the InAs/GaAs materials system used for QD lasers,
the valence band offset is much smaller than the conduction band offset, leading to a
smaller confinement energy barrier for holes. This allows holes to have a high rate of
thermal-escape out of the ground state of QDs[137], which leads to decreased gain with
increasing temperature.

ITI-V materials suffer from the effective mass of holes being much larger than the
effective mass of electrons. This in general leads to a slower filling of the available
valence band states versus the conduction band states under uniform injection, leading

80



Effect of P-doping in the Active Region on Comb Efficiency Chapter 5

to less quasi-Fermi level displacement in the valence band and non-ideal hole occupation
in the ground state and lower optical gain[I38]. This was mitigated in QW lasers with
strain engineering, by breaking the light hole and heavy hole degeneracy. However, strain
is already a growth condition optimized in DWELL growth structure, and is not a free
parameter to adjust. Additionally, the larger effective mass leads to closer energy spacing
in the bond states of holes in the QD. The larger effective mass combined with the smaller
valence band offset leads to an energy level spacing in the valence band of 10 meV, which
is smaller than the value of kT at room temperature, 25 meV.

Adding additional holes into the active region from p-type doping has been studied
both theoretically [139, 137, 140l 138] and experimentally[139], 141l [142] to alleviate the
issues outlined above. This is done by inserting a thin p-modulation doped (pMD)
GaAs layer near a DWELL structure[142], to avoid acceptors in the area of radiative
recombination. Using pMD layers has enabled lasers with large T([I43] compared to
QW devices in the 1.3um range. pMD has enabled regions of infinite T([144] and even
CW-lasing up to 220°C[145]. This is accomplished by increasing the saturated modal
gain per QD layer by increasing the quasi-Fermi-level separation[I38], [139] and also by
reducing thermal depopulation of the GS in the valence band[137].

An agreement on the optimum pMD level has not been reached in the community.
In general, the p-doping is measured in reference to the number of holes divided by
the number of QDs referred to as holes per QD (HPD), which links dot density to the
thickness or doping concentration of the pMD layer. This makes comparisons between
reports difficult, because dot densities vary, QD structures are not consistent (i.e. dif-
ferent DWELL structures or QDs embedded in GaAs). Initial reports stated very high
HPD levels of 52[142], 15[146], and 18[144]. Later, studies lowering the level to 10[147].

The benefits of pMD in QD lasers does saturate at a given point, and eventually

leads to decreased performance. In an investigation involving a first principles simulation
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combined with experimental data, saturation was attributed to increased scattering and
enhanced nonradiative recombination[I39], and Auger recombination was identified as
the predominant source in [138], 148, 149]. Free-carrier absorption[150] and inter-valence
band absorption|[I44] have been discussed as sources of increased loss, and nonuniform
injection of electrons from a shifted depletion region[I51] have also been discussed as a
mechanism that leads to decreased performance. Regardless of the cause, pMD doping
in the active region leads to increased room-temperature threshold[I41]. The WPE of a

laser is acutely sensitive to the threshold, which merits the optimization of pMD levels.

5.2 Challenges of Studying Active Region p-Doping

Studying and comparing the effects of pMD can be challenging because other factors
can conflate the results of varied pMD. The SK growth mode used for quantum dots
is inherently very sensitive to growth-conditions[46, [47]. In particular, dot density is
affected by small variations in growth temperature and the indium growth rate[48]. The
dot density in QD lasers correlates directly with the saturated modal gain of the laser[152],
and higher saturated modal gain results in increased maximum lasing temperature[I153].
Additionally, altering the dot density changes the HPD for a given pMD layer. This leads
to potential confounding effects from increasing the pMD and decreased dot density and
vice versa. Additionally, fabrication issues in laser processing can detrimentally affect
laser performance, which further complicates the study. Slight changes in processing
such as different etch stop positions and ruff mesa hardmask patterning can negatively
impact injection efficiency and internal loss, which both lead to worse high temperature
performance.

There have been several studies on the optimum doping in QD FP-lasers[141], 150,

144], however, there have been no studies on optimizing pMD in QD-MLLs. Additionally,
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room temperature performance, particularly threshold, is sacrificed in pMD lasers for
higher Ty and 7} values. However, determining the optimum doping to yield the highest
efficiency at a elevated temperature, such at 60°C, requires intricate analysis. The goal
of the following study is to investigate the role that pMD plays in comb formation at
elevated temperatures, and particularly, how doping effects the efficiency of generating

individual comb lines at elevated temperatures.

5.2.1 Active Region Doping

5.2.2 Devices for studying doping

The effects of pMD in the active region were studied with a series of different wafers
grown for laser fabrication. Four samples were grown by MBE, all with an identical laser
structure, which is shown on the left of [Figure 5.1 More details on the MBE growth of
the standard 40% AlGaAs laser structure can be found in All layers in the
four samples are identical except for the 37.5 nm GaAs spacer layer between QD layers.
The pMD layer is inserted roughly 15 nm above the preceding QD layer. To adjust the
number of acceptors, only the thickness of the pMD layer was changed, and the doping
was held constant at 5 x 107 ecm ™. The samples have approximately 5 x 10*° cm~2 areal
dot density, which was confirmed with atomic force microscope (AFM) of surface dots
on test samples grown under the same conditions. This gives the four samples a HPD
level of 0, 2.5, 5 ,and 7.5 from right to left. All samples have six QD layers, except the
UID sample, which has five QD layers for legacy reasons, because all previous QD-MLL
samples made at UCSB had five layers [23] 03] [154].

All four samples were processed in a manner to limit the effects on laser performance
from variations in the growth and fabrication. All samples were grown in the same MBE
in order to minimize the variations inherent between different systems arising from dif-
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Figure 5.1: Devices used in the pMD study. All devices have identical structure except
for the thickness of the pMD layer. Samples from right to left have 0, 2.5, 5, and 7.5
HPD

ferent calibrations. The samples with 5 and 7.5 HPD were grown within a 10 day period.
The samples with 0 (UID), 5, and 7.5 HPD were coprocessed in the same fabrication run,
to share as many of the fabrication steps as possible. The metal depositions, passiviza-
tion layers and via opening were done simultaneously. The dry etching of the waveguide
was done independently, to ensure the etch was stopped at the correct height above the
active region. The 2.5 HPD sample was coprocessed with 0 and 5 HPD samples in a
separate run. The 0 and 5 HPD samples show similar performance between the two

runs, confirming that the fabrication between all four samples is comparable.

5.2.3 Device Design

The devices in this study are identical in design the laser used in[Chapter 4, which was
274 harmonic CPMLL with roughly a 60 GHz repetition rate and a 30 GHz cavity FSR

with a 1.37 mm length. An in depth discussion of the fabrication process was discussed in

Section 2.3], which describes microfabrication steps used in making the lasers.

shows the location where the etch is terminated to form the shallow-etched waveguides

and shows the a cross-section SEM of the fabricated lasers used in the study.
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The waveguide etch was terminated 200 nm above the active region by laser-etch monitor.
The active region, which is mainly composed of GaAs spacer layers, has a slightly different

contrast than the AlGaAs in SEM, but it is hard to distinguish. Dashed lines are added
o T 1 Ao Aladdin.

p+ GaAs contact layer (300 nm) EtC h StO pS H ere
p-AlL,Ga,.,As grading layers (50 nm)

p-Aly 4Ga, gAs cladding (1400 nm) l

p-Al,Ga, As grading layers (20 nm) p-AlGaAs

p-A,GagAs (30 nm)

UID-GaAs waveguide (12.5 nm)

pMD GaAs (37.5 nm) 6x

INAs QDs in In ;5Ga, gsAS QW (=7 nm)

UID-GaAs waveguide (50 nm) n-AlGaAs

n-A ,GagAs (30 nm)

n-Al,Ga, ,As grading layers (20 nm)

n-Aly 4Ga, gAs cladding (1400 nm)

n-Al,Ga,.,As grading layers (50 nm)

n+ GaAs buffer (400 nm)
n+ GaAs Substrate

Figure 5.2: (a) depicts a schematic of the epi-stack used for the lasers in this study.
(b) illustrates the shallow-etch waveguide profile used for this study. The etch is
terminated just above the active region.

5.3 LI and WPE Performance

To understand the role that pMD plays in comb efficiency at elevated temperatures,
the free-space LI performance of the four lasers under study is first considered. The comb
efficiency of a single line cannot exceed the net WPE efficiency of the laser itself, which
is heavily affected by the SA. illustrates the effect that SA bias has on WPE;
as the SA reverse bias is increased, the efficiency of the laser decreases. This problem is
marginal at 20°C, in both UID and pMD devices. The free-space, double-sided WPE of
the UID and 5 HPD devices at 20°C and both show a small decrease of about
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1 dB in the WPE when the SA is biased at 2 V versus floating. This is one aspect that

allows similar performance between UID and pMD devices when considering only 20 °C.

(a UID 20°C (b UID 50°C
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251 25 —ov —5v
v —6V
—2v —V
20 20 —3Vv
5 S
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2 =
10 101
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— 0oV —5V
51 v —e6v 5r
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(C 5 HPD 20°C (d 5 HPD 50°C
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57 v —6v 5r Y —e6v
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Figure 5.3: Figures (a) and (b) show the WPE of the UID MLL at 20 and 50°C for
varying SA biases, while Figures (¢) and (d) show the same information for the 5 HPD
MLL

Gain Current [mA]

When examining the WPE performance at an elevated temperature such as 50°C, the
difference in performance between the UID and pMD devices is much clearer. The WPE
of the UID MLL now decreases by more than 2 dB at 2 V from its unbiased efficiency.
Additionally, the onset of ES lasing limits the current range over which the device can
operate at 2 V bias. The transition, which is marked with a black line in [Figure 5.3b]
causes a dip in the WPE and mixed GS-ES occurs to the right. This effect is is also seen
in the 5 HPD at 50°C, but only at very high gain currents or high SA biases, because pMD

delays the onset of ES lasing[150]. Additionally, the 5 HPD device has a performance
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that is nearly identical to the 20°C performance, with only a 0.73 dB decrease in the peak
WPE from 20 to 50°C at 2V, with a nearly identical gain-current operation window. This
shows the importance of having pMD incorporated into the active region of the laser to

retain the room temperature performance at elevated temperatures.

5.3.1 Comparing LI and WPE performance versus doping

The LI and WPE performance of all devices is compared over the temperature range

of 20-80C, as is shown in |[Figure 5.4] and [Figure 5.5 The first figure compares the LI

performance of the four devices used in this study. shows the performance of the
devices when the SA is left floating. In this condition, the SA is easily bleached, so their
performance is similar to FP lasers. The top row shows performance at 20°C. The four
devices show similar LI curves, with the UID device showing the lowest threshold. The
UID device and the 2.5 HPD device also experience the most thermal rollover, because
they are more sensitive to self-heating. In[5.4b] the LI performance at a SA bias of 2 V
is compared. The 20°C performance in does not show significant changes to [5.4b|

(a) ‘ SA Floating ‘ o (b) ‘ SA Bias 2V ‘ ‘
60 20°C 60 20°C b
40+ 4 40 F g
20t 1 20 ]
0 —= : : : = : : :
60 40°C 1 60 40°C ]
40 40
20 20
0 : 0 . : : :
60 60°C 4 60 60°C g
40 F 40 F g
20+ %—; 20t / jumm—
_ o : - - - 0 : - - -
% 601 pwpp B0°C | %60 [ o5wep B0°C
540 r 5 HPD b 540 r 5HPD
20 —75 HPD/\/ g 20F —75HPD
o —\ o
00 50 100 150 200 o0 50 100 150 200
Gain Current [mA] Gain Current [mA]

Figure 5.4: (a) shows the LI performance for devices with the SA unbiased for 0
(UID), 2.5, 5, and 7.5 HPD. Data for 2 V reverse biased SA is shown in (b). Data is
shown for 20, 40, 60, and 80°C
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As the temperature increases, the device with the highest output power for both
the and is the 5 HPD. The 2.5 HPD device is close in performance, however it
experiences thermal rollover sooner and it cannot sustain lasing at 80°C and 2 V. At 60°C,
the UID device shows 20 mW of output power at 100 mA while the SA is floating, but
at 2 V, it experiences mixed GS-ES lasing. ES lasing makes the MLL output unusable
for many reasons, most importantly because the increased absorption causes current
densities in the SA large enough to permanently damage it.

Increased doping does offer higher gain[I38], however the LI data suggests that the
7.5 HPD device has too much internal loss. This can be seen with the large g-switch
step at threshold from bleaching the SA, which increases with temperature, showing the
increased internal loss present in the SA that must be bleached in order to lase. The
internal loss from p-doping, particularly from increased Auger recombination, increases
with temperature. This causes the 7.5 HPD to suffer from worse performance than the

5 HPD device at elevated temperatures, leading to it not reaching lasing for 80°C.
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(b) r20°C

20°C 1
151 o 151
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5¢ 1 5¢
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5r 5r
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15 1 15+ 4
10 101 \ h
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Figure 5.5: (a) shows the WPE for devices with the SA unbiased for 0 (UID), 2.5, 5,
and 7.5 HPD. Data for 2 V reverse biased SA is shown in (b). Data is shown for 20,

40, 60, and 80°C

The WPE follows similar trends to the LI performance, which is shown in [Figure 5.5
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The 7.5 HPD device does show the smallest degradation in WPE, however it starts as
the least efficient device and it cannot reach a point where it outperforms the devices
before it cannot sustain lasing at elevated temperatures. The UID and 2.5 HPD device
have good performance at 20°C, but slowly degrade in performance. The 5 HPD device
consistently has the highest WPE out of the devices considered for both the unbiased
and 2 V bias cases, showing that it is the optimum balance between the increased gain

and loss from pMD doping.

5.4 UID Comb Efficiency versus Temperature

The QD MLLs in this study were designed to be multiwavelength sources for DWDM
applications. The energy efficiency of devices are of particular importance for this ap-
plication, so the efficiency performance of the four devices is compared. The efficiency
of generating the 20" comb line, WPE20, is the benchmark metric for comparing the

performance between devices. Thus the comb performance of the devices are analyzed

in the manner outlined in [Subsection 3.5.4 Small efficiency differences between differ-

ent devices are more easily shown in the linear scale, so the WPE/C of the devices are
compared.

All four devices have efficient performance at 20°C and the UID device has the highest

WPE/C achieved in the study at 9.3%. The performance in [Figure 5.4b| and [Figure 5.5b|

shows that the UID and 5 HPD have the highest WPE at 20°C, which is an indicator of
generating an efficient 20-\ comb. The 2-D color-coded plot of the WPE/C
and the SMSR (Figure 5.6b)) show a large area of efficient operation for the UID device
at 20°C. This MLL achieves a a peak WPE/C value of 9.3% at 95 mA and 1.8 V, which is
close to the location of the peak free-space WPE of 21.4% at 75 mA in [Figure 5.6b, The

UID MLL generates an efficient comb over the large current range of 70 to 230 mA at
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1.8 V SA bias, with a slight decrease in efficiency with increasing current, which mirrors
the WPE curve in [Figure 5.6bl High WPE/C requires large SMSR, and the device

produces a large area of high SMSR states within which all the high efficiency states are

contained. The SMSR is calculated in the method described in [Subsection 3.5.1l. Several
key metrics of performance are extracted from this data, and shown in [Figure 5.9 and

will be discussed later.
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Figure 5.6: (a) shows the WPE/C and (b) shows the SMSR of the UID CPMLL at 20°C.

As the temperature increases, the performance of the UID MLL degrades. At 40°C,
the device has similar performance as at 20°C, but there is a noticeable decrease in the
peak WPE/C, which decreases to 8.4% and the current range of efficient states, which
decreases to 75-200 mA . The change in area of states with high SMSR can
be seen in[5.7b] The reduction comes mainly from the loss of states around 3 V SA bias.
The horizontal range of high SMSR states around 1.8 V SA bias decreases slightly. These
changes are somewhat hard to identify just by looking at the 2-D color-coded plots, but
can be clearly seen in [Figure 5.9, To prevent damage to the SA, the grayed-out portion
in upper left corner of the plots in were not tested because of excessive SA
current, from the onset of ES lasing.

Examining the 60°C comb performance, a dramatic reduction in performance is ap-
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Figure 5.7: (a) shows the WPE/C and (b) shows the SMSR of the UID CPMLL at
40°C. Grayed-out region in the upper right corner was not tested due to high SA
photocurrent.

parent, which echoes the trends seen in the LI performance in [Figure 5.4, The peak
WPE/C falls to 3.2% and the range of operation is dramatically reduced. At this el-
evated temperature, ES emission, both subthreshold and above threshold, causes poor
comb performance. The range of low SMSR seen in above 1.2 V at 100 mA
is an area of operation where subthreshold ASE emission at the ES wavelength causes
unlocked operation. For higher gain currents or SA bias, the increased carrier concen-
tration required to sustain lasing leads to the GS-ES lasing. This regime is marked on
with the light gray area, and causes poor comb performance. The effects
of ES radiation, severely limits the operation of UID MLLs at elevated temperatures,
motivating the need for p-doping in the active region.

The color coded plots in[5.6] [5.7], and [5.8|are very illustrative, however synthesizing the
performance into several key metrics can help interpreting the data. Five key metrics can
be tracked to help identify the quality of operation over temperature range of operation,
which are shown in [Figure 5.9] each of which has its own y-axis on the left. In blue,
the number of states with SMSR>25 dB are listed, with total possible number of states

being 984. This parameter shows a linear decline after 30°C, showing the reducing area of
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Figure 5.8: (a) shows the WPE/C and (b) shows the SMSR of the UID CPMLL at

60°C.The light-shaded area in (b) denotes states where GS-ES lasing is occurring
mode-locking with increasing temperature. The second metric is the maximum WPE/C
achieved in the scan, which takes a 1 dB decrease after 20°C, then dramatically decreases

after 50°C. The third metric is highest single-sided power measured for the 20" comb

line, which was defined as PoLL in [Subsection 3.5.3] This shows a steady decrease with

power, tracking the first metric. The fourth parameter is defined as the number of
states within 1 dB of the max WPE/C measured for the temperature and device under
consideration. This is useful for measuring the area of efficient operation, along with the
last metric. The increase at 30 °C is due to the most efficient SA bias lying between 1.8
and 1.5 V, which roughly doubles the number from 20 °C. The last metric is the range of
current over which the high efficiency states from the last parameter occurs. This metric
is a very strong indicator of the efficient operating range of the MLL. All five metrics
show a strong decrease in magnitude with temperature, particularly those that measure
the range of operation. The WPE/C does remain surprisingly high until 60 °C. This
shows that QD-MLLs have the ability to maintain an optimum bandwidth for a 20-A
comb despite temperature induced changes in laser parameters such as threshold. The
strong decline in all of these parameters with increasing temperature shows the need for
p-doping to improve high temperature performance.
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Figure 5.9: sdf

5.5 Comparison of Temperature Performance for Dif-
ferent Doping Levels

The lasing performance of UID MLL was shown in the last section to be very sensitive
to increased stage temperature. Figure displays two different trends in tem-
perature degradation. The area of high quality mode locking begins shrinking linearly

from 30 °C, and the efficiency and comb power steeply decline after 50°C. The benefits

of P-doping to improve temperature performance were discussed in [Subsection 5.3.1] but

free-space WPE is not a direct indicator of WPE/C performance. All devices in the study
were measured in the method described in [Section 3.4l In order to compare the perfor-
mance of different devices, the key metrics in will be compared individually
for the four devices.

The SMSR is a direct indicator of comb performance, which makes it useful for

gauging the area of comb operation in a device. shows the number of states
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out of the 984 possible with SMSR greater than 25 dB for the temperature range tested.
All devices produce a large area of operation and therefore have a large area of operation
at 20 °C, except the the 5 HPD sample. All devices show a degradation in the area
of operation with increasing temperature. The UID device shows the earliest decline
in area, which is to be expected. Interestingly the 7.5 HPD sample has the second
earliest temperature induced decline, which is attributed the the higher internal loss in
the device. This illustrates that the optimal p-doping in a QD-MLL is less than that
typically required in a FP or DFB laser, likely because the SA is an additional source
of loss. The 2.5 and 5 HPD have the best performance versus temperature, with the 5
HPD device have the most gradual degradation and the highest number of states at 80
°C. The UID and 7.5 HPD devices do not have data at 80 °C because they do not lase.
The 5 HPD sample has a dip in performance at 20 and 30 °C which is caused by a higher
order mode aligning poorly with the fundamental mode, and will be discussed in detail
in a subsequent section.
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Figure 5.10: The number of states with SMSR greater than 25 dB versus temperature
for MLLs with 0 (UID), 2.5, 5, and 7.5 HPD.

The figure of merit most central to this investigation is the WPE/C, which is shown in

Figure 5.11} The UID MLL has the highest achieved WPE/C, but shows poor tempera-
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ture performance. The measured WPE/C is somewhat resilient to temperature increases
up to 50 °C, which similar to the performance of the free-space WPE shown in [Figure 5.3]
but the efficiency steeply declines from 50 °C. The 5 HPD sample comes close to the UID
device with 9% at 50°C, and remarkably maintains high efficiency at 70 and 80°C with

8.6% and 6.8% respectively.
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Figure 5.11: The WPE/C versus temperature for MLLs with 0 (UID), 2.5, 5, and 7.5 HPD.

Additionally, the available WPE/C data from 50 to 80°C is fit with a linear curve,
and the slopes for the 0 (UID), 2.5, 5 and 7.5 HPD devices are overlaid on the image. The
rollover in the UID device is -0.75%/°C, which is 21 times larger than the -0.035 %/°C
roll-off in the 5 HPD sample. The 2.5 HPD sample has a slope of -0.11%/°C, which shows
that the p-doping has already made a significant improvement, even at such a low level.
The 2.5 HPD device has a lower starting efficiency than all the other devices, and this is
a reflection of it having the lowest WPE in The 7.5 HPD device suprisingly
has a similar slope to the 2.5 HPD sample with -.08 %/°C, but is likely from the pMD
being too high, which also reduced the peak WPE/C through worse 20°C performance.
This demonstrates that 5 HPD is the optimum level of doping.

In a DWDM system, the optical power of each channel is an extremely important

parameter. In this study the analysis is centered on a 20-\ system, and the power of
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Figure 5.12: The PoLL versus temperature for MLLs with 0 (UID), 2.5, 5, and 7.5 HPD.

the 20"" channel, PoLL, is extracted in the method described in [Subsection 3.5.3] The

peak value of PoLL from the data collected is shown for each device in [Figure 5.12]
Additionally the slope of the degradation from 50°C is plotted on the right axis. The
slope of three pMD devices are similar, and the they are about 2.5 dB better than
the slope of the UID device. However, the UID device shows a strong decrease in the
maximum PoLL immediately from 20°C, while the pMD devices all show a relatively flat
power from 20 to 50°C. This shows the remarkable ability of the pMD devices to produce
similar power and efficiency over a large temperature range. The 5 HPD device has the
highest achieved PoLL of 0.78 mW and 0.76 mW at 40 and 50°C. The 2.5 and 5 HPD
device has similar performance in this metric, which shows that the 2.5 HPD sample
was mainly hampered by low free-space WPE, which was caused by a slightly higher
threshold.

Lastly, it is important to consider the effective range of efficient operation in the MLLs
used in this study, and how this changes with temperature. shows both the
number of states that have channel efficiency that is less than 1 dB below the maximum
WPE/C found at that given temperature for that device. This trend is noisy because the
optimum SA bias can lie between two values, which will cause states at both SA values
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Figure 5.13: (a) The number of states recorded with WPE/C within 1 dB of the max
WPE/C measured for that device and stage temperature for MLLs with 0 (UID), 2.5,
5, and 7.5 HPD. (b) displays the range of gain-current that the states in (a) occur
throughout for each device.
to have high efficiency. However, it is useful for showing the decrease in area in a scan
with increasing temperature. There is a clear trend for the highest doped samples to
have the largest area of efficient operation at elevated temperatures, which is attributed
to the increased saturated gain from the pMD giving delayed ES ASE and lasing onset

(in both SA bias and temperature). This extends area of operation to higher injection

currents, which also improves PoLL.

5.6 Presence of a Higher Order Mode in 5 HPD
Sample

As was discussed earlier, the performance of the 5 HPD sample preforms poorly
at 20 and 30°C. This is not due to poor LI performance, as was shown in [Figure 5.4
Instead the comb performance is not ideal, as is shown in the selection of OSA traces

in [Figure 5.14f The * mark the 20 highest contiguous comb lines, following the same

notation as [Subsection 3.5.1] In [5.14al the spectrum appears normal, however, tuning
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Figure 5.14: (a)-(d) shows the evolution of the optical spectrum over a short range of
current at a constant SA bias at 20°C.

the gain current 5 mA causes the spectrum to be chaotic, as is shown in which is
caused by the slight red-shifted from self heating. The presence of a higher order mode,
which has a different effective index, can cause this behavior, by injecting noise that has
a different periodicity than the repetition rate of the comb. This forces the comb into
an unlocked state, which causes the comb to have a higher bandwidth than the locked
state[124]. As the gain current increases, the device forms this double-humped profile,
suppressing power by as much as 20 dB in the middle. There is a hysteresis effect around
this area, and sweeping from higher to lower current will cause the spectrum to latch to

the longer wavelength side before forming a double hump spectrum.

The broad ESA trace data is shown in for the four states in
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Figure 5.15: Low-resolution ESA trace of the the states plotted in

(narrow ESA trace could not capture all of |5.14b|). This shows that the unstable state
processes two broad beat notes, which is causing this unstable behavior. The stable
states at 95 and 115 mA both have narrow beat notes, but separated by 20 MHz. This
behavior of skipping over a specific frequency or wavelength is characteristic of higher
order modes interfering with mode locking. compares the 20 and 50 °C
performance of the 5 HPD device. There is a clear segmentation of domains of high SMSR
in accompanied a frequency jump in This behavior is not
present at 50°C, which shows why the performance improves with increasing temperature,
instead of degrading. All devices in the study were screened at 50°C, and other devices
showed similar higher order mode problems, but at 50 °C instead of 20 °C. It was not
possible to find a device that did not suffer from this issue through the entire temperature

range in the 5 HPD samples.

5.7 Conclusion

This study analyzed the efficiency of generating a 20-A comb with four MLLs with
different levels of pMD. The lasers were designed to be as identical as possible, with the

exception of the pMD in the active region, except for the UID device having five QD
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(a) (b)

(c) (d)

Figure 5.16: 2-D color coded plots from the 5 HPD device. (a) SMSR at 20°C. (b)
SMSR at 50°C. (c) Beat Note Frequency at 20°C. (d) Beat Note Frequency at 50°C.
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layers instead of six. The devices were analyzed both by their free-space output and their
optical spectra, which were collected by an OSA. The 5 HPD sample was shown to have
the best free space LI and WPE performance at elevated temperatures. An in-depth
analysis of the optical spectra collected was conducted to analyze how the devices’ free
space performance translated to comb-line efficiency. To highlight the differences between
the samples, five key parameters were identified. The performance between devices were
compared, and the 5 HPD sample was shown to have the best performance between the
four samples at 50°C and above. The 5 HPD MLL achieved a WPE/C of 9% and a PoLL
of 0.77 mW. The 2.5 and 7.5 HPD devices have similar performance, which indicates
that the optimum doping for MLLs is 5, which is considerably lower than what is used
in FP and DFB lasers.
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Chapter 6

Conclusion and Future Outlook

6.1 Highlighted Results

The investigation of OFCs generated by QD-MLLs was undertaken to understand,
improve, and achieve the optimum performance. The framework for analyzing combs was
discussed in[Section 3.4] and the analysis of the data collected from an OSA, ESA, and AC
were discussed. The device chosen as the example device shows remarkable performance,
particularly when it comes to the peak WPE/C, which was 9.7% at 40°C. This device
produces 58 states with WPE/C within 1 dB of the maximum achieved WPE/C, which
spans 140 mA of the 200 mA current range. The PoLL achieved in this range varies from

-3.7 tp -0.8 dBm. This performance can be seen in reproduced from [3.7D]

The dynamics inside responsible for producing flat-topped combs with tunable band-
width was discussed in[Chapter 4, The dynamics that govern comb formation were found
to be tunable from AM to FM in the same device. The phase relationship was directly
measured through the stepped heterodyne technique, and the intermodal phase was in-
deed found to be equally spread across the range of 27, which is shown in [Figure 6.1b]

This experimentally demonstrated that the combs used for data transmission are FM in
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because the bandwidth remains fixed despite increasing injection current, which is in
stark contrast to the behavior of FP-QD lasers.

In the last chapter, the roll of pMD was investigated, particularly in how it affects the
comb line efficiency at elevated temperatures. There has been a considerable amount of
studies that examine the effects of pMD in FP lasers, however an analysis of the efficiency
is often neglected, because the high doping levels used to maximize T considerably
reduces the efficiency. Additionally, no studies have been done on comparing the different
doping levels in MLLs. The study presented in this dissertation was a comprehensive
comparison of the doping level in QD-MLLs. The optimum doping for the 6 QD layer
geometry was found to be 5 HPD. The maximum WPE/C achieved for the samples
versus temperature is shown in |[Figure 6.2 The 5 HPD device achieves close to the same

efficiency of the UID device, without considerable degradation until 70°C.
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Figure 6.2: The WPE/C versus temperature for MLLs with 0 (UID), 2.5, 5, and 7.5 HPD.

6.2 Data Transmission

The overarching goal of the investigation into QD-MLLs was to study their ability
to be DWDM light sources. For data transmission experiments, several QD-MLLs were
packaged to improve their temperature and thus wavelength stability. In a
MRM-based system architecture was discussed which the entire efficiency analysis was
built on. This system had an extremely dense architecture, to meet the needs of future
datacenter photonic architectures. This extremely dense layout and the 36 ym pad pitch
required the PIC to be copackaged with both a control integrated circuit (IC) and an
RFIC. The copackaging process did not unfortunately have a high enough bond yield
to test the full system architecture. Instead, standalone MRM and high speed silicon
photonics PD where used to text the link architecture. Without the the full PIC available
for system testing, individual standalone devices were tested. The setup and eye diagram
are shown in [Figure 6.3 The main limitation in this setup is the lack of a deinterleaver,
which caused the channel spacing seen by the MRM to be 60 GHz instead of 120 GHz.
This causes the Lorentzian lineshape of the MRM to overlap with two adjacent comb

lines when it is electrically tuned for data modulation. This leads to light from one comb
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Figure 6.3: schematic of the different link experiments. Reproduced from [32]

line being close to on-resonance at all times, which causes excessive heating in the ring,
which leads to nonlinear response and unstable resonance position. Additionally, the
locking circuit designed for locking the ring resonance to the comb line is not present
in this experiment and would only be in the fully packaged unit. These factors led to a
degraded BER of 2.9x10~?, which is close to the FEC decision threshold of the 1.3x1075.

Additionally, discussed a DWDM transmission experiment using coherent
data encoding. 26 comb lines were used for dual polarization 56 GBaud data transmission
over 10 km of standard single mode fiber (SSMF). The experimental setup was shown in
Figure 1.3, which contains two packaged QD-MLLs. In the testing configuration five lines
are bulk modulated simultaneously, giving two aggressor channels on each side. More
channels were not chosen to avoid saturation of the PDFA. Because this is coherent data
transmission, bulk modulating represents the worst scenario for crosstalk interference.
An example OSA trace of the modulated comb lines is shown in [Figure 6.4a with the
filtered LO shown superimposed.

The BER data is shown in [Figure 6.4b] Using 26 lines at 56 Gbaud DP-16QAM, an
aggregate data rate of 10.2 Th/s is achieved assuming 14.8% O-FEC overhead. Addi-
tionally, 26 lines are encoded with 56 Gbaud DP-32QAM to achieve a record setting 12.1
Tb/s for a single comb laser, assuming 20% overhead with SD-FEC. The low frequency
drift of the lasers allowed the LO to be aligned to the carrier at the beginning, and not

adjusted for the duration of the transmission capacity testing.
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(a) (b)

Figure 6.4: (a) shows the OSA spectrum of multiple comb lines modulated, with the
LO superimposed. (b) shows the BER for the 28 channels considered under the three
modulation formats considered, with example IQ diagrams for certain channels and
modulation formats. Figures taken from [30]

6.3 Perspective Improvements for QD-MLLs

In this dissertation, a body of work was presented to prove that the QD-MLLs have
demonstrated the ability to be the next generation of light sources for novel photonic
interconnect architectures. As it currently stands, the device performance of 60 GHz
lasers have reached a very mature level. There are small gains that could be made in
performance of the laser itself, but large gains could not be made.

However, increasing the channel spacing was never investigated. If this could be
substantially increased, it would make the architecture specifications more relaxed and
system implementations more realizable. The device structure could easily accommodate
increasing the repetition rate to 100 GHz. However going beyond becomes challenging.
Higher harmonics can be used to alleviate the short cavity lengths. Rather, increasing
the bandwidth would be the most challenging part, in order to maintain the same number
of comb lines with similar power, while scaling up the channel spacing. If the waveguide

dispersion can be effectively engineered, it could be used to increase the comb bandwidth
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of the FM comb to try to accommodate a larger bandwidth. This could be used along
with a chirped gain medium, to increase its gain bandwidth. These ideals would need to

be perused in order to attempt achieving large spanning high repetition rate devices.
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