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Abstract

Abstract

As the number of internet users continuous to increase, methods of developing
new forms of communication networks are being widely considered. Optical
frequency comb sources have the potential to reduce or eliminate the
spectrally inefficient guard bands that are currently used to prevent cross-talk
between adjacent channels. With their common laser source and fixed phase
relation, frequency combs can offer to not only to replace the hundreds of
lasers being used to generate hundreds of channels, but also reduce the
present day separation between channels.

This thesis demonstrates on-chip frequency combs that are generated through
gain switching. Simulation analysis is carried out to investigate the effects of
experimental parameters on the quality of gain switched combs and extensive
experimental analysis is carried out to examine the experimental conditions
required to enhance the quality of these combs. Typically a two laser design is
used where a gain switched Fabry—Pérot laser is phase locked to a single mode
laser creating a primary-secondary configuration. Different coupling
techniques were investigated and developed, with stable combs being
generated as a result of bidirectional coupling, and greater comb enhancement
being demonstrated using mutually coupled techniques. Utilising both the
combs generated through mutual coupling and the knowledge of on-chip,
stable, bidirectionally coupled combs, the conditions required to generate an
enhanced comb with additional comb lines are developed. Methods of on-chip
comb line filtering are demonstrated for the purpose of future de-multiplexing
systems. Finally, a new method of frequency comb generation through on-chip
gain switching, without the previously required additional optical injection, is
analysed and developed.

The versatile design and ease of integration of these comb sources shows great
promise for future generation designs and optical networks.
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Chapter 1

Introduction

1.1 Optical Communications
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Figure 1.1: Illustration of internet users from 2013 - 2023 [1].

Laser diodes were first demonstrated in the early 1960’s through the use of a
pulsed ruby laser [2] and with the development of optical fibers in the second
half of the 20" century, the growth of fiber optic communications has become
a major driving force for the research and development of optical technologies.
With the successful transmission of the first data packet between two
computers in 1969, the internet was officially developed on the first of January
1983. By the turn of the century, 30 years after the invention of low-loss fibers,
more than 300 million km of optical fibers have been deployed worldwide [3]].



1. INTRODUCTION 1.2 WDM and Co-WDM

Today it is estimated that approximately 60% of the worlds population uses
the internet [4] which is vast in comparison to the 6.8% of internet users
recorded in 2000 [5]]. Figure illustrates the growth of internet users from
2013 - 2023 with the number of internet users doubling from 2.5 billion users
in 2013 to 5 billion users in 2021 in the space of eight years.

Along with the ever increasing user base, there is an ever increasing demand
for bandwidth intensive services. In today’s day and age, almost every
household is familiar with one or more of the various available streaming
services (Netflix, Disney +, Prime Video), as well as the many social medias
made available (Meta, TikTok). The optical channels used to transmit this data
is limited to the regions of low loss in an optical fiber, more specifically the
O-band (original) located around a wavelength of 1310 nm and the S, C and
L-bands (short, centre and long) located around 1550 nm. Since the
development of optical fibers in the 1970’s vast improvements have been made
to these transmission windows reducing the loss to as low as 0.25

dB/km [6]], [7].

1.2 WDM and Co-WDM

Wavelength Division Multiplexing (WDM) networks are widely used for long
distance optical transmitters [8], [9]. Such a network is made up of a series of
optical channels where each channel is generated by an independent laser.
Each laser is modulated with data before being combined with the other
modulated channels and transmitted along an optical fiber. Modern networks
employ hundreds of these single channel lasers, each with its own distinct
wavelength (or frequency) to prevent cross-talk between channels which
would corrupt the transmitted data. Laser channels experience instability in
the lasing wavelength/frequency (a frequency jitter) and so guard bands are
used to separate channels and prevent overlap. Guard bands are empty
regions of frequency space that separate the individual channels, the idea is
that these regions are large enough that if one channel is to experience a jitter,
then the adjacent channel isn’t effected or corrupted by the jitter. Modern day
separations between adjacent channels range from 50 - 100 GHz (0.4-0.8

nm) [10]] which is illustrated in Figure The result is that these guard
bands are spectrally inefficient and, with more and more people seeking
internet access, the available bandwidth is becoming more and more limited.
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Figure 1.2: Illustration of channels in an optical network separated by 50 GHz.

As

Coherent optical combs (CoCs) can potentially reduce or eliminate the use of
these guard bands. CoCs generate many different wavelengths of light, all
separated by a fixed frequency. As a result, if one comb line jitters than all
comb lines jitter and so there is no cross-talk between comb lines. Since a
frequency comb is generated from one source, then there is also a great
reduction in the carbon footprint of using a single laser to generate multiple
channels as oppose to the hundreds of lasers currently used to generate
hundreds of channels.

A A2 As Aa As

Reclaimed Reclaimed

Bandwidth Bandwidth

Figure 1.3: Illustration of channels in an optical network where the channels
are generated by a comb source. This allows for smaller separation between
channels and so the bandwidth can be reclaimed.

Coherent wavelength division multiplexing (Co-WMD) utilises the CoC to
transfer data through each of the individual comb lines. Such an optical
network would require a comb source to generate the frequency comb and
define the separation between comb lines. A de-multiplexer would be utilised
to separate out the individual comb lines into separate transmitters (optical
fibers, waveguides), modulators would be used to incorporate data to each
channel/comb line before the comb lines are recombined by a multiplexer and
transmitted along the optical network. An illustration of such a Co-WDM is
illustrated in Figure|l.4
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Figure 1.4: Schematic of a comb based optical network. A comb is injected into
a de-multiplexer which splits the comb lines into separate modulators. Here
data is incorporated before the comb lines are recombined and transmitted.

1.3 Comb Generation Methods

In the decades that followed the demonstrations of lasers and optical fibers,
several methods of comb generation were developed from semiconductor
devices, each with their own advantages and disadvantages.

Using mode-locked lasers is a conventional approach of generating optical
frequency combs where modes of a multi-mode laser phase lock, resulting in a
pulsed optical output [[11]. The advantage of mode-locked lasers is their
ability to generate multiple comb lines over a large bandwidth, however the
spacing between their adjacent comb lines is fixed and determined by the the
length of the lasers cavity [[12]. Thus, a different device is required for each
desired comb with a specific frequency spacing. Another disadvantage is the
relatively large optical linewidth of the individual comb lines generated from
passively mode-locked lasers. This can be as high as a few MHz which
negatively impacts the rate at which data is transferred [12]. Optical injection
locking of active mode-locked lasers has been demonstrated to improve this
disadvantage [13]], [14].

An alternative method of comb generation (which is the method used in this
thesis) is through a technique called gain switching. This technique was first
developed in the late 80s [[15]], [16] and the idea was simple, modulate the
bias current of a laser with a high powered RF signal that rapidly, and
continuously, turns the laser on and off. This takes advantage of the relaxation
oscillation phenomenon which occurs when a laser is biased abruptly. When a
laser is biased abruptly it undergoes a transient response in the carrier and

Monolithically Integrated, High Coherence 4 John McCarthy
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photon concentrations with damped oscillations before reaching a steady
state. When the device is gain switched using the sinusoidal current that
results from the RF modulated current, the first pulse of the relaxation
oscillation is continuously excited creating a pulse train in the time domain.
This is illustrated in Figure|1.5

(a) 1e24 Laser-Rate Simulation (b)  1e24 Laser-Rate Simulation
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Figure 1.5: (a) Damped harmonic of the carrier and photon densities when

device is biased abruptly. (b) Gain-switched carrier and photon density pulse
train.

One of the main drawbacks of a gain switching during it’s development was
the large temporal jitter and chirp that exists across the generated pulse. This
results in a broad spectral bulge as opposed to individual comb lines [17]. This
is demonstrated by the plotted spectra in Figure [1.6| where a single sectioned

Fabry-Pérot (FP) laser is biased at 50 mA (red) and is then gain switched
(blue).

—— Biased FP
=307 —— Gain Switched FP
—40 -

€

m

Z

= _50 1

a

2

&
_60 .
-70

1531.5 1532.0 1532.5 1533.0 1533.5 1534.0 15345
Wavelength (nm)

Figure 1.6: Spectra measured from an on-chip FP laser biased at (red) 50 mA
and (blue) a 50 mA bias current that is modulated with a high power RF signal.
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This issue was overcome in the 90s through the use of additional optical
injection [18]] which improved the quality of the generated pulses. Eventually
on-chip gain switched combs were demonstrated through the technique of
on-chip injection locking [[19]. An example of a gain switched comb generated
through on-chip injection locking is plotted in Figure (1.7

=20

—— 4.5 GHz

—30 1 ] 10 dB

—40 - Afi0=27 GHz
._.50 -
—60 -
!
—-80 . T T T i
1542.2 1542.4 1542.6 1542.8 1543.0 15432

Wavelength (nm)

Power (dBm)

Figure 1.7: Plot of a frequency comb generated through gains witching.

While comb generation through gain switching offers less generated comb
lines than those generated through mode-locking, the frequency spacing
between comb lines are directly equivalent to the frequency of the gain
switched current. Therefore this comb generation method offers more flexible
combs than those produced through mode-locked lasers.

The quality of the combs generated in this thesis are defined by Af;y, which is
the frequency span of the generated comb lines that can be measured to a
point 10 dB below the maximum power of the comb while plotted in dBm.
This is demonstrated in Figure [1.7]where 7 comb lines are detectable 10 dB
below the power of the maximum comb line. The comb is generated with a
frequency spacing between comb lines of 4.5 GHz and so the quality of the
comb is given as Af;y = 27 GHz. A higher value of Af;, indicates a higher
quality comb, and it is the objective of this thesis to generate a comb with a
high value of Afy.
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1.4 Injection locking

As mentioned in the last section, the current method of on-chip comb
generation is achieved through on-chip injection locking. The phenomena of
injection locking was first realised by the Dutch scientist Huygens in the 1600s
when he observed that two pendulum clocks would synchronise if they were
placed on the same beam [20]. Optical injection locking is a technique
whereby a laser (typically known as the master or primary laser) injects light
into another laser (slave or secondary) and the light generated from the
secondary laser phase locks to that of the primary laser. This technique is
referred to as a primary-secondary configuration throughout this thesis. This
phenomenon was first theorised in 1965 [21] and demonstrated
experimentally a year later [22].

Since the development of lasers, the tendency for the emitted light to reflect
back on itself has posed a challenge. This light, that is reflected back into the
laser itself, can proceed to destabilise or even disable the functionality of the
laser. An optical isolator was developed based on the Faraday effect which
rotates the polarisation of incident light through the isolator which causes the
reflective light to be cut off [23]], [[24]. So, typical off-chip primary-secondary
configurations utilise these isolators between the two lasers so that no light is
reflected back into the primary laser that would perturb the system. However,
relating this to on-chip PICs, the scalability of on-chip isolators remains an
issue and are not yet compatible with any semiconductor technology [25]].

On-chip phase coupling between integrated lasers has been previously
demonstrated in [26] and [27] with very different configurations and design
types. In both of these cases, the biasing of the lasers was also highly
asymmetric, thereby approximating a primary-secondary configuration and so
an integrated isolator isn’t required. On-chip gain switched comb generation
has been demonstrated using this technique [[19] by injection locking a
secondary FP laser with a primary single mode (SM) laser and gain switching
the secondary laser. This resulted in an optical frequency comb. The use of
injection locking has resulted in favourable effects which include noise
suppression, linewidth reduction [19]], [28] and enhanced modulation
bandwidth [29]. An example of the spectra of a FP laser before and after it is
injection locked with a SM primary laser is demonstrated in Figure
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Figure 1.8: Spectra of the secondary FP laser (blue) before and (red) after it is
injection locked with the SM primary laser.

1.5 Thesis Motivation

This chapter gives a brief introduction to fiber optic communications and the
issues and limitations of today’s day and age as more and more people seek to
connect through the worldwide web. The need for next generation
technologies that could help reclaim the limited bandwidth are becoming
more and more necessary with optical comb sources being viewed as a realistic
replacement to the hundreds of lasers that are in use today. Each of these
hundreds of lasers are used to generate a channel which fill up the limited
bandwidth, in part due to the spectrally inefficient guardbands that separate
these channels to prevent cross-talk in the likely event of a jittering channel.
Optical frequency comb sources have the potential to reduce or even eliminate
these guardbands and reclaim bandwidth. As all comb lines originate from a
single source, one laser could replace multiple lasers and be used to generate a
number of channels (comb lines). The fixed phase relation between comb lines
means that if one comb line jitters than all comb lines from that source will
jitter, meaning there is no cross talk between adjacent carriers and so the
frequency separation between channels can be decreased to below today’s
standards. This would lead to the development of Co-WDM where a comb
source is integrated with a WDM network. Such a network would require a
comb source to generate a number of channels, a de-multiplexer to separate
these channels into different modulators where data is incorporated, finally a
multiplexer would be used to recombine these channels before they are
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transmitted. There are a few methods of generating such frequency combs,
two that are mentioned in this chapter are combs through mode locked lasers
and combs through gain switching. Gain switching was the method of comb
generation selected for this thesis due to its flexibility in terms of the combs
free spectral range (FSR) and general ease in terms of integration.

Previous work on gain switched combs carried out in this research group
resulted in the development of on-chip gain switched combs. Several device
designs were created, typically made up of two lasers operating in a
primary-secondary configuration where one laser was gain switched to
generate a comb. The effects of this optical injection was analysed and phase
noise was shown to increase with gain switching and decrease when the gain
switched laser was injection locked to a low linewidth primary laser. Optical
combs with linewidths in the region of 300 kHz were demonstrated with a
comb line spacing of up to 10 GHz [[19]. While this work was valuable, the
limit to the bandwidth of the combs generated through gain switching means
that improvements can always be made, and thus this is the primary
motivation for this thesis.

In this thesis, different methods of comb enhancement were investigated and
developed. Simulations were carried out to investigate the experimental
effects of the gain switched current on generated combs. Previous methods of
gain switching were replicated through injection locked gain switched lasers
and building on this, new forms of coupling were realised. The notoriously
unstable bidirectional coupling that occurs on bench-top experiments due to
the lack of optical isolators don’t have the same detrimental effects for on-chip
circuits. Instead, stable combs are found to propagate along gain switched
PICs without disrupting the operation of the lasers themselves. The previous
on-chip, primary-secondary coupling through the asymmetric biasing of two
lasers were discarded in favour of non-asymmetric biasing techniques which
greatly improved the Side Mode Suppression Ratio (SMSR) of the single mode
phase locked lasers, and greatly enhanced the bandwidth of the resulting
generated combs.

The use of integrated ring lasers were demonstrated to selectively filter the
individual comb lines generated by a gain switched PIC. This paves the way for
the use of an array of ring lasers to form a de-multiplexing network for next
generation Co-WDM optical networks. Finally, a new method of achieving gain
switched combs was realised using a two section, single cavity laser without
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the previous additional forms of optical injection. This realised device was
more flexible in terms of the range of bias currents at which combs could be
generated which allowed for currents with higher RF effects to be analysed.

Based of the above techniques, next generation PICs were designed,
demonstrating numerous methods of gain switched comb enhancement.

1.6 Thesis Outline

This thesis is comprised of nine chapters including the Introduction and
Conclusion which illustrate in detail the development of the gain switched
frequency combs throughout this project.

Chapter 1 introduces the concept of fiber optics and discusses the limitations of
today’s optical networks. WDM networks are introduced and the development
of comb sources for Co-WDM networks are suggested as an alternative optical
network that could reduce the number of lasers used and reclaim the limited
bandwidth. Different comb generation methods are introduced and the
method of gain switching is the technique chosen for this thesis.

Chapter 2 demonstrates the simulations analysed and utilised throughout this
project. The use of reflection profiles are used to simulate the transmitted
modes generated by the different lasers used throughout this thesis. Designs of
on-chip FP lasers are demonstrated and designs of single mode lasers are
illustrated by including reflective defects along portions of the FP ridge. The
rate equations are introduced and utilised to demonstrate how gain switched
combs are effected by experimental parameters like bias current and the
amplitude of the gain switched current. Finally, the transmission profile of a
ring laser is used to demonstrate how ring laser could be used as an integrated
laser filter (ILF) and filter out the individual lines of a comb.

Chapter 3 focuses of the fabrication process of the devices utilised in this
thesis. The standard lithography techniques and etch steps of each device
feature is described in detail.

Chapter 4 introduces the characterisation setup used throughout this project
and the experimental effects of the features described in Chapter 3 are
analysed. Starting with a FP confined with two cleaved facets, the
characterisation effects of etched facets and metal etched facets are analysed.
The effects of a reflective defect along the ridge of a FP are demonstrated, as
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well as the effects of bends on curved waveguides.

Chapter 5 sets the stage of how different coupling techniques are used to
generate gain switched combs. Starting with previous primary-secondary
asymmetric bias coupling, non-asymmetric bias combs are realised and
enhanced. On-chip bidirectional combs are generated and are demonstrated to
propagate throughout the PIC without effecting the lasers functionality.

Chapter 6 demonstrates the effects of the gain switched frequency on the
combs generated through non-asymmetrically biased means. The effects of the
gain switched frequency on these combs are greatly effected by each lasers
relaxation oscillation (RO) frequency, and when the gain switched frequency is
an integer multiple of the laser’s RO frequency, a comb is generated with a
frequency spacing equivalent to that laser’s RO frequency.

Chapter 7 demonstrates on-chip, how a ring laser can be used as an effective
ILF to filter out individual comb lines. This PIC is designed with a large
number of test structures, so that each laser can be characterised
independently and as a system. The PIC demonstrates coherent combs through
bidirectional coupling and comb line filtering through injecting the comb into
a ring laser.

Chapter 8 introduces a new form of gain switched device that is capable of
generation combs without an additional form of optical injection. The design
of the device allows for comb generation through high bias currents and thus
the generated combs can take advantage of higher RF effects as a result of gain
switching through sinusoidal currents with greater amplitudes. This greatly
enhances the bandwidth of the generated combs.

Chapter 9 concludes the work carried out as a part of this thesis and gives
examples of next generation devices. The goal of the next generation devices
is to increase the bandwidth and power of on-chip gain switched combs.
Optical amplifiers, mutually coupled lasers and full de-multiplexing systems
are described for future objectives.
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Chapter 2

Simulations

2.1 Chapter Overview

This chapter introduces a model describing the spectra of photonic integrated
circuits and gain switched combs. The first goal was to simulate the lasing
wavelengths of a Fabry Pérot (FP) ridge laser using transmission matrices and,
building on this, introducing different reflections to filter specific wavelengths
over others. The designs simulated in this chapter are the primary designs
used in the later experimental chapters.

Furthermore the concept of gain switching is introduced and a mathematical
model is formed from the lasers rate equations. Methods of attaining the
optimum parameters of gain switched combs are demonstrated by adjusting
experimental variables. The concept of de-multiplexers are also relayed as well
as methods of comb line filtering using injection locked ring lasers.

2.2 Laser Modelling

In terms of designing a laser, it is important to determine the wavelengths at
which it lases. The transmission matrix method can be used to provide a one
dimensional model of a laser’s reflection and transmission, and thus can
provide the wavelengths supported in the laser cavity [30]. To describe the
transmission matrix method, it is first useful to introduce scattering matrices.
Scattering matrices can be used to describe the behaviour of complex laser
cavities by associating each series of elements into a given number of ports,
usually inputs and outputs.

12
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N\

N

n

Figure 2.1: Illustration of the inputs and outputs of a multi-port scattering junc-
tion.

If the outputs are linearly related to the inputs, then a matrix can be formed to
describe the outputs as a combination of the inputs.

This relation is so given:

bi = Z Sijaj (21)
J
(a) (b)
ai az AL Az
— -— —l —
b1 S b2 B: T B:
A— —l — —

Figure 2.2: Illustration of a two port junction with the scattering and transmis-
sion inputs and outputs.

In the case of a two port system Equation becomes:

b Sy S
1 _ 11 12 % ay (2.2)
by So1 Sag )
and the corresponding transmission matrix can be given by:
T, T
ay _ 11 12 % a2 (2.3)
by Ty Ty by
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The scattering and transmission matrices are therefore related by [30]:

1 TQl det(T)
= 2.4
Tll 1 —T12 ( )
r— L1 o (2.5)
521 SH —det(S)

For the purpose of devices used in this project, the scattering and transmission
matrices used refer to the matrix to describe a reflective interface and the
matrix to describe the propagation through a waveguide of length L.

The matrices for a reflective interface and waveguide are given as:

S, — {T t ] (2.6)
t —r
Swg = |:€‘7¢ 0 ] (2-7)

respectively, where ¢ = 27rnL /A, r and t are the reflection and transmission
coefficients respectively and n and L are respectively the refractive index and
length of the waveguide.

The corresponding Transmission matrices for a reflective interface and
waveguide are therefore:

11 r
T, = - 2.8
t [ 1] 2.8)
ed? 0
Ty = { . e—j¢] (2.9)

2.2.1 Fabry Pérot Profile

A semiconductor Fabry Pérot (FP) laser consists of two reflective surfaces
(cleaved facets) separated by a waveguide. The transmission matrix that
describes a FP can thus be determined by multiplying the matrices of each
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cleaved facet and the waveguide.

1(1 r e 0 111 —r
Tep =Top - T Top = — . = 2.10
Fp cr - Twe-Ter = 5 L 1] [0 e‘9¢] ; [—r 1] ( )

The reflection and transmission profiles of the FP can be determined by S%,
and S3, respectively.

TFP(2 ].) 2 Tgt%€72j¢
S = () =y - 2 2.11
H <TFP(1» 1) " 1 — rirqe=2¢ ( )
2 .
1 t1t2€_2]¢
2= = 2.12
2 (TFP(L 1)) 1 — ryrqe—2i¢ ( )
FP = 600.0 um
1.0 1 —— Reflection
—— Transmission
0.8 4
£
]
S 0.4 4
0.2 4
0.0
1550 15r51 15I52 15I53 15l54 1555

Wavelength (nm)

Figure 2.3: (blue) Reflection profile and (red) Transmission profile of a FP laser
600 pm in length.

The reflection and transmission coefficients can be related to the effective
refractive index using:

ny—n
r=_——2 (2.13)
ni + No
In the case of a FP, the cleaved facet offers reflection between the laser cavity
and air, and so n; = 1 and ny = n,p). in order to simulate the reflection and

transmission profiles of a laser, the following parameters are assumed:
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Table 2.1: Parameter definitions and values

Name Symbol | Value
Waveguide Length L 600 ym
refractive index n 3.5

And so both S? and S2, can be plotted as shown in Figure

Figure demonstrates multiple modes being supported in the FP laser cavity,
which is the nature of a FP Laser spectrum. The resonant wavelengths of the
FP exists when the transmission is maximum and the reflection minimum. The
separation between adjacent modes, and therefore lasing wavelengths, is
dependent on the device length. This is demonstrated in Figure [2.4

(a) Reflection Profile (b) Transmission Profile

0.655 0.933

0.582 0.860
0.509 0.788
0.436 0.715

0.364 0.642

Length (um)
o
o
o

0.291 0.569

0.218 0.496
0.145 0.424

0.072 0.351

0 0.000
1550 1551 1552 1553 1554 1555 1550 1551 1552 1553 1554 1555

Wavelength (nm) Wavelength (nm)

0.278

Figure 2.4: (a) Reflection profile and (b) Transmission profile of a FP laser for
a cavity length ranging from 400 - 800 um .

This simulation demonstrates how the separation between adjacent
reflection/transmission modes decrease with an increasing cavity length. This
is consistent with the free spectral range (FSR) of a laser cavity given by [31]
where:

C
Where c is the speed of light, n is the refractive index and L is the length of the

cavity. The relation to FSR()) can be derived by:

C C C
A= _C_ ¢ 2.15
S VS Vs ™y 5 (2.15)

Simplifying this further,

A1 A
2nL

FSRA) = A\ =Xy — A\, = (2.16)
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Which demonstrates that the FSR(\) is inversely proportional to the length of
the cavity.

2.2.2 Slotted Fabry Pérot Profile

The primary lasers used in later chapters are single mode lasers, which are
lasers with a side mode suppression ratio (SMSR) grater than 30 dB. An SMSR
is the difference in power measured in dB between the the primary and
secondary lasing modes. This can be achieved by etching slots along the ridge
of the FP laser. This in turn creates regions of varying effective refractive index
and therefore these slots act as reflective defects along the ridge of the laser
creating a Slotted Fabry Pérot (SFP) laser [32].

----- e
nz

Figure 2.5: Illustration of the varying effective refractive indices created by
etching slots into the ridge of a laser.

A profile describing the reflections of this slotted section of a laser can be
derived using transmission matrices. One slot period, made up of the slot and
interslot, can be described by the transmission matrix of the waveguide of the
interslot Ty ¢, ., interface between the interslot and slot 7%, ., the waveguide of
the slot Ty, and the interface between the slot and the interslot 7%,.
Therefore the transmission matrix of the entire slotted region of NV slots can be
given by:

Tsiots = Twe,sTrisTwesTrs)™ (2.17)

Deriving the S}; from this can give a description of the reflection profile of the
slotted region. Transmission and reflection coefficients of the slot, ¢, and r,,

are assumed to be 1/0.817 and 1/0.033 .

A typical cavity design that utilises these slots in later chapters to create a
single mode spectra is illustrated in Figure The slot length is assumed to
be 1 um, which is the limiting resolution of lithography, and the interslot
region is set to 87 um.
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Mirror Section > < Gain Section >

O Qe epi @ maw

Figure 2.6: Diagram of a single cavity device separated into a gain and slotted
mirror section.

Figure demonstrates the modes reflected by 7 slots with an interslot
separation of 87 um as illustrated in Figure [2.6] These slots are etched into a
portion of a 1300 pum ridge known as the mirror section, while the remaining
portion of the ridge is known as the gain section. This gives the transmission
lasing modes plotted in Figure As opposed to the transmission profile of a
FP laser, the maximum value of transmission peaks are no longer constant, but
are instead suppressed by the larger modes created by the slots’ reflection.

(a) Interslot Length = 87.0 um (b) Transmission Profile
0.40 - 0.40 1
0351 5 035
=030 i 0.301
E 0.25 % 0.251
é 0.20 4 § 0.20
% 0.15 1 £ 015
0101 £ 0101
0.05 4 0051
0.00

1542 1544 1546 1548 1550 1552 1554 1542 15‘44 15‘46 15‘48 15’50 15’52 15r54
Wavelength (nm) Wavelength (nm)

Figure 2.7: (a) Reflections caused by the 7 slots with an interslot separation of
87 wm and (b) Transmission profile of a 1300 um cavity with 7 slots and an
interslot separation of 87 um.

The resulting laser has the potential to lase at any of the regions created by the
supermodes, however whether or not they lase depends on the position of the
smaller modes within. The position of these modes can be adjusted by
changing the optical path length of the cavity through current injection [33].
This shift is illustrated in Figure |2.8

What results is a single mode laser than can be tuned through current

injection.

2.2.3 Pitted Fabry Pérot

An alternative method of creating reflections along the ridge of a laser is by
etching small deep pits through the ridge. The repeated interfaces results in
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Figure 2.8: Transmission profile of the SFP laser as the optical path length of
the device is varied.

additional reflections creating a Pitted Fabry Pérot (PFP) [34].

Figure 2.9: Illustration of the varying reflective defects created by etching pits
into the ridge of a laser.

The transmission matrix of one pit period can be determined by multiplying
the transmission matrix of the pit interface reflection Ty,, and the waveguide
of the interpit 7y ¢,,. And so the transmission matrix of the entire pitted
region of N pits can be given by:

Trirs = (TrpTwa,p) " (2.18)

Again, deriving the S;; from this can determine the reflection profile caused by
these reflective defects. This was carried out for another typical laser design
used in later chapters. This laser is depicted in Figure [2.10| where the mirror
section is made up of 8 pits with an interpit separation of 77 um.

«—— Mirror Section > + Gain Section >

N

O Qe Epi @ MaQw

Figure 2.10: Diagram of a single cavity device separated into a gain and pitted
mirror section.
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Figure demonstrates the reflection by 8 pits with an interpit separation of
77 pm. Again these are etched into a portion of a 1300 um ridge which will
act as a mirror section and the remaining portion of the ridge will act as a gain
section. Plots of the resulting transmission profile of the device is shown in
Figure|2.11

(a) Interpit Length = 77.0 um (b) Transmission Profile
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Figure 2.11: (a) Reflections caused by the 8 pits with an interpit separation of
77 pm and (b) Transmission profile of a 1300 um cavity with 8 pits and an
interpit separation of 77 um.

Again the position of the lasing modes can be varied through current injection
with an illustration of this depicted in Figure[2.12)]
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Figure 2.12: Transmission profile of the PFP laser as the optical path length of
the device is varied.
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2.3 Gain Switching

2.3.1 The Rate Equations

To understand how gain switching results in generating optical combs, one
must first understand the relaxation oscillation phenomena for a
semiconductor laser. Due to the interplay between carriers and photons, the
laser does not initially operate in a steady state when it is switched on.
Instead, when biased abruptly, it experiences a spike in carrier and photon
densities with damped oscillations before reaching a steady state.

The dynamics of the carrier and photon densities, represented by N(¢) and
S(t) respectively, are given by the equations [35]:

AN I(t) vgg(N)S(t)
o ey RN = ORM Fn(t) (219
Cf{j = <fi‘€% — jp) S(t) + BTBN?(t) + Ys(t) + Fs(t) (2.20)

Where () is the time varying injection current, e is the electron charge, V' is
the volume of the active region, v, is the group velocity, g(NV) is the material
gain, ¢ is the non linear gain coefficient, I is the optical confinement factor, 7,
is the photon lifetime, [ is the fraction of the spontaneous emission coupled
into the lasing mode. Y;(¢) is a term used to describe external optical injection
when it is considered. Fyy(t) and Fs(t) represent additional Langevin noises
from different sources. The recombination rate is given by [35]:

R(N)= AN + BN? + CN? (2.21)

Where A, B and C are the non-radiative, the spontaneous and the Auger
recombination coefficients respectively. The material gain, ¢g(/V), is described

by [35]]: ]
g

dN

Where dg is the differential gain and N, is the carrier density at transparency.

g(N) = —=(N — Ny) (2.22)

Using the values provided in Table [[36], the relaxation oscillations, with a
step function input, of a diode laser can be plotted for a fixed current of 50 mA.

As mentioned earlier, when a laser is biased abruptly, the resulting carrier and
photon concentrations undergo a transient response with damped oscillations
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Table 2.2: Parameter definitions and values.

Name Symbol Value
Electron charge e 1.602x10' C
Volume of active region vV 1.53x1071" m3
Group velocity v, 8.5x10" ms~!
Material gain g(N) -
Non-linear gain coeff. € 1.97x1072 m3
Optical confinement factor r 0.04
Photon lifetime T 2.2x1072s
Frac. of spontaneous emission 6] 5.5x107¢
External optical injection Yi(t) Not considered
Langevin Noise Fn(t) -
Langevin Noise Fs(t) -
Non-radiative coeff. A 3x10% s~ !
Spontaneous coeff. B 1.5x1071 m? s~!
Angular recombination coeff. C 1x10742 mb s7!
Differential gain 49 4.4x1072" m?
Carrier density at transparency | N, 1x10** m—3
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Figure 2.13: (a) Bias current of 50 mA being switched on in the time domain.
(b) the corresponding carrier and photon densities of the biased laser.

before eventually reaching a steady state.

The value and frequency of these relaxation oscillations can vary a lot when
changing certain parameters. In an experimental setting, the most common
variable parameter would be the bias current of the laser. Figure|2.14
demonstrates how the carrier and photon densities vary as a function of time,
from a bias current of 30 - 100 mA.

As the carrier and photon concentration values defined in Equations [2.19|and
2.20|are proportional to the bias current, the steady increase in peak value as
the current is swept from 30 - 100 mA is expected. However, what is
interesting to note is how the frequency of the relaxation oscillations also
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(a) Carrier Concentration (m~3) 1e24 (b) Photon Concentration (m~3) 1e21
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Figure 2.14: (a) Carrier concentration and (b) Photon concentration of a diode
laser as the bias current is swept from 30 - 100 mA.

changes with the bias current. This frequency can be extracted from Figure
2.14|and is plotted in Figure[2.15

10 A

Relaxation Oscillation Frequency (GHz)

40 50 60 70 80 90 100
Bias Current (mA)

Figure 2.15: Frequency of the relaxation oscillations as bias current of the diode
laser is swept from 30 - 100 mA.

The relaxation oscillation frequency (ROF) of a laser varies non-linearly with
current, and in this case the ROF of the laser ranges from 1.8 - 9.8 GHz as the
bias current is swept from 30 - 100 mA.

2.3.2 Gain Switched Current

The technique of gain switching, involves operating a laser in the initial
non-linear regime of the relaxation oscillation phenomena demonstrated in
Figure In other words, we want to continuously excite the first peak of
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the carrier and photon densities, creating a pulse train in the time domain.
This is carried out by modulating the bias current with a strong radio
frequency (RF) signal, effectively creating a sinusoidal current that rapidly
turns the laser on and off throughout time and hence the first peak of the
carrier and photon concentrations are continuously excited.

The input RF signal is treated as first passing an RC circuit, where the output
signal is the voltage across the capacitor. This output voltage across the
capacitor is used as the input signal to the rate equations.

The expression for /(t) becomes [35]:

[(t) = Ibms + Aloss ( > sin (27Tft) (223)

Treating the laser as a capacitor, the impedance of the capacitor is given by

Zc = 1/jwC where C' is the capacitance and w = 27 f. A, is a loss coefficient
accounting for the frequency dependent electrical cable attenuation, V; is the
root-mean square (RMS) voltage value of the signal generator applied to an
ideal 50 2 load, Z, = 50 2 which is the generator output impedance. R¢
represents the resistance of the laser.

When simulating the gain switched current, the following parameters are

assumed.

Table 2.3: Parameter definitions and values

Name Symbol | Value
Loss coeff. Ajoss 0.5
Resistance Re 15 Q

Capacitance C 500 fF

Figure demonstrates how the sinusoidal current changes by adjusting the
two experimental parameters, the bias current and the amplitude of the RF
signal (V;.¢). For a varying bias current the V;; is assumed to be 1V, and for a
varying V., the bias current is assumed to be 30 mA.

What is apparent from Figure and logical from Equation is that there
is a linear response in the value of the sinusoidal current as the bias current is
increased from O - 100 mA. The minimum value of the sinusoidal current also
increases linearly, which suggests there will be a point where the minimum
value of the sinusoidal current no longer falls below the lasers threshold
current, and therefore gain switching will no longer be possible.
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(a) Current (mA) (b) Current (mA)
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Figure 2.16: (a) Sinusoidal current as the bias current is varied from 0 - 100
mA. (b) Sinusoidal current as the V, is varied from O - 8 V.

The effect of the Vs on the sinusoidal voltage is also demonstrated in Figure
2.16| The effect being an increase in the amplitude of the sinusoidal current as
the V, is increased from O - 8 V. This increase in amplitude of the sinusoidal
current can be used to compensate for the fore mentioned limitation of the
bias current. In other words at higher biases, the V,, can be increased to
ensure that the minimum value of the sinusoidal current falls below threshold
current, and so gain switching can occur.

This sinusoidal current can be introduced to the rate equations (Equation |2.19
and to demonstrate how this effects the carrier and photon densities.
The bias current is assumed to be 30 mA and the V,; is assumed to be 1 V at a
gain switched frequency of 6 GHz.
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Figure 2.17: (a) Sinusoidal current biasing a laser in the time domain. (b)
Resulting carrier and photon densities of the gain switched laser.

The sinusoidal current results in the device rapidly being switched on and off
(gain switched). This allows for the first pulse of the carrier and photon
densities relaxation oscillations to be excited continuously, effectively creating
a pulse train in the time domain as demonstrated in Figure 2.1
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2.3.3 Gain Switched Frequency Combs

From here it is possible to simulate the generated frequency comb by first
converting the pulse train of the photon density in the time domain to the
frequency domain, which is possible by taking the fast fourier transform of the
time trace.

This is demonstrated in Figure [2.18
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Figure 2.18: (a) Period of gain switched carrier and photon concentration. (b)
Fast fourier transform of the gain switched photon density period in (a).

In Figure[2.18| optical pulses are attained in the frequency domain at a
frequency spacing equivalent to the sinusoidal current. However, to simulate a
comb, the frequency domain spectrum magnitude (the photon density) needs
to be converted to power.

The photon density of the laser can be converted to power (mW) using [35]]:

h
P(t) = 1000 x 7y I{W

S(t) (2.24)

Tp

Where 7 is the in-fiber external quantum efficiency and f; is the emission
frequency of the laser. These values are assumed to be:

Table 2.4: Parameter definitions and values

Name Symbol Value
External quantum efficiency ns 0.2
Emission Frequency fo 200x10'2 Hz

This results in a simulated comb with a comb line separation of 6 GHz
equivalent to the gain switched frequency of the RF current.
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Figure 2.19: Comb simulation achieved using Equation The simulation
demonstrates 7 comb lines within 10 dB of the maximum comb giving a comb
quality of Af;y = 36 GHz.

2.3.4 Frequency Response of Gain Switched Combs

Now that a comb has been simulated, one can now go about determining the
optimum parameters to generate a good quality comb, that is a comb with
multiple comb lines. The main advantage of gain switched combs is the ability
to easily adjust the frequency spacing of the comb lines by adjusting the
frequency of the sinusoidal current. However, the range of possible frequencies
is not infinite, but is largely dependent on the physical characteristics of the
laser like capacitance and resistance. These parameters are assumed to be
fixed and correspond with the values of the laser used in the experiment
chapters.

Table 2.5: Parameter definitions and values

Name Symbol | Value
Resistance R 15 Q
Capacitance C 500 fF

The resulting combs from such a device will be generated in the low GHz
range, typically from 1 - 10 GHz. However the optimum frequency of a gain
switched device is known to occur at a gain switched frequency corresponding
to that of the lasers ROF [12]]. Figure demonstrates how the ROF of a
laser can be varied with current, so this can be demonstrated by attaining the
frequency response of the photon density at different bias currents and
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converting the results to the corresponding comb.

The effects of the modulation frequency on the gain switched photon density is
demonstrated in Figure for bias currents of 50, 75 and 100 mA.

(b)

(c)  Photon Density (m=1), 100 mA 1e21

N

(a)
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Figure 2.20: The effects of the modulation frequency on the gain switched
photon density for bias currents of (a) 50 mA, (b) 75 mA and (c) 100 mA.

What is evident from Figure is that the peak value of the photon density
varies with current and frequency. As mentioned earlier, the ability of the gain
switched device to generate combs is largely dependant on the minimum value
of the sinusoidal current and whether or not it falls below the devices
threshold current, therefore the degrading peak photon density for higher
currents is expected. The optimum photon density peaks also occur at
approximately the ROF of the device, however this is more apparent when
Figure|2.20|is converted to the corresponding comb lines.

Using Equation |2.24}, The corresponding combs are plotted in Figure [2.21

(a) Power (dBm), 50 mA (b) Power (dBm), 75 mA (c) Power (dBm), 100 mA
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Figure 2.21: The effects of the modulation frequency on the gain switched comb
for bias currents of (a) 50 mA, (b) 75 mA and (c¢) 100 mA. The equivalent ROFs
are depicted by the dotted red line.

The main advantage of gain switched combs is the ability to generate combs at
different frequencies by varying the frequency of the gain switched current.
This is demonstrated here with the optimum bandwidth of the comb
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depending on a different gain switched frequency for each bias current. Figure
gives the ROF of the device at currents of 50, 75 and 100 mA which are
5.5, 8 and 9.5 GHz respectively. These frequency values are consistent with the
gain switched frequency at which the optimum combs are generated.

2.3.5 Bias Current Response

The effects of bias current on a generated comb can also be demonstrated. A
comb is simulated at a gain switched frequency of 6 GHz and a current is
swept from 25 - 150 mA. The result is plotted in Figure [2.22]
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Figure 2.22: Plot illustrating how a gain switched comb varies with bias current.

The frequency separation of the generated comb is 6 GHz and again, from
Figure the bias current at which the ROF of the device is equivalent to
the frequency of this comb occurs at 55 mA, which is consistent with the
optimum comb generated here. Also, this plot demonstrates how the comb
degrades as the current increases. Again this is due to the minimum value no
longer falling below the threshold current as is illustrated in Figure [2.16|(a).
Therefore, as the current increases the gain switched effects will degrade until

a point where a comb can no longer occur.
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2.4 Comb Line Filtering

A comb based optical transmitter would not only need to generate comb lines,
but also be integrated with a de-multiplexer. This would be used to divide the
individual comb lines into waveguides with separate modulators which would
incorporate data before the comb lines are recombined and transmitted. The
main challenge in utilising an optical frequency comb source (OFCS) in such
networks, is the difficulty in de-multiplexing closely spaced comb lines [37].

Modern day wavelength division multiplexing (WDM) systems employ
de-multiplexers based on arrayed waveguide gratings (AWG) which is
depicted in Figure However, these de-multiplexers don’t have the
resolution to separate comb lines with a frequency spacing under 50 GHz [38]],
due to the difficulty of de-multiplexing the comb while retaining relative
coherence between the optical carriers [|39]].

—
——] AH _m_m_
— L [ s
MM g || ¢ | 1]
2 =
= /\ =
Generated Comb § | A | g
\ /

Figure 2.23: Schematic of a comb based optical network.

Later in this thesis, a ring laser is integrated on-chip with a comb source with
the purpose of filtering out the individual comb lines. The idea is to use an
injection locked ring laser as an integrated laser filter (ILF). Using injection
locked lasers as coherent de-multiplexers has been previously

demonstrated [39]], while it has also been shown that further improvements in
the mode suppression during de-multiplexing can be made with higher Q laser
cavities [40-42].

An illustration of a ring’s transmission profile is given in Figure [2.24| [[30]. This
example demonstrates a ring laser with a high Q factor and free spectral range
of approximately 66 GHz. This figure also demonstrates how this transmission
profile is effected as the optical path length changes.

The objective is to inject a comb into this ring and using current injection,
change the optical path length of the ring to filter out individual comb lines.
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Figure 2.24: (a) Transmission profile of a ring laser. (b) transmission profile of
a ring laser as the optical path length is adjusted.

Using a simulated comb from Section and converting it to the wavelength
domain, one could simulate this filtering. The simulated comb is demonstrated
in Figure [2.25] as well as the corresponding ring laser mode required to filter
the individual comb lines. The comb is simulated using a frequency spacing of
5 GHz with a bandwidth of 50 GHz. This ensures that the ring free spectral
range of 66 GHz is large enough to ensure that no more than one comb line
will be filtered at once.
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Figure 2.25: (a) Simulated comb with frequency spacing of 5 GHz. (b) Corre-
sponding ring transmission mode.

The objective is to pass the comb through the ring laser and allow the injection
locked ring to filter out one comb line at a time and use current injection to
adjust the position of the rings transmission mode along the wavelength
domain. This is depicted in Figure[2.26]

The high Q-factor of the ring laser allows for the injection locking of individual
comb lines. As the position of the ring’s transmission is adjusted, each comb is
suppressed sufficiently before the next comb line is transmitted, therefore
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Figure 2.26: (a) Illustration of the generated comb, the ring transmission profile
and the resulting filtered comb line. (b) Illustration of the different comb lines
being filtered through changing the optical path length of the ring laser.

allowing for the selective or tunable filtering of a comb.

A full comb based optical network would include an array of ring lasers which
would be used to fully de-multiplex the comb lines and separate them into
different waveguides with separate modulators before being recombined and

transmitted.
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2.5 Chapter Conclusion

This chapter introduces the models and designs of the lasers that will be used
in future chapters. Using the transmission matrix method, models of the
emission spectra of a simple FP laser is demonstrated along with design
features like slots and pits that can be used to warp this transmission spectrum
into a single mode spectrum. That fabrication methods of achieving the etch
depth for these features are described in more detail in Chapter 3.

Theoretical analysis behind the technique of gain switching is also carried out
using the rate equations used to describe the carrier and photon densities of
the laser. The effects of a gain switched sinusoidal current on these densities
are analysed and the generation of a gain switched comb is demonstrated. The
effects of current and frequency on the quality of a gain switched comb were
investigated and optimum combs were achieved when the frequency of the
gain switched current is equivalent to the ROF of the gain switched laser. This
is analysed experimentally from Chapter 5 on-wards.

Finally the concept of using a ring laser as an ILF to filter out individual comb
lines is introduced. An illustration of the transmission profile of a ring laser is
used to describe how an individual comb line can be filtered while the other
comb lines are suppressed. An active ring laser would allow for the position of
the rings transmission modes to be adjusted along the wavelength domain by
adjusting current injection. And so, plots illustrating this ring transmission
tuning and resulting comb filtering are given. This is demonstrated
experimentally in Chapter 7.
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Chapter 3

Device Fabrication Process

3.1 Chapter Overview

The previous chapter demonstrated theoretically that single mode spectra of a
laser could be achieved by etching defects into a portion of the ridge of the
laser. In this chapter, the fabrication process and techniques use to create these
lasers and defects are described [|36], [43]], [44], [45].

In this chapter, the fabrication of a typical DC process will be presented.
Starting with the epitaxyal structure of the lasers, the fabrication process will
be presented referring to each layer of the structure.

3.2 Epitaxial Structure

The fabrication process is carried out using commercially available lasing
material designed for the emission at 1550 nm, purchased from International
Quantum Epitaxy (IQE). A table depicting the epitaxial structure is given
below. This lasing material consists of 5 compressively strained 6 nm wide
AlGalnAs quantum wells on an n-doped InP substrate. The upper p-doped
cladding consists of a 0.2 um of InGaAs cap layer, which is followed by 0.05
pum of InGaAsP, lattice matched to 1.62 pm of InP. The layers from top to
bottom forms a PIN junction, with zinc and silicon used as P and N dopants.
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3.3 Mask Design

Table 3.1: Layers of epitaxial structure

Layer No. Material Thickness (um) | Dopant | C-V level (cm™3)

16 Galng 53)As 0.2 Zinc > 1.5e19
15 GaIn(0.53)AS(0.62)P 0.05 Zinc > 3.00e18
14 InP 0.1 Zinc > 1.5el18
13 InP 1.5 Zinc 1.00e18
12 GaIn(0.53)As(0.33)P 0.02 Zinc 1.00e18
11 InP 0.05 Zinc 7.00el17
10 (Al(g.9)Ga)In g 53)As 0.06 Zinc 4.00el7
9 (Al(0_72t00.9)Ga)In(0_53)AS 0.06 Undoped

8 (Al(g.44yGa)In (g 49)As 0.01 Undoped

7 5 x (Al(.24yGa)Ing.71)As 0.006 Undoped

6 5 x (Al(y.44yGa)Ing 49)As 0.01 Undoped

5 (Al(0.72100.9)Ga)In (g 53)AS 0.06 Undoped

4 (Al(g.9)Ga)In g 53)As 0.06 Silicon 1.00e18
3 (Al 0.56t00.9)Ga)IN (g 53)AS 0.01 Silicon 1.00e18
2 InP Silicon 1.00e18
1 InP Silicon 3.00e18

| Substrate |

3.3 Mask Design

A fabrication run is carried out on one quarter of a 2 inch wafer and consists of

many devices separated into different bars which fill up the quarter wafer. The

devices in this project are separated into different mask layers, one for each

lithography step. The mask layers used account for the lithography for three

different etch depts (shallow, deep and isolation), as well a layer to define the

oxide opening along the ridge of a laser, and the metal lithography for the

devices contact pads.

The mask layers are designed using an in-house software called PICDraw. The

software allows the user to draw each layer of the PIC designs in separate bars

and distribute these bars into a quarter of a 2 inch mask. Figure gives the

individual mask layers designed as well as all the layers overlapping.

This mask design is then sent to Compugraphics where the mask plate is

manufactured.
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(a)

Figure 3.1: (a) Quad mask showing the layers used to fabricate PICs. (b) Quar-
ter wafer design showing the overlapping layers.

3.4 DC Fabrication

This section will focus on the fabrication process for the devices used in this
project. Illustrations will be used to describe each lithography step as well as
the following etches required to shape the laser.

3.4.1 Ridge Lithography

The first step in fabrication is to deposit 600 - 700 nm of SiO; on an epitaxial
(EPI) quarter wafer. This is deposited using plasma enhanced chemical vapor
deposition (PECVD) at a deposition rate of 25 nm min~'. The thickness of the
SiO, is measured using a NanoSpec from Nanometrics. This measures the
thickness of the SiO, film using reflectometry, which is a technique used to
determine the thickness of a film by measuring the interference effects of the
material.

After this, the sample is prepared for the ridge lithography by first depositing a
layer of hexamethyldisilizane (HMDS) which is used as adhesion between the
photoresist (PR) and EPI. The PR used is S1805 which is a positive PR and is
spun on the sample at 4000 revolutions per minute (rpm) for 50 seconds. This
ensures that the thickness of the PR is uniform. The sample is then baked at
115°C for 180 seconds.

Next the sample is placed into an MA6 Mask Aligner where it is exposed to UV
light for 3 seconds at a vacuum contact. The sample is then developed in
MF319 developer for approximately 45 seconds. This ensures an appropriate
resolution for the ridges of the device. The resolution can be determined by
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viewing the resolution marks under a microscope as shown in Figure 3.2
These resolution marks demonstrate the features achieved at that lithography
step in microns. A good resolution is considered to be about 1 pm, which is
achieved here.

(E«)RISE
3

Figure 3.2: Resolution features in microns as seen on (a) the mask layer image
and (b) microscope image after development of the ridge lithography.

The next step is to define the hard mask for the ridge by etching the exposed
SiO,. This is carried out using the SPTS Synapse Etcher and the available etch
recipe for SiO,. The final step in defining the ridges is by placing the sample in
PR remover 1165 to remove the remaining PR. The ridge hard mask is now
defined as shown in Figure

(a) [ Epitaxy (b)
- Active Region

M sio:

Figure 3.3: (a) Schematic showing the EPI wafer with the defined SiO, ridge
hard mask. (b) The SiO, ridge hard mask as viewed under a microscope.

3.4.2 Deep Lithography

The primary shape of the device ridges are shallow etched, however for
regions with sharp bends, deep etched slots and other reflective structures
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where optical confinement is required, deep etched regions are created.
Therefore, the second lithography step is used to define the hard mask for the
deep etched regions. Using the PECVD, 350 - 400 nm of Si3N, is deposited
onto the wafer. Again the sample is prepared for lithography by first depositing
a layer of HMDS on the sample. The etch rate of Si;N, is slower and can etch
the PR, so this time a thicker PR is used, S1828, and is spun on the sample at
4000 rpm for 50 seconds. Again the sample is baked at 115 °C for 180 seconds
before the UV exposure. The MA6 mask aligner is set to a hard contact because
strong resolution is not required for the deep etched regions and the exposure
time is set to 21 seconds to account for the thicker PR. After UV exposure the
sample is developed using MF319, exposing the deep etched regions.

The exposed SizN, is etched using the SPTS Synapse Etcher creating the hard
mask for the deep etched regions on top of the hard mask defining the laser
ridges. The PR is removed using 1165 and an illustration of the wafer at this
fabrication stage is illustrated in Figure 3.4

(a) (b)
B cepitaxy

. Active Region
B sio:
B sin

Figure 3.4: (a) Schematic showing the EPI wafer with the defined SiO, ridge
hard mask and SizN, deep hard mask. (b) The SiO, ridge hard mask and etched
Si3N, hard mask as viewed under a microscope.

3.4.3 Deep and Shallow Etches

At this stage of the fabrication process the hard masks for the deep and
shallow regions have been defined. The deep and shallow etches are used to
shape the ridges of the laser where the shallow etched ridges are etched to a
layer in the EPI above the quantum wells, and the deep etched regions are
etched to a layer of the EPI below the quantum wells. These etches of the EPI
are carried out using an Oxford Cobra ICP Etcher. The Oxford Cobra ICP
Etcher is capable of measuring the reflectance of the exposed EPI layers as it
etches through them and this measured reflectance is comparable to the
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changing refractive index of the EPI layers. The Reflectance profile of the full
EPI layers can be determined before etching the fabrication wafer by etching a
small sample of the EPI wafer, and thus it is possible to accurately control the
etch depths of the fabrication EPI wafer.

Cleaving off a piece of the leftover EPI wafer and etching it with the Oxford
Cobra ICP Etcher, resulted in the reflectance profile depicted in Figure 3.5| as
each layer was etched away. The layers refer to those mentioned in Table

Signal Level intellevation

7.80

InP Layers
13,14

[ Y | Buffer Layers InP Substrate

Active Region

760

7.40

Contact Layers
15, 16 Shallow Etch Layer

0o 1000 2000 3000 4000 500.0

Seconds

Figure 3.5: Reflectance fringes measure as the Oxford Cobra ICP Etcher etches
the EPI layers.

The changing reflectance fringes occur due to the changing refractive index of
the EPI layers, and so an etch rate of each layer of the material can be
determined. The first two peaks in Figure represents the two top contact
layers (15 and 16) being etched away. The following ten peaks represents the
reflectance caused by the Oxford etcher etching through the InP layers (12 and
13). The next peak is the reflectance caused by layer 12, which is the etch stop
layer for a shallow etched ridge. The peaks following this represent the active
region and buffer layers respectively.

The first etch step is to etch the deep regions at a depth that is the difference
between the shallow and deep etch depths. This parameter is approximately 1
um, which is deep enough to ensure the deep etch depth falls below the active
region after the later shallow etch is carried out. The wafer is placed into the
Oxford Cobra ICP Etcher and the target laser is fixed on the exposed deep etch
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region. The wafer is etched until approximately peak 9-10 which is 1 um into
the EPI layers. This is illustrated in Figure

(a) (b)
Epitaxy
Active Region

SiO2

SiaNa

Figure 3.6: (a) Schematic showing the EPI wafer after the deep regions are
etched. (b) Microscope View.

After this the Si3N; hard mask is removed using the SPTS Synapse Etcher,
exposing the SiO, hard mask defining the ridges of the device. Again the EPI
wafer is placed into the Oxford Cobra ICP Etcher but his time the target laser
is focused on the regions that will be shallow etched. The EPI layers are etched
until peak 13 in Figure [3.5| which represents the etch stop layer just above the
active region for the shallow regions. Because the deep etch regions are also
exposed, these regions are also etched by an additional 1.8 um to a layer
below the active region.

After this etch step the remaining SiO, hard mask defining the ridges of the
device are etched away using a wet chemical etch called buffering oxide etch
(BOE). This is illustrated in Figure

3.4.4 Isolation Lithography

Between different sections of devices, electrical isolation is desired when
biasing the laser sections. Therefore an isolation etch is required and is
achieved by removing the top two contact layers of the EPI (layers 12, 13)
between different sections of the ridge laser.

Using the PECVD, 250 nm of SiO, are deposited on the EPI wafer. As usual
HMDS is deposited on the surface before S1828 PR is spun on at 4000 rpm for
50 seconds and the sample is baked at 115 ° for 180 seconds. The sample is
aligned to the isolation mask layer using the MA6 mask aligner and, using a
hard contact, the sample is exposed to UV light for 21 seconds. Again the
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(a) (b)
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Figure 3.7: (a) Schematic showing the EPI wafer after the deep and shallow
regions are defined and etched. (b) Microscope View of (top) top of ridge and
(bottom) bottom of the deep etched region.

sample is developed using MF319 for approximately 50 seconds. Like before,
the exposed SiO, is etched using the SPTS Synapse Etcher creating the hard
mask for the isolation etch. The remaining PR is removed using 1165.

The EPI wafer is placed in the Oxford Cobra ICP Etcher, however the exposed
regions of the hard mask may be too small for the laser target to detect. It is
important at this point to refer back to Figure and take note that the time
to etch through the first two layers took 55 seconds. Therefore, if the laser
target can’t detect the exposed EPI, then the etch process is turned on for 55
seconds. After the etch is complete, the SiO; hard mask is removed using BOE.
This is illustrated in Figure |3.8

(a) (b)
Epitaxy
Active Region
Si02

SiaNa

Figure 3.8: (a) Schematic showing the EPI wafer after the isolation etch. (b)
Microscope View of isolation etch.
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At this stage of the fabrication process, all the EPI etches are complete and the
waveguides and features are exposed. HCl:H3P, can be used to to ensure the
sidewalls of the ridges and the surface are smooth. The sample is placed into
this solution for 10 seconds. This short wet etch is sufficient to remove any of
the rough or grassy regions that may have formed during the previous etches.

3.4.5 Oxide Open Lithography

The fourth lithography step is to define the oxide openings of the laser ridges.
Using the PECVD 50 nm of SiOs is first deposited on the EPI wafer followed by
350 nm of SizN,. As before, HMDS is deposited on the wafer, followed by
S1828 at 4000 rpm for 50 seconds, and the wafer is baked at 115° for 180
seconds. The sample is aligned to the Oxide layer of the mask using the mask
aligner and is exposed for 21 seconds using a vacuum contact. The EPI is then
developed using MF319 for 50 seconds. The first exposed layer SizN, is
removed using the SPTS Synapse Etcher exposing the 50 nm layer of SiO,.

Epitaxy

()

Active Region
Si0o2
Si3N4

(b)

Figure 3.9: (a) Schematic showing the EPI wafer after the Oxide etch. (b)
Microscope View of Oxide etch.

The purpose of these two layers is to passivate the side walls of the ridge to
reduce current leakage and optical loss. The remaining SiO; needs to be
etched away from the top of the ridge to allow metal contact pads to be added.
A clean etch of the SiO, layer can be achieved by using BOE as it does not
effect the EPI layers, however this carries a risk of under etching and could
result in the BOE removing the SiO, from the side walls. The two layer
approach of having 350 nm of Si3sN, on 50 nm of SiO, is used to reduce the
rate of this under etch due to the viscosity of BOE and the thin layer of SiO,.
Therefore the EPI wafer can be held under BOE for long enough to ensure the
exposed SiO, on the ridge is etched away while reducing the under etch of the
SiO, and the etch of the SiO, on the sidewalls.
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The EPI wafer is submerged in BOE for 10 seconds, which is sufficient to etch
away the SiO, from the top of the ridges. This is illustrated in Figure

3.4.6 Metal Lithography

The final lithography step is used to carry out the metal lift off to create the
contact pads of the laser. HMDS is deposited onto the sample, however this
time, two PRs are used. The first PR LOR10A is spun on the sample at 4000
rpm for 50 seconds and is baked at 160°C fro 180 seconds. This PR is is used
as an undercut layer to assist with the liftoff. The second PR is S1828 which is
spun on at 4000 rpm for 50 seconds and baked at 120°C fro 180 seconds. The
sample is then aligned to the metal layer of the mask using the MA6 mask
aligner and the sample was exposed at a hard contact for 21 seconds. The EPI
wafer was then developed for 125 seconds exposing the regions where metal is
desired. Depending on the length of time between this step and the deposition
of the p-metal, it may be necessary to carry out a small BOE etch again, as the
oxide layer could grow when exposed to oxygen.

Following this, p-metal consisting of 25 nm of titanium and 600 nm of gold are
deposited on the surface. The EPI wafer is placed into a container of 1165 PR
remover for approximately three hours which is sufficient for the LOR10A to
be undercut. The metal is pealed off leaving the metal of the contact pads
behind. This is illustrated in Figure|3.10

(a) B Epitaxy (b)
. Active Region
B sio:
B sin
Metal

Figure 3.10: (a) Schematic showing the EPI wafer after the metal liftoff. (b)
Microscope View of metal liftoff.

3.4.7 Final Steps

After the metal liftoff, a few final steps remain. First the InP substrate is
thinned from 350 um to 100 um using a reacting bromine solution . The
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thinning of the substrate allows for the EPI wafer to be cleaved with higher
accuracy. Black wax is first melted on a glass plate and the surface of the EPI
wafer is placed face down on this wax. This ensures the ridges are protected
during the substrate etch. The substrate thinning is done by exposing the back
of the sample to a reacting Bromine solution where the N, bubbles etch away
the excess substrate.

After this process the n-metal is evaporated on the back side of the sample
consisting of 20 nm of titanium and 250 nm of gold. The Wax is removed from
the surface of the EPI wafer using Toluene as a solvent. To improve the contact
resistivity of the device, the EPI wafer is annealed at 420°C for 10 minutes.
Finally the EPI is cleaved into bars.

(a) . Epitaxy (b)
. Active Region W Ridge W DeepEich
Metal B isolation Etch
B sio:

B sin

Metal

Figure 3.11: (a) Schematic showing finalised laser structure. (b) Microscope
View of a laser.

3.5 Chapter Conclusion

This chapter describes the fabrication process used to create the lasers and
PICs used in the following experimental chapters. The process uses different
layers of a mask to develop each etch step and define each device feature.
Starting with defining the ridges of the different devices, the lasers are shaped
using three etch steps. A shallow etch which is an etch into the EPI that stops
above the active region, a deep etch wich stops below the active region and an
isolation etch that removes the top dopped layers of the EPI.

In Chapter 4, the experimental characterisation of these ridge lasers will be
introduced, as well as the experimental effects of the different etches
described in this chapter.
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Chapter 4

Introduction to Device
Characterisation and Features

4.1 Chapter Overview

This chapter is an introduction to device characterisation and different device
features. The setup used for this project is described in detail along with the
characterisation results for different devices. Starting with a Fabry—Pérot (FP)
diode laser, this chapter demonstrated how shallow and deep etched FP lasers
compare to each other. It is the goal for photonic integration to limit or
eliminate the use of cleaved facets, and thus features like etched facets and
metal etched facets are also introduced and characterised as an alternative to
cleaved facets. The concept of curved lasers are also demonstrated and the
lowest optimum radius of curvature is determined. Finally methods of
generating single mode spectra are shown with reference to the simulations
carried out in Chapter 2.

4.2 Characterisation

Devices are characterised on a setup that is custom built for the
characterisation of PICs. Chips are placed on a thermally controlled brass
chuck, multiple probe needles are used to bias the contact pads of the devices
and optical fibers are used to collect the lasing light. A power meter is
automated and is used to measure the power-curret (LI) curves of lasers and
an ANDO AQ6317B optical spectrum analyser (OSA) is used to measure the
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spectrum of the laser. A digital camera microscope is installed above the brass
chuck to view the device while probing and fiber coupling. An image of this
setup is shown below.

*

Digital
Microscope

]
.

Brass Chuck

Figure 4.1: Image of characterisation setup.

4.3 Fabry Pérot Laser Diodes

Chapter 3 describes the fabrication process of the laser devices in this project
and discusses ridge lasers with two different etch depths. These are a deep
etch, where the EPI is etched to a layer below the active region and a shallow
etch where the EPI is etched to a layer above the active region. This is
illustrated in Figure 4.2

A deep and shallow etched FP laser were fabricated using the fabrication
process described in Chapter 3. Both of these devices were fabricated 750 um
in length and the cavity is confined by two cleaved facets. The mask image
showing the different features of these devices is shown in Figure |4.3

The contact pad of the laser is biased using a bias probe connected to a
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Figure 4.2: Illustration of deep and shallow etched waveguides.
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Figure 4.3: Illustration of the mask layout of a deep and shallow etched FP
laser.

Keithley power source and current (I) was swept from O - 120 mA. The
corresponding light power (L) and voltage (V) were measured and an LIV
curve was attained via fiber coupling from both devices using the power meter
(Figure (a)). The spectra of the device was measured using the OSA (Figure

(b)).
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Figure 4.4: (a) Measured LIV curves and (b) measured spectra of a shallow and
deep etched FP.

In terms of the measured LIV curve, the shallow etched FP performs better by
achieving a threshold current of 26 mA and a lasing power of 2.5 mW at a bias
current of 100 mA. In comparison, the deep etched FP achieves a threshold
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current of 48 mA and a lasing power of 0.5 mW at a bias current of 100 mA.
This result isn’t unexpected, as lasers fabricated with deeper etched
waveguides have been know to result in a reduced internal quantum efficiency
and higher optical loss [[46].

The spectra of both these FP lasers are also plotted in Figure As there is no
change in length of the device structure between the deep and shallow etched
FP, the distance between lasing modes remains the same in both cases. This is
consistent with the transmission matrix profiles for a FP demonstrated in
Chapter 2.2.1. However, the position and power of the spectra is a result of the
bias current through both the shallow and deep FP lasers which are 120 mA
and 140 mA respectively. More current is required through the deep etch FP to
give an almost equivalent power between the shallow and deep etch FPs which
results in the deep etch spectra being measured at longer wavelengths in
comparison to the shallow etch FP.

4.4 Etched Facets

As mentioned before, it is the goal for integrated photonics to reduce the use
of cleaved facets. Etched facets and metal etched facets are typically used in
place of a cleaved facet. Both of these consists of a deep etch through the
quantum wells (QW), the purpose of this is to replicate a cleaved facet by
creating this deep reflective defect, or in other words, an etched facet. A metal
etched facet consists of the same deep etched facet but it is also subject to the
following dielectric and metal depositions described in Chapter 3 [47].

The top view of the mask layers and illustrations of the side view of these
structures are shown in Figure

Again, the contact pad of these lasers was biased and current was swept from
0 - 120 mA. The LIV from both devices was measured via fiber coupling using
the power meter and the spectra of both lasers was measured using the OSA

while both sections are biased at 80 mA. These plots are shown in Figure

The LI measurements reveal a lower threshold current and higher power
achieved from the metal etched facet compared to both the FP with an etched
facet, and the FP laser with a cleaved facet in Section Furthermore, the
etched facet LI curve reveals that a lot of the light passes through the etched
section compared to a cleave. The Spectra of both lasers are also shown in
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Figure 4.5: Top and side view schematics of a FP laser with an etched facet and
a metal etched facet.
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Figure 4.6: (a) LI curves of a FP laser with a cleaved facet, etched facet and
metal etched facet. (b) Spectra of FP with etched facet and metal etched facet
biased at 80 mA.

Figure with comparable separation between lasing modes for both devices.
The spectrum of the FP with the metal etched facet is visibly smoother with a
higher power in comparison to the spectrum of the FP with the etched facet,
which has a lower power and is more jagged in shape.

4.5 A FP laser with an added defect

In Chapter 2.2.2 it simulated how adding reflective defects along the ridge of a
laser effects the output spectra of the laser. Here, two examples are
demonstrated, a single shallow slot etched into the ridge of the FP, and a
single deep slot etched into the ridge of the FP. This slot is etched 1/3 of the
distance along the ridge of both lasers and is illustrated in Figure 4.7

The spectra of both of these lasers was measured using the OSA and plotted in
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Figure 4.7: Top and side view schematics of a FP laser with a shallow and a
deep slot etched into the ridge.

Figure These spectra were achieved by biasing the deep and shallow slot
FP lasers by 100 mA and 120 mA respectively.
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Figure 4.8: Lasing spectra of a FP with a single deep and shallow slot etched
into the ridge.

The spectra of the FP with a single shallow slot shows the periodic suppression
of of the FP lasing modes, specifically every second and third mode.

In comparison to this, the lasing spectra of the FP with a single deep slot
etched into the ridge demonstrates the full suppression of these modes. This is
because in the deep etch case, this is no longer a single cavity device, but
instead is a lasing 250 pm FP being injected into a 500 pm FP and vice versa.
Using the transmission matrix method described in Chapter 2.2.1, the
transmission profile for a laser cavity of 250 pm, 500 pm and 750 pm can be
simulated and is plotted in Figure
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Figure 4.9: Transmission profile for a FP laser with a cavity length of (a) 750
pm and (b) 250 and 500 pm .

Because each cavity is an integer multiple of the other, the separation between
lasing modes is also an integer multiple, with the 500 um cavity producing
two modes for very one of the 250 pum cavity, and the 750 pm micron cavity
producing three modes for every one of the 250 um cavity. Figure
demonstrates the case for a single cavity 750 um in length as well as the case
for the 250 um and 500 pm cavity overlapping each other. It is clear from the
overlap that every second mode of the 500 um cavity laser matches every
mode of the 250 pum cavity. Because this is the case for the deep slot device,
where we have a 250 pum laser and a 500 um laser injecting into each other,
these overlapping modes result in a spectra with a mode spacing three times
that of the 750 um laser. However in the case of the shallow slot, because this
slot is less reflective, the extra modes caused by the full cavity are still present,
just partially suppressed.

The effects of these reflections can also be analysed by measuring the fast
fourier transform (FFT) of the generated spectra [48]]. The FFT of both lasing
spectra was measured and plotted in Figure |4.10

The FFT of the spectrum of the FP with a single shallow slot demonstrates a
sharp peak at a cavity length of L3 = 750 um which is the overall cavity length
of the FP. Additional smaller peaks were detected at L; = 250 um and L, =
500 pm which is a reflection consistent with the shallow etched slot.

The FFT of the spectrum of the FP with a deep etched slot demonstrates sharp
peaks at a cavity length of L; = 250 pm and L, = 500 um, which represent
the two laser cavities confined by the etched facets and the deep etched slot. A
sharp peak was measured at every distance of L3 = 250 um suggesting that
the spectra is from a device that is effectively a FP with a cavity length of 250
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Figure 4.10: FFT of spectra attained for a FP laser with (a) a shallow slot etched
into the ridge and (b) a deep slot etched into the ridge.

wm, which is consistent with the spectra in Figure and the simulation in

Figure

4.6 U-bend Lasers

Curved waveguides on monolothically integrated circuits are notoriously lossy
structures particularly with sharp bends. As the straight waveguide joins the
curved waveguide the optical mode experiences a mode mismatch that results
in radiation loss. Continuous curvature designs has been demonstrated as an
effective method to allow the optical mode to evolve smoothly and
continuously as it propagates through the bend [49].

ww».;\

Figure 4.11: Single and double deep etched ubend lasers.

Figure illustrates a mask image of two u-bend structures where both
follows such a continuous curvature design. It is known that for curved
structures with sharp bends a deep etch is required at the site of the bend to
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support optical confinement. However in the examples shown, one could test
whether a deep etch at both sides of the bending ridge or a deep etch on the
outside curve of the bending ridge helps support the mode more effectively.

The effective radius of curvature of the ubend structures in Figure is 25
wm. To test both structures, the contact pad was biased and LI curves and
spectra were attained by fiber coupling through one of the two outputs. This is
shown in Figure where the spectra is attained at 100 mA.
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Figure 4.12: (a) LIV and (b) spectra of two Ubend lasers, one wih a deep etch
at both sides of the bend and the other with a deep etch at one side of the bend.

While the LI curves of both structures are similar, the ubend with a single deep
etch at the outside curve of the bend seems to generate a LI curve with a lower
threshold current of 32.5 mA and a higher power of 5.95 mW at 100 mA,
compared to a threshold current of 34 mA and a power of 5 mW at 100 mA
attained from the other structure.

The spectra of both devices resembles that mostly of a FP which is expected as
the cavity is confined by two cleaved facets. However, the slight suppression of
FP modes suggests that there are partial reflections in the cavity. The FFT of
both spectra is illustrated in Figure

While the sharp peak attained at 700 pm demonstrates that the structure has a
well defined cavity like that of a FP, the small additional peaks at 300 and 400
um determines that there are still additional reflections. This is caused by the
sudden change in effective refractive index as the modes transition from a
shallow etched waveguide to a deep etched waveguide.

In integrated devices, reducing ones footprint is a desirable goal, and so
multiple of these ubend structures were designed and fabricated at different
radius of curvature to determine the smallest optimum radius that could be
fabricated without sacrificing threshold current and lasing power. The results
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Figure 4.13: FFT of the spectra attained from a Ubend laser with a deep etch
on (a) the outside of the bend and (b) both sides of the bend.
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Figure 4.14: (a) Measured threshold current for both Ubend structures for dif-

ferent curvature of radius. (b) Measured power at 100 mA for both Ubend
structures for different curvature of radius.

In terms of the devices with a single deep etch, the measured threshold current
ranges from 32.5 - 51 mA with an apparent correlation between the threshold
current and the radius of curvature, whereby the threshold current decreases
as the radius increases. A similar correlation is evident on the double deep
etched devices. In both cases the devices achieves optimum threshold current
at a radius of 25 um. There is also a correlation between the radius of
curvature and the power measured. In both cases the power increases as the

radius of curvature increases but doesn’t improve much further after a radius
of 25 pm.

4.7 Slotted Fabry Pérot Lasers

Section 5 of this chapter demonstrates how a single shallow slot can effect the

lasing spectra of a FP laser, now we will look at how a series of such slots can
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effect the lasing wavelengths. Chapter 2.2.2 introduces the concept of etching
reflective defects along the ridge of a laser as a method of creating a single
mode spectrum. The example in Chapter 2 refers to a FP laser cavity 1300 um
in length with a mirror section etched into a portion of the ridge. This mirror
is made up of 7 slots with an interslot separation of 87 pum.

A mask schematic of such a device is illustrated in Figure This schematic
illustrates a two sectioned laser made up of a mirror section and gain section.
The entire cavity of the structure is 1300 pum in length and is confined by a
cleaved facet on the left and a metal etched facet on the right. The mirror
section is made up of 7 shallow slots etched into the ridge of the laser and is
electrically isolated from the gain section of the device via an isolation etch.

(a) B Ridge [7] Deep Etch ! I Slot

[0 metal M Isolation Etch I- - ~
1

Mirror Section Gain Section ———

Isolation Etch
(b) Mirror Section > l < Gain Section —48 —

[ Metal @O 1QEEpi W MQW

Figure 4.15: (a) Mask schematic and (b) side view illustration of a SFP laser.

The isolation etch allows both sections of the Slotted Fabry—Pérot (SFP) to be
biased independently and so a larger tuning range can be creating by
sweeping currents through both the gain and mirror sections. The LIV
characteristics can be measured by sweeping the current through the gain
section for different bias currents through the mirror section and both sections
can be tuned to generate single mode spectra. Examples of these are plotted in
Figure[4.16| where the light was collected via fiber coupling.

The results show that the threshold current of the device reduces and lasing
power increases as the current across the mirror region is increased. The
different single mode spectra are also plotted and demonstrats six different
single mode spectra being generated at wavelengths 4.2 nm apart. This is
consistent with the transmission profile determined in Chapter 2, section 2.2.2
which is plotted here in black.
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Figure 4.16: (a) LIV curves of a SFP laser. (b) Different single mode spectra
attained from a SFP laser.

4.8 Pitted Fabry Pérot Lasers

An alternative method of generating a single mode spectra through reflective
defects introduced in Chapter 2, section 2.2.3 is by etching pits into the ridge of
a FP. A schematic of this is illustrated in Figure |4.17

(@) M Ridge [ Deep Etch ' ' pit

[ Metal B isolation Etch “/
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P

[ Metal [@ 1QEEpi I Maw

Figure 4.17: (a) Mask schematic and (b) side view illustration of a PFP laser.

Like the previous example, this laser is separated by an isolation slot into a
gain and mirror section. The mirror section in this case is made up of 8 deep
etched pits introduced into the ridge of the laser. The LIV characteristics can
be measured by sweeping current through the gain section for different bias
currents through the mirror section. Both sections can also be tuned to
generate different wavelengths. These results are plotted in Figure [4.18  where
the light was collected via fiber coupling.

Like the previous example, the threshold current decreased and lasing power
increases as the current through the mirror section is increased. Seven

different wavelengths are attained with a wavelength separation of 4.7 nm,
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Figure 4.18: (a) LIV curves of a PFP laser. (b) Different single mode spectra
attained from a PFP laser.

which is consistent with the transmission profile for this laser plotted in black.

4.9 Chapter Conclusion

This chapter introduces the characterisation setup used in this thesis as well as
an introduction to the experimental effects of different features on ridge FP
lasers. Beginning with a shallow and deep etched FP, the LIV curves and
spectra were analysed with the shallow etch FP laser outperforming the deep
etch FP in terms of threshold current and lasing power. Next, one of the
cleaved facets of a shallow etch FP was replaced by an etched facet and a
metal etched facet and the performance of the device was characterised. In
this case the FP with the metal etched facet outperformed that with the etched
facet, again achieving a higher optical power and a lower threshold current.

The concept of adding defects along the ridge of a FP to change the shape of
the emission spectra was introduced in Chapter 2. This chapter demonstrates
the effects of a single shallow and a single deep etched slot on the emission
spectra of a FP. The shallow slot laser demonstrated the partial suppression of
specific FP modes while the deep etch slot demonstrated the complete
suppression of specific FP modes caused by the full laser cavity formed by the
two cleaved facets. The technique of measuring the locations of reflections in a
cavity was also introduced by taking the FFT of the emission spectrum.

U-bend lasers were introduced and the effects of the radius of curvature on the
device’s lasing power and threshold was characterised. The effects of
fabricating these bends with a deep etch on the outside of the curved
waveguide and on both sides of the curved waveguide, for optical
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confinement, were demonstrated. Finally, the single mode devices using slots
and pits simulated in Chapter 2 were characterised. The singlemode
wavelengths attained from both devices was compared with the equivalent

simulations in Chapter 2, and good agreement was demonstrated in both cases.
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Chapter 5

Comb Generation Techniques

5.1 Chapter Overview

Chapter 4 introduces different devices fabricated with cleaved facets, etched
facets, metal etched facets, deep and shallow etched ridges, slots and pits. This
chapter focuses on how these device features are utilised to design and create
the photonic integrated circuits used to generate frequency combs. Gain
switching is the technique used to generate combs in this project which
involves modulating the bias current with a high power radio frequency (RF)
signal, rapidly turning the laser on and off. This technique is typically achieved
through some form of external injection [17] or on-chip injection locking [19]
to maintain phase coherence allowing comb lines to be generated, and thus
the integration of two different lasers is chosen as a starting point for this
project. Beginning with traditional primary-secondary coupling techniques
demonstrated in [19], on-chip injection locking is demonstrated as well as the
resulting combs generated through gain switching. Furthermore, additional
coupling techniques are introduced, demonstrating how stable combs can be
generated through bidirectional coupling, and demonstrating how the
traditional methods of [[19] can be discarded in favour of mutual coupled
lasers which greatly enhance the generated combs.

5.2 Combs through Primary-Secondary Coupling

On-chip coupling of monolithically integrated single mode lasers has been
examined in [26] and [27]] with very different configurations and design
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types. Despite the lack of on-chip isolation, mutual phase locking was achieved
in both cases improving several characteristics of the lasers and in particular,
increasing the side mode suppression ratio (SMSR). The SMSR is the
difference in power in dBm between the lasing mode of the laser and the
secondary mode. In both cases mentioned above, the biasing of the lasers was
highly asymmetric, thereby approximating a primary-secondary configuration.

A block diagram of the experimental setup used to generate combs in this
fashion is demonstrated in Figure

Current Source

OSA
Bias
Signal Tee —
Generator I""" ||||"|
Current Source // ¥Secondary
Laser
Primary
Laser

Figure 5.1: Block diagram of the experimental setup used to generate combs.

A current source is used to bias the primary laser which injects light into the
secondary laser. Another current source is modulated with the RF signal from
the signal generator via a bias tee creating a sinusoidal current which is used
to bias and gain switch the secondary laser. The spectrum of the resulting
system is measured using an OSA.

5.2.1 Example 1: Slotted Fabry Pérot Lasers
5.2.1.1 Device Design

A primary-secondary integrated device is fabricated using the fabrication
process described in Chapter 3 and is illustrated in Figure

This PIC consists of a two sectioned single mode (SM) primary laser and a
single section Fabry Pérot (FP) secondary laser. The single mode (SM) laser
has a gain section 600 pm in length and a slotted mirror section consisting of 7
slots with an inter-slot separation of 108 um. These slots act as reflective
defects along the ridge by creating periodic regions of lower effective
refractive index, effectively creating a laser that is both single mode and
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Figure 5.2: (a) Mask schematic and (b) side view illustration of the integrated
primary-secondary laser.

tunable [32]], [[19], [50]. An isolation slot exists between these two sections
for electrical isolation allowing both sections to be biased independently. The
cavity of the SM laser is confined using a metal etched facet and a deep etched
slot free of metal forming an etched facet. The cavity of the secondary
Fabry-Pérot (FP) laser is 450 pm in length and is confined by the etched facet
of the SM laser and a cleaved facet. Each of the three sections is fabricated
with a contact pad to allow for biasing. A Ground Signal (GS) contact is added
to the FP laser to allow for gain switching using a GS probe. The ground pad
makes contact with the n-type substrate via a deep etch.

5.2.1.2 DC Characterisation

The LIV characteristics of the two lasers can be measured independently using
fiber coupling through the cleaved facet. Starting with the SM laser, the mirror
section was biased at 50 mA and the current across the gain section was swept
from O - 120 mA. Simultaneously, the current across the FP laser was set to 10
mA which is large enough to make the laser passive but not large enough to
allow the laser to lase. The lasing power (L) was measured using a power
meter connected to the coupled fiber, and the voltage (V) and current (I) was
measured and set using the Keithley power source. This was carried out for
additional current values of 75, 100 and 125 mA across the mirror section.
This is plotted in Figure (5.3

The results resemble those discussed for Slotted Fabry-Pérot (SFP) lasers in
Chapter 4.7 as the threshold current of the device decreases and lasing power
increases as the bias current of the mirror section increases.
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Figure 5.3: LIV characteristics of the primary laser as current is swept through
the gain section.

To fully characterise the single mode nature of the laser, currents were swept

across the gain and mirror sections. At each interval the optical spectrum of

the laser was measured using the OSA and the lasers SMSR and lasing

wavelength were measured and recorded. These results are plotted in Figure
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Figure 5.4: (top) SMSR and (bottom) lasing wavelength of the primary laser as
current is swept across both laser sections.

This plot was attained by sweeping current from 20 - 200 mA across the gain

section for different bias currents across the mirror section ranging from 20 -
100 mA. Again the secondary laser was biased at 10 mA. The colour plots in
Figure illustrated multiple different single mode regions where the SMSR
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> 30 dB. The plot also shows the wavelengths at which these single mode
regions are achieved. An easy way to see the relation between these lasing
wavelengths and the equivalent SMSR is by plotting both values together as
done in Figure|5.5
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Figure 5.5: Plot of the SMSR of the primary laser achieved at different wave-
lengths.

This plot shows the different wavelengths defined by the mirror section at
which a single mode spectrum could occur. In this case there are nine different
single mode regions across a wavelength span of 27 nm ranging from 1555 -
1583 nm.

The LIV characteristics of the secondary laser are measured by sweeping the
current across the FP laser from 0 - 100 mA as shown in Figure [5.6and
demonstrates a laser with a threshold current of 28 mA. This figure also shows
the spectra of the laser at 30 mA (just above threshold current) which is the
expected spectrum of a FP laser.
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Figure 5.6: (a) LIV curves and (b) spectra of the FP secondary laser.

As described above, on-chip injection locking is achieved by operating the two

lasers in an asymmetric bias regime whereby the primary laser is more heavily
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biased than the secondary. The secondary laser is biased at 30 mA generating
the spectrum plotted in Figure |5.6], the gain and mirror sections of the primary
laser were biased at 120 mA and 20 mA respectively which generates a single
mode spectrum at a wavelength of 1561 nm as defined by the colour plot
attained in Figure Injection locking occurs whereby the FP secondary laser
is optically phase locked to the SM primary laser. This is demonstrated in
Figure
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Figure 5.7: (a) Spectra of the secondary laser before and after the primary laser
is biased and injection locking occurs. (b) Different injection locked spectra
achieved at each lasing mode of the primary laser.

Figure demonstrates the spectra of the secondary FP laser before and after
the primary laser is turned on and injection locking occurs. What results is an
injection locked single mode spectrum with an SMSR of 31 dB. This figure also
demonstrates the different injection locked single mode spectra that can be
achieved by adjusting the current through both sections of the primary laser to
achieve the wavelengths determined in Figure Again, these are nine
different wavelengths across a wavelength span of 27 nm ranging from 1555 -
1582 nm.

5.2.1.3 Comb Generation

Once injection locking was achieved, the probe biasing the secondary FP laser
was swapped for a GS probe, the signal generator was turned on and the FP
was gain switched. Frequency combs were attained with a comb line
frequency separation equivalent to the frequency determined by the RF signal.
An example of a generated comb attained at 5 GHz is plotted in Figure

Similar combs were achieved at each of the injection locked spectra
demonstrated in Figure An example of some of these are plotted in Figure
5.9
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Figure 5.9: Example of frequency combs generated at an frequency of 5 GHz at
different wavelengths.

5.2.2 Example 2: Pitted Fabry Pérot Lasers

Another example of this primary-secondary comb generation can be
demonstrated through Pitted Fabry Pérot Lasers integrated with a gain
switched secondary FP laser.

5.2.2.1 Device Design

Again this device is fabricated using the fabrication process described in
Chapter 3 and the schematic of the device is illustrated in Figure|5.10

The design of this PIC is similar to that described in the previous example,
however this time the mirror section is made up of 8 pits with an inter-pit
separation of 77 pum etched into the ridge of the device. Again these features
act as reflective defects along the ridge of the device. The primary laser was
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Figure 5.10: a) Mask schematic and (b) side view illustration of the integrated
primary-secondary laser.

made up of this mirror section and a 600 um long gain section and the cavity
was confined by a metal etched facet and an etched facet. The secondary FP
laser was integrated with the primary via the etched facet and had a cavity
450 pm in length confined by the etched facet and cleaved facet.

5.2.2.2 DC Characterisation

Like before, to measure the LIV characteristics of the primary laser, the
secondary FP was biased at 10 mA to make that section passive but not lase.
Current was swept across the gain section for different bias currents across the
mirror section. These LIV curves are plotted in Figure This was carried
out for bias currents of 50, 75, 100 and 125 mA across the mirror section. The
threshold current of the laser decreased, like before, for increasing currents
through the mirror section. Also the power of the laser increased for higher

bias currents across the mirror section.

The SMSR and lasing wavelengths of this primary laser were achieved again
by sweeping currents across both sections of the primary and recording the
spectra at specific intervals using the OSA. The SMSR and lasing wavelength
for this primary laser are plotted in Figure [5.12

The above plot was attained by sweeping the bias current from 20 - 400 mA
across the gain section and 20 - 300 mA across the mirror section achieving
multiple single mode regions (SMSR > 30 dB) at multiple wavelengths. Like
before, these lasing wavelengths can be illustrated by plotting the SMSR
against the lasing wavelengths which is plotted in Figure[5.13]

This plot shows the different wavelengths defined by the mirror section at
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Figure 5.12: top) SMSR and (bottom) lasing wavelength of the primary laser
as current is swept across both laser sections.

which a single mode spectrum occurs. This time 11 different lasing modes are
achieved across a wavelength span of 50 nm ranging from 1550 - 1600 nm.

5.2.2.3 Comb Generation

Combs were generated by first injection locking the FP secondary laser to the
single mode primary laser to attain a single mode injection locked spectra.
Examples of injection locked spectra spectra are plotted in Figure for
different wavelengths defined by the primary laser.
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Figure 5.13: Plot of the SMSR of the primary laser achieved at each of the lasing
wavelengths.

(a) -10 (b)-10

-15 -

-20

Power (dBm)

1545 1560 1565 1570 1575 1580 1585 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
Wavelength (nm) Wavelength (nm) +1.552e3

Figure 5.14: (a) Different injection locked spectra achieved at each lasing mode
of the primary laser (b) Example of a comb generated at 1552nm at a gain
switched frequency of 4.5 GHz.

Once the injection locking occurred, the secondary laser was biased using a GS
probe which modulated the bias current with a high power RF signal allowing
the FP to be gain switched. An example of a comb generated at 1552nm is also
plotted in Figure showing a comb with a frequency spacing of 4.5 nm.

Again, similar combs were attained at each of the injection locked
wavelengths. An example of a few are plotted in Figure|5.15

5.2.2.4 Frequency Response

In Chapter 2 it is demonstrated theoretically that gain switching the laser at a
frequency equivalent to the lasers Relaxation Oscillation (RO) frequency
results in combs with a broader bandwidth. The experimental effects of the
gain switched frequency on the quality of the comb can be determined by
measuring the spectra of the generated comb for different gain switched
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Figure 5.15: Example of frequency combs generated at an frequency of 4.5 GHz
at different wavelengths.

frequencies and comparing the combs bandwidth. A comb was attained at
1552.5 nm by biasing the gain, mirror and FP sections at 50, 48 and 29 mA
respectively. Multiple combs were measured for gain switched frequencies
ranging from 3.8 - 8 GHz. The results are plotted in Figure [5.16]
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Figure 5.16: Combs generated at gain switched frequencies ranging from 3.8 -
8 GHz.

This image is comparable to the simulated frequency response demonstrated
in Chapter 2. It is consistent with the simulated combs generated using a low
bias current and thus a low RO frequency for the gain switched laser. In this
case, the gain switched laser is the secondary FP which is biased at 29 mA.

To determine the RO of the secondary FP the secondary laser was biased and
the spectrum was recorded using a high resolution APEX OSA which is plotted
in Figure This image shows the lasing modes of the FP laser and also the
RO in the laser intensity which can be seen as sidebands to the lasing laser
mode [51].

This is a spectrum attained from the secondary FP at a bias current of 45 mA,
which allowed the laser to emit enough power so that the RO sidebands can be
detected. The frequency difference between the lasing FP mode and these side
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Figure 5.17: Spectrum of the FP laser biased at 45 mA illustrating the lasing
modes and the sidebands caused by the lasers RO frequency.

bands was measured to be 4.8 GHz at 45 mA. We know from Chapter 2.3.1
that the RO frequency of a laser increases with current, and so the RO of the
secondary FP laser used to attain the combs in Figure which is biased at
29 mA, has an RO < 4.8 GHz. This is consistent with broader generated combs
attained at 4 GHz.

The photonic integrated circuit used to generate these combs consists of two
integrated lasers, a laser that is gain switched and a laser that isn’t. We know
the effect of gain switching the device at a frequency equivalent to the RO
frequency of the gain switched laser, so it is logical to investigate the effects of
gain switching the device at the RO frequency of the non-gain switched laser.
To measure the RO of the SM laser, the secondary FP was biased at 10 mA,
which again is a high enough current to make the section passive but not large
enough to allow the section to lase. The gain and mirror sections were biased
at 125 mA and 30 mA respectively generating a single mode wavelength at
1557 nm with detectable RO sidebands. This is plotted in Figure The
frequency separation between the lasing mode of the laser and the RO
sidebands are measured to be approximately 2.5 GHz.

Next, the bias current across the secondary FP was increased to 30 mA
allowing injection locking to occur. The secondary FP was gain switched at a
frequency equivalent to the RO of the SM laser. Spectra were measured for
gain switched frequencies of 2.3, 2.5 and 2.7 GHz using the high resolution
OSA. These combs are plotted in Figure|5.19
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Figure 5.18: Spectra of the SM primary laser when the gain and mirror sections
are biased at 125 and 30 mA respectively.

Figure demonstrates how the generated combs change as the gain
switched frequency passes through the RO frequency of the SM laser. Comb
lines were generated at gain switched frequencies of 2.3 and 2.7 GHZ.
However, as the gain switched frequency approached the RO frequency of the
SM laser no such comb lines were generated. Instead, a broad lasing mode or
spectral bulge is generated.
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Figure 5.19: Combs measured at a gain switched frequency of 2.3, 2.5 and 2.7
GHz.

5.3 Combs through Bidirectional Coupling

As demonstrated in the previous section, a major benefit to generating combs
through gain switching is the tunability allowed in the repetition rate of the
periodic train of intensity pulses that results from periodically sweeping the
laser from below to above threshold. In other words, gain switching allows for
the tunability of the comb line spacing which is set by the modulation
frequency. A downfall of this technique is the potential lack of coherence from
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pulse to pulse as the laser is brought below threshold before each pulse.
However, as shown in [52], by unidirectionally optically injecting a gain
switched laser one can improve the coherence and generate optical frequency
combs (OFCs) of excellent spectral purity.

Thus far, such configurations have been achieved off-chip only, in bench top
like configurations. In such configurations, optical isolators can easily be
employed to ensure unidirectional coupling. Ideally one would like to transfer
this technique to PICs. However, the lack of on-chip isolators means that any
optical coupling is necessarily bidirectional, a notoriously unstable

configuration [53]] for semiconductor lasers.

This section demonstrates how this bidirectional coupling does not in fact
hamper the generation of on-chip comb sources. Such an integrated comb
source allows combs to be propagated throughout the integrated circuit,
allowing the comb to be detectable through multiple outputs without requiring
more complicated designs.

5.3.1 Device Design

Like previous examples, this PIC takes the form of a primary-secondary
configuration using a two sectioned, single mode primary laser and a FP
secondary laser.

Cleaved Isolation Deep Etched Cleaved

Facet Etch Facet \ Facet
l Gain Section l Mirror Section / Waveguide FP Section l

[] Metal [ 1€ Epi [l maw

Figure 5.20: Side view illustration of device.

A schematic of the PIC used in this experiment is demonstrated in Figure |5.20
The PIC is fabricated using the fabrication process described in Chapter 3. The
primary laser is a two section device made up of a 600 um long gain section
and a mirror section consisting of 8 slots with an inter-slot separation of 108
um. Both sections are separated by an isolation etch and the cavity is confined
by a cleaved facet and an etched facet. The secondary section is 450 um in
length and is confined by an etched facet and a cleaved facet. To extend the
PIC to both cleaved facet of the fabricated bar, a deep etched waveguide 1100
pm in length is integrated between the primary and secondary lasers. The
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design of the PIC allows for the primary and secondary laser to be
characterised independently by using the left and right cleaved facet
respectively. By biasing the gain and slotted sections, the left cleaved facet can
be used to measure the SMSR and wavelength tunability of the primary laser.
The right cleaved facet can be used to measure the spectrum of the secondary
laser by biasing the secondary section, and it can be used to measure the
injection locked spectra which occurs when the primary laser is optically phase
locked to that of the secondary. Both cleaved facets can be used to measure
the generated combs after gain switching the secondary laser due to
bidirectional coupling.

5.3.2 Device Characterisation

To characterise the device, two optical fibers were coupled to both the left and
right cleaved facets of the laser. The LIV characteristics of the primary laser is
measured by sweeping current across the gain section for different bias
currents of the mirror section and measuring the output through the left
cleaved facet using a power meter. The LIV of the secondary laser was
measured by sweeping current across the laser and measuring the output
through the right cleaved facet. These Plots are shown in Figure
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Figure 5.21: LIV curves measured from (a) the primary and (b) the secondary
lasers.

The LIV curves of the primary laser demonstrates a decreasing threshold
current and increasing lasing power as the bias current across the mirror
section is increased. The LIV of the secondary laser gives a threshold current of
27 mA.

As described in previous sections, the primary laser is characterised by
sweeping currents through both the gain and mirror section and measuring
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the resulting spectra with an OSA through the left cleaved facet. The spectra
of the secondary laser is measured at threshold current and double threshold
current through the right cleaved facet. The spectra attained from the primary
and secondary laser are plotted in Figure The primary laser achieves six
different single mode wavelengths ranging from 1557 - 1573 nm.
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Figure 5.22: Spactra measured from (a) the primary laser and (b) the secondary
laser.

To generate combs, the PIC was treated as a primary-secondary configuration
and so the two lasers were asymmetrically biased, with the secondary laser
being biased at 27 mA and the gain and mirror sections were biased at 179 mA
and 28 mA respectively. This resulted in the injection locked spectrum plotted
in Figure Once this was achieved, the secondary laser was gain switched
at 5 GHz generating a comb through the right cleaved facet with a frequency
spacing of 5 GHz.
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Figure 5.23: (a) Injection locked spectra and (b) Combs measured through the
left and right cleaved facet.

Analysing the outputs of the device demonstrated that the comb generated by
the secondary laser could be measured through both the left and right cleaved
facet as shown in Figure The bidirectional coupling is crucial to this
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comb generation. Indeed it even results in almost identical combs in both
devices generating 6 comb lines found within 4 dB of each other. The comb
measured through the left cleaved facet achieved a higher power as it is
amplified by the higher bias current of the primary laser. Despite this
bidirectional coupling, the combs are coherent and stable [54].

5.4 Combs Through Mutual Coupling

Section demonstrates how on-chip coupling of monolithically integrated
single mode lasers can be achieved my approximating a primary-secondary
configuration which occurs when the system operates in an asymmetric bias
regime. On-chip coupling between integrated lasers has also been previously
demonstrated in [26] and [27] with very different configurations and design
types. In both of these cases, the biasing of the lasers was also highly
asymmetric, thereby approximating a primary-secondary configuration.

In this section, a single mode (SM) laser is coupled to a FP laser on-chip, and it
is demonstrated that this biasing asymmetry can be discarded while
maintaining stable phase-locking. Furthermore, it is demonstrated that by
gain-switching the FP laser, stable combs are produced and that the mutual
coupling enhances the resulting OFCs by broadening the bandwith of the
generated combs compared to traditional primary-secondary methods [19]].

5.4.1 Device Design

The device in this section is fabricated using the fabrication process described
in Chapter 3.
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Figure 5.24: (a) Top view and (b) side view of the PIC schematic.
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The PIC consists of a two section SM laser and a single section FP laser. The
SM laser has a gain section 600 pm in length and a mirror section consisting of
7 slots with an inter-slot separation of 87 pum. These slots act as reflective
defects along the ridge by creating regions of lower effective refractive index,
effectively creating a laser that is both single mode and tunable [19] [[50]. The
last slot in the SM laser is deep etched thereby forming an etched facet, and is
free of metal to allow for electrical isolation. The cavity of the SM laser is
confined using this etched facet at one end of the mirror section and a metal
etched facet at the opposite end of the gain section. The FP laser is 420 um in
length and the cavity is confined by the deep etched slot of the SM laser, and a
cleaved facet. A Ground-Signal (GS) contact is added to the FP (as depicted in
Figure to allow for gain switching using the GS probe. The ground
contact pad makes contact with the n-type substrate via the deep etch.

5.4.2 DC Characterisation

The LIV characteristics of the two lasers were measured independently using
fiber coupling through the cleaved facet. Initially the FP laser was biased and
current was swept from 0 - 100 mA, the corresponding voltage and optical
power was measured and plotted in Figure Similarly the LIV
characteristics of the SM laser was measured by sweeping current through the
gain section for different bias currents through the mirror section (Figure
[5.25). Like before, the FP section was biased at 10 mA, which is high enough
to make the section passive but not high enough to make the section lase, and
so the SM laser could be measured independently through the same facet as
the FP.
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Figure 5.25: LIV characteristics of (a) the FP laser and (b) the SM laser as
current is swept through the gain section for different bias currents through the
slotted section.

Monolithically Integrated, High Coherence 76 John McCarthy
Frequency Comb Generation through On-Chip
Gain Switching



Comb Generation Techniques 5.4 Combs Through Mutual Coupling

The threshold current of the FP laser was measured to be 25 mA and the
threshold current of the SM laser ranged from 12 - 35 mA depending on the

bias current of the mirror section.

The spectra of the two lasers was also measured through fiber coupling using a
high resolution APEX AP2061-A series OSA. The spectrum of the FP laser
attained at a bias current of 50 mA and a single mode spectrum attained from
the SM laser by biasing the gain and mirror sections at 75 and 100 mA
respectively are both plotted in Figure [5.26]
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Figure 5.26: Spectra of (a) the FP laser biased at 50 mA and (b) the SM laser
after biasing the gain and mirror sections at 75 and 100 mA respectively.

5.4.3 Comb Generation

To demonstrate the enhancement of combs in this section, combs were
generated through the traditional primary-secondary coupling first and then
they were generated by taking the system out of the asymmetric bias regime.

5.4.3.1 Primary-Secondary Coupling

As mentioned in Section the traditional method of on-chip coupling
involved biasing the integrated lasers asymmetrically in a strongly coupled
primary-secondary configuration.

A single mode spectrum was achieved by biasing the gain, mirror and FP
sections at 150, 40 and 25 mA respectively. The resulting spectrum is plotted
in Figure and has a lasing wavelength and SMSR of 1556.4 nm and 50
dB. A frequency comb was generated by biasing the FP laser with a GS probe
and gain switching the FP. An example of a generated comb at a gain switched
frequency of 6.8 GHz is plotted in Figure [5.27
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Figure 5.27: (a) Spectrum attained while the SM laser is injection locked to
the FP laser while the laser are asymmetrically biased in a primary-secondary
configuration. (b) Frequency comb generated at 6.80 GHz while the device is
operating under this primary-secondary configuration.

5.4.3.2 Mutual Coupling

To demonstrate how mutual coupling can take the system outside of the
asymmetric bias regime examined in and [27]], the mirror section was
biased at 20 mA and current was swept across both the FP and gain sections.
At each interval the optical spectrum was recorded from the cleaved facet
using an optical fibre coupled to an ANDO AQ6317B OSA. The SMSR and peak
lasing wavelength was recorded and plotted in Figure [5.28
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Figure 5.28: (a) SMSR and (b) lasing wavelength of the device as the current
is varied through the gain and FP sections.

This coupled system generates six different single mode wavelengths ranging
from 1537 - 1560 nm. A plot of the SMSR attained at each wavelength, as well
as examples of single mode spectra are plotted in Figure |5.29

The gain, mirror and FP sections were biased at 80, 20 and 50 mA respectively,
attaining a single mode spectra at a wavelength 1547 nm. Analysing the
spectra further with a the high resolution APEX OSA, this mutually coupled
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Figure 5.29: (a) Plot of the SMSR achieved at each lasing wavelength. (b)
Examples of single mode spectra attained at six different wavelengths

system resulted in an increase in power and SMSR from -25 dBm and 50 dB
(Figure|5.26)) to -10 dBm and 60 dB respectively (Figure[5.30), and thus the
biasing asymmetry can be discarded while maintaining stable phase-locking.

Once this single mode spectra was achieved, the FP section was once again
biased using a GS probe and the device was gain switched. The corresponding
comb is plotted in Figure|5.30|at a frequency of 6.8 GHz. What results is an
enhanced frequency comb with a broader bandwidth and higher power
compared to the frequency comb generated using the traditional
primary-secondary configuration demonstrated in Figure [5.27
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Figure 5.30: (a) Spectrum attained while the SM laser and FP laser are operat-
ing in a mutually coupled configuration. (b) Frequency comb generated at 6.80
GHz while the device is operating in this mutually coupled configuration.

Qualitatively similar results can also be found at different lasing wavelengths
that could be generated from the mutually coupled system as demonstrated in
Figure More in-depth analysis into combs generated from this
configuration is described in chapter 6.

Overall, this demonstrates how a three section PIC can be used to generate
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and enhance gain switched combs. While traditional methods require
operating the PIC in an asymmetrically biased primary-secondary
configuration, here it is shown that this method can be discarded in favour of a
mutually coupled system. The combs generated here from a mutually coupled
system results in not only maintain stable phase locking, but the generated
combs are enhanced to be detectable across a wider spectral range.

5.4.4 Comb Generation at RO Frequency

Section 2 of this chapter demonstrates how optimum combs are generated
when the gain switched laser is modulated with a frequency equivalent to the
lasers RO frequency. Using the high resolution APEX OSA as described in
Section 2.2.4, the RO frequency of the FP laser in this PIC while biased at 50
mA is measured to be 3.6 GHz. To demonstrate the difference between combs
generated at the lasers RO frequency in the case of primary-secondary
coupling and mutual coupling, the RO frequency of the PIC while biased at 30
mA was also measured and found to be approximately 3.4 GHz. A single
longitudinal mode was achieved from the PIC by biasing the gain, mirror and
FP sections at 90, 24 and 30 mA respectively for primary-secondary coupling,
and 48, 38 and 50 mA respectively for mutual coupling. The FP section was
gain switched using a modulation frequency of 3.4 GHz for the
primary-secondary coupling case, and 3.6 GHz for the mutual coupling case.
The resulting combs are plotted on an x-axis scale of 2.5 nm in Figure
where the red comb represents that attained through primary-secondary
coupling where the FP laser is gain switched at a modulation frequency of 3.4
GHz, and the blue comb represents that attained through mutual coupling
where the FP laser is gain switched at a modulation frequency of 3.6 GHz.

Gain switching the FP laser of a primary-secondary coupled system results in a
generated comb with a power of -38 dBm and 7 comb lines within 10 dB of
each other. These 7 comb lines are generated across a bandwidth of Af;, =
20.4 GHz. In contrast, gain switching the FP laser of the mutually coupled
system results in a comb with a power of -18 dBm and 25 comb lines within 10
dB of each other. These 25 comb lines are generated across a bandwidth of
Af;y = 86.4 GHz, resulting in a much broader comb.

Monolithically Integrated, High Coherence 80 John McCarthy
Frequency Comb Generation through On-Chip
Gain Switching



Comb Generation Techniques 5.5 Chapter Conclusion

Wavelength (nm)

1541.5 1542.0 1542 5 1543.0 1543 5 1544.0
-10 1 1 I I
_20 .

_—301

5

T -401

| -

g -50

(@) |

o
~60 | ‘" WL
_70 . | |
—80

1548.5 1549.0 1549.5 1550.0 1550.5 1551.0
Wavelength (nm)

Figure 5.31: (Red) Comb attained through primary-secondary coupling with a
modulation frequency equivalent to the FP laser’s RO frequency. (Blue) Comb
attained through mutual coupling with a modulation frequency equivalent to
the FP laser’s RO frequency.

5.5 Chapter Conclusion

This chapter introduces the different coupling techniques used to generate
combs in this thesis. Beginning with traditional primary-secondary
configurations, injection locking is used and the secondary laser is optically
phase locked to the primary laser. Gain switching the secondary laser results in
frequency combs being generated across a frequency range of 3.8 - 8 GHz with
optimum combs generated at a frequency equivalent to the secondary laser’s
RO frequency. Gain switching the secondary laser at a frequency equivalent to
the primary laser’s RO frequency resulted in a broad lasing mode with no
comb lines.

Combs generated through stable bidirectional coupling were also
demonstrated in this chapter. Even though bidirectional coupling is a
notoriously unstable configuration, the combs detected through this coupling
were not only stable, but also benefited from the configuration. This is because
the bidirectional coupled comb propagated through the heavily biased primary
laser and was amplified as a result.

The final form of coupling introduced in this chapter is through mutual
coupling which took the PIC outside the traditional asymmetrically biased,
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primary-secondary configuration. This new form of on-chip coupling not only
demonstrated stable phase locking with improved power and SMSR, but also
enhanced the gain switched comb to be detectable across a wider spectral
range. A comparison is carried out between gain switching the FP section of
the primary-secondary PIC and the mutually coupled PIC at the FP laser’s
corresponding RO frequency. The result in both cases is the optimum comb for
that coupled configuration. This features 7 comb lines across a bandwidth of
20.4 GHz that measure within 10 dB of each other for the primary-secondary
configuration, and 25 comb lines across a bandwidth of 86.4 GHz that
measure within 10 dB of each other for the mutually coupled configuration. A
power difference between the different coupling methods is also observed with
the primary-secondary coupled comb achieving a power of -38 dBm and the
mutually coupled comb achieving a power of -18 dBm.
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Chapter 6

Comb Frequency Response Through
Asymmetric and Non-Asymmetric
Gain Switching Techniques.

6.1 Chapter Overview

Chapter 5 demonstrated the enhancement of combs through the frequency
response of primary-secondary gain switching and through gain switching
mutually coupled lasers. This chapter focuses on a more in-depth analysis of
gain switched combs formed from a mutually coupled system, in particular in
relation to the frequency response of the combs. Starting with a general
primary-secondary configuration the frequency response of the combs are
compared to those attained from the mutually coupled configurations,
demonstrating the conditions necessary to achieve a spectral bulge and the
excitation of additional comb lines.

6.2 Device Design

Like previous examples, the device used in this chapter is a three section, two
laser integrated circuit. One laser is designed to generate single mode spectra
(single mode (SM) laser) and another laser is designed as a Fabry-Pérot (FP).
The SM laser is made up of a gain and mirror section, where the gain section is
600 pm in length and the mirror section is made up of 7 slots with an
inter-slot separation of 87 yum. An isolation etch separates the two sections to
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allow for electrical isolation whereby both sections can be biased
independently. The cavity of the laser is confined by a metal etched facet and
an etched facet. The etched facet is used to integrate the SM laser with a FP
420 pm in length where the cavity of the FP laser is confined by the etched
facet and a cleaved facet. Each section is fabricated with a metal contact pad
to allow for biasing and the FP section is fabricated with a ground signal (GS)
contact pad to allow for gain switching. The ground pad makes contact with
the n-type substrate via the deep etch.

(a)

! I T T

Metal Etched Facet Isolation Etch Deep Etched Facet Cleaved Facet

l Gain Section l Mirror Section l FP Section l

(b) —

] Metal [ 1aE Epi [ MQw

Figure 6.1: (a) Top view and (b) side view of the PIC schematic.

6.3 DC Characterisation

The LIV characteristics of the lasers in this PIC were measured via the cleaved
facet using fiber coupling. The FP was biased and current was swept from O -
150 mA as shown in Figure The gain section of the SM laser was swept
from O - 150 mA for bias currents through the mirror section of 20, 100 and
180 mA, the FP was biased at 10 mA to allow the section to be passive but not
lase. These results are plotted in Figure

From the plot above, the FP laser has a threshold current of 26 mA. The
threshold current of the SM laser decreases and the lasing power increases for
increasing currents through the mirror section.

To demonstrate how the spectra of the FP laser changes with the bias current,
the spectra of the FP is measured using an ANDO AQ6317B OSA at increments
of 1 mA from 20 mA - 150 mA. Figure illustrates the power in dBm of the
laser at each wavelength for this current range.

Figure[6.3]illustrates the lasing modes of the FP laser and how they are
effected by the bias current. The modes start to lase at the threshold current of
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Figure 6.2: LIV curves of (a) FP laser and (b) SM laser as the current is swept
across the gain section for different bias currents through the mirror section.
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Figure 6.3: Spectra measured from the FP laser as current is swept from 20 -
150 mA.

the laser at 26 mA, and the increasing current allows the modes to shift along
the wavelength domain as the optical path length of the device is increased
and the gain shifts due to the increasing temperature.
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Figure 6.4: (a) SMSR and (b) lasing wavelength measured from the SM laser
as current is swept from O - 200 mA across both the gain and mirror sections.

The SMSR and lasing wavelength of the SM laser was determined by biasing
and sweeping current from O - 200 mA across both sections at intervals of 2
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mA. At each interval the optical spectrum was recorded from the cleaved facet
using an optical fiber coupled to an ANDO AQ6317B OSA. The SMSR and peak
lasing wavelength were recorded and plotted in figure |6.4

Figure depicts the bias currents across the gain and mirror sections at
which the SM laser generates a single mode spectra (SMSR >30 dB). The SM
laser generates four single mode wavelengths between 1550 - 1565 at a
wavelength spacing of 4 nm which is consistent with the design of the laser.
These lasing wavelengths can more easily be demonstrated by plotting the
SMSR of each spectra at each lasing wavelength of that spectra as
demonstrated in Figure|6.5
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Figure 6.5: The SMSR achieved at each lasing wavelength of the SM laser.

This figure illustrates single mode spectra attained at approximate
wavelengths of 1552, 1556, 1561 and 1565 nm.

6.4 Primary-Secondary Coupling

As mentioned in previous chapters, traditional methods of coupling two
on-chip lasers requires operating the PIC in an asymmetric biasing regime,
whereby one laser is more heavily biased than the other [[26]] and [27]. In
terms of this PIC, the SM laser is more heavily biased than the FP, thereby
generating a primary-secondary configuration where the FP secondary laser is
optically phase locked to the SM primary laser. Despite the lack of on-chip
isolation, mutual phase locking was achieved, improving several
characteristics of the lasers and in particular, increasing the SMSR [[19]. The
effects of this form of coupling on the resulting spectra of the chip can be
analysed by biasing the secondary FP laser at 26 mA (threshold current) and
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sweeping the current across the two sections of the SM primary laser,
measuring the spectra at each interval.
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Figure 6.6: (a) SMSR and (b) lasing wavelength measured from the PIC as
current is swept from 0 - 200 mA across both the gain and mirror sections,
while the FP is biased at 26 mA.

The SMSR and lasing wavelength of this asymmetrically biased PIC was
determined by biasing and sweeping current from 0 -200 mA across both
sections of the SM primary laser at intervals of 2 mA. At each interval the
optical spectrum was recorded from the cleaved facet using an optical fiber
coupled to an ANDO AQ6317B OSA. The SMSR and peak lasing wavelength
were recorded and plotted in figure What is immediately evident in
comparing the primary-secondary results in Figure to the SM results in
Figure is that an overall higher SMSR of 37 dB was measured from the
primary-secondary PIC as oppose to the SMSR of 33 dB measured from the SM
laser. Additional regions of high SMSR was also measured from the
primary-secondary PIC signifying additional single mode wavelengths being
generated. This could be viewed more clearly by plotting the SMSR against the
lasing wavelengths determined in Figure This is demonstrated in Figure

6.7

This time, the primary-secondary PIC achieves single mode spectra across a
wavelength range of 1540 - 1565 nm as additional wavelengths achieve an
SMSR > 30 dB. This is as a result of this on-chip primary-secondary coupling
in comparison to the wavelength range of 1550 - 1565 nm achieved by the
solitary primary laser in Section 3. The single mode wavelengths that could be
achieved before this coupling achieves a higher SMSR of 37 dB here compared
to the previous 33 dB in Figure|6.5

Figure illustrates how the spectra of this primary-secondary PIC changes as
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6.4 Primary-Secondary Coupling
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Figure 6.7: The SMSR achieved at each lasing wavelength of the primary-
secondary PIC.

(a)~
£

A

140

—
~
5]

100

)
>

® _F1555

1550

1545 S

gth

1540 G

o
o
Wavel

F 1535

5
=)

1530

Current through Gain Section (

N
S

1525

T T T T T
60 80 100 120 140

Current (mA)

T T T
1525 1530 1535 1540 1545 1550 1555 1560 1565 1570 0 20 40

Wavelength (nm)

Figure 6.8: (a) A colour plot depicting the spectra of the device as current
was swept through the gain section for bias currents of 35 and 26 mA through
the mirror and FP sections respectively. (b) The equivalent SMSR and lasing
wavelength.

the current across the gain section is swept from 1 - 150 mA for constant bias
currents of 35 and 26 mA across the mirror and FP sections respectively. The
corresponding SMSR and lasing wavelength is also plotted. This demonstrates
the changes in the emission modes of the asymmetrically coupled PIC as the
current through the gain section is adjusted. This is related to the changing
mode simulations in Chapter 2.2.2 where the lasing modes shift due to the
increasing optical path length, which is what occurs during increasing current
injection [33].

6.4.1 Comb Generation

A single mode spectrum was selected from this asymmetrically biased PIC by
biasing the gain, mirror and FP sections at 92, 35 and 26 mA respectively. The
FP section was biased using the a GS probe and undergoes gain switching to

Monolithically Integrated, High Coherence 88 John McCarthy
Frequency Comb Generation through On-Chip

Gain Switching



Comb Generation Through Mutual Coupling 6.4 Primary-Secondary Coupling

generate combs. Stable phase locked combs were achieved for gain switched
currents swept from 4.5 - 10.5 GHz at intervals of 0.05 GHz. A colour plot
depicting how these combs change with gain switched frequency is depicted in

Figure

1
B
]

Frequency (GHz)
(wgp) Jamod

1
o
=)

’ -
1542.3 1542.4 1542.5 1542.6 1542.7 1542.8 1542.9 1543.0
wavelength (nm)

Figure 6.9: Colour plot depicting the generated combs as the gain switched fre-
quency was swept from 4.5-10.5 GHz, while the PIC operates in an asymmetric
bias regime.

These combs generate multiple comb lines with a frequency spacing equivalent
to that of the gain switched current, and degrade in quality at higher
frequencies as observed in Chapters 2 and 5. This degrade in quality is also

illustrated in Figure

As mentioned in previous chapters, the relaxation oscillation (RO) frequency
of the laser could be measured using the high resolution OSA. Analysis of the
spectra from the SM laser is measured while the gain and mirror sections are
biased at 92 and 35 mA respectively. Again, the FP section was biased at 10
mA to make the section passive but not lase, and the resulting spectrum is

plotted in Figure
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Figure 6.10: Plot of the lasing mode of the SM laser demonstrating the side
peaks caused by the lasers RO frequency.

Monolithically Integrated, High Coherence 89 John McCarthy
Frequency Comb Generation through On-Chip
Gain Switching



Comb Generation Through Mutual Coupling 6.4 Primary-Secondary Coupling

This image demonstrate the lasing mode of the laser as well as the side bands
generated by the lasers RO frequency. Measuring the frequency separation
between these sidebands and the SM laser, the RO frequency of the SM laser is
measured to be approximately 2.5 GHz.

Chapter 5 demonstrated the effects of gain switching the secondary laser in a
primary-secondary configuration at a frequency equivalent to the RO of the
primary. The result was a spectral bulge where, instead of clear comb lines, a
broad spectral bulge was measured.

This is demonstrated here in this example be gain switching the secondary FP
laser at 2.5 GHz (Figure |6.11]).
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Figure 6.11: (a) Plot of the full spectra of the PIC while gain switched at 2.5
GHz using the low resolution ANDO OSA. (b) close up of the lasing spectra of
the PIC while gain switched at 2.5 GHz using the high resolution APEX OSA.

The combs achieved from this configuration while gain switched at
approximately 2xRO, 3xRO and 4xRO frequency are plotted in Figure|6.12
In each of these cases combs are generated with the generated combs reducing
in quality as the gain switched frequency is increased. The measured Af;,
decreases from 15.15 GHz at a modulation frequency of 2xRO, to 7.35 GHz at
3xRO and 0 GHz at 4xRO.

(@)~ e (D) o] (O

=20 -20 -20
-30 =30 -30
o a0
h-750 -50
‘ -60 -60
; [ h 0 | o |
bl ) e \l L L4 A L

-80 -80 -80
15420 15422 15424 15426 15428 15430 15432 15434 15420 15422 15424 15426 15428 15430 15432 15434 15420 1542.2 1542.4 15426 1542.8 1543.0 15432 15434
Wavelength (nm) Wavelength (nm) Wavelength (nm)

— 10.10 GHz

Power (dBm)
4
5

|
&
Power (dBm)

Power (dBm)

|
a
8

3

Figure 6.12: Combs generated through the asymmetric bias method at approx-
imately (a) 2xRO Frequency, (b) 3xRO Frequency and (c) 4xRO Frequency of
the SM laser.
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6.4.2 ESA Analysis

The individual spectra that was generated at each frequency in Figure was
also analysed using an Electrical Spectrum Analyser (ESA). A colour plot
depicting the ESA analysis is demonstrated in Figure
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Figure 6.13: Colour plot depicting the measured ESA from the generated combs
as the gain switched frequency was swept from 4.5-10.5 GHz.

Here the electrical spectrum is plotted against frequency (GHz) for different
values of the gain switched frequency. As expected, with a gain switched value
of 5 GHz, the ESA detects narrow peaks at 5 and 10 GHz, indicating a degree
of coherence corresponding to the beat notes between comb lines.

The electrical spectra equivalent to the optical spectra plotted in Figure|6.12
are plotted below.
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Figure 6.14: Electrical spectra corresponding to the generated combs gain
switched at approximately (a) 2xRO Frequency, (b) 3xRO Frequency and (c)
4x RO Frequency of the SM laser.

From these plots, there is an evident decrease in the power of the detected
peaks in the electrical spectra as the gain switched frequency is increased. This
corresponds to the quality of the spectra measured through the high resolution
OSA in Figure Chapter 2.3 demonstrates theoretically and Chapter 5.2
demonstrates experimentally that the quality of the comb is optimum when
the device is gain switched close to the RO Frequency of the secondary laser
and decreases at frequencies further away from this RO Frequency. These ESA
spectra were measured for gain switched frequencies of 5.05, 7.35 and 10.10

Monolithically Integrated, High Coherence 91 John McCarthy
Frequency Comb Generation through On-Chip
Gain Switching



Comb Generation Through Mutual Coupling 6.5 Mutual Coupling

GHz and therefore degrade as the gain switched frequency is adjusted away
from the lasers RO Frequency which is approximately 3.4 GHz.

6.5 Mutual Coupling

The concept of operating the PIC outside the asymmetric bias regime was
demonstrated in Chapter 5 and an enhanced gain switched comb was
demonstrated by biasing the FP section at 50 mA. The Wavelengths achieved
from the PIC while the FP section is biased at 50 mA could be determined by
again sweeping current across the two sections of the SM laser and measuring
the resulting SMSR and lasing wavelength.
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Figure 6.15: (a) SMSR and (b) lasing wavelength measured from the PIC as
current is swept from 0 - 150 mA across the gain section and 0 - 55 mA across
the mirror sections, while the FP is biased at 50 mA.

Once again, multiple single mode regions are attained, demonstrating that
on-chip coupling could be achieved through non-asymmetric bias methods.
The SMSR achieved at each lasing wavelength is plotted in Figure|6.16

This data was attained through shorter spans of current being swept through
the gain and mirror sections in comparison to the current sweeps carried out
for the solitary primary laser in Figure and the primary-secondary coupled
system in Figure However, single mode spectra are still achieved across a
wavelength range of 1534 - 1559 nm while the FP section is biased at 50 mA.

6.5.1 Comb Generation: Example One

A single mode wavelength was selected by biasing the gain, mirror and FP
sections at 110, 25 and 50 mA respectively. The FP laser was biased using a GS
probe and was gain switched to generate a comb (Figure |6.17).
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Figure 6.16: The SMSR achieved at each lasing wavelength of the mutually
coupled PIC.
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Figure 6.17: Spectra of the coupled system (a) before and (b) after the FP laser
is gain switched at 5 GHz.

The system at this biasing was able to maintain stable phase locking at this
wavelength for gain switched frequencies ranging from 5 - 7.5 GHz. The
optical spectra of the combs generated for this frequency range is plotted in

Figure
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Figure 6.18: Combs measured through the high resolution APEX OSA as the
gain switched frequency is swept from 5 - 7.5 GHz.

The frequency was swept at intervals of 0.02 GHz and mostly generated combs
with a frequency spacing consistent with the frequency of the gain switched
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current. However, across a specific frequency range, additional comb lines
were generated at half the frequency of the gain switched current. Examples
of this are shown in Figure[6.19] These periods of additional comb lines
occurred from 5.4 - 6.2 GHz and then again from 6.7 - 7.3 GHz. These regions
are consistent with twice the frequency of the RO frequency of the SM and FP
laser, which were measured to be 2.8 and 3.6 GHz respectively using the APEX
OSA at the specified bias currents.

Figure demonstrates examples of these generated combs and how they
change when they are gain switched at twice the RO frequency of the
integrated lasers.
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Figure 6.19: Combs generated at (a) 5.36 GHz, (b) 5.60 GHz, (c) 6.42 GHz and
(d) 7.20 GHz.

The generated combs demonstrates the excitation of additional comb lines
when sweeping the gain switched frequency while operating this PIC in a
mutually coupled system. This suggests that gain switching the heavily biased
FP laser in this mutually coupled system at twice the RO frequency of either
the SM or FP laser, would result in additional comb lines being excited
consistent with the RO frequency of that laser.

This phenomena has been demonstrated in [55]], where an external comb laser
was injected into an on-chip FP laser and additional comb lines were
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generated corresponding to the RO frequency of the FP. The monolithically
integrated device used here, not only allows this generation of extra comb
lines corresponding to the RO frequency of the FP, but also the RO frequency
of the SM laser. This is in part due to the strong, coherent bidirectional
coupling between the two integrated lasers that was demonstrated in Chapter
5. Therefore, the comb propagates through both the laser cavities, each with
it’s own independent RO frequency, and therefore this extra comb line
generation occurs for both lasers.

The individual spectra that was generated at each frequency was also analysed
using the ESA. A colour plot depicting the ESA analysis is demonstrated in
Figure Here the electrical spectrum is plotted against Frequency (GHz)
for different values of the gain Switched frequency. As expected, with a gain
switched value of 5 GHz, the ESA detects narrow peaks at 5, 10, 15, 20 and 25
GHz, indicating a high degree of coherence corresponding to the beat notes
between comb lines.
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Figure 6.20: Colour plot demonstrating the ESA analysis of the PIC. The plot
also measures extra narrow peaks at regions corresponding to the RO frequency
of the single mode and Fabry-Pérot lasers.

Additional peaks are also measured at 5.4 - 6.2 GHz and then again from 6.7 -
7.3 GHz, which is consistent with twice the RO frequency of the SM and FP
lasers respectively. As described in [55], these excited comb lines undergo a
period of locking in a range around the RO frequency of the laser, which we
demonstrate here at 5.4 - 6.2 GHz and again at 6.7 - 7.3 GHz.

The electrical spectra corresponding with the optical spectra in Figure [6.19|are
plotted in[6.21

6.5.2 Comb Generation: Example Two

The previous section demonstrates that while generating combs in a mutually
coupled system, additional comb lines are generated with a frequency spacing
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Figure 6.21: Electrical spectra of combs generated at (a) 5.36 GHz, (b) 5.60
GHz, (¢) 6.42 GHz and (d) 7.20 GHz.

equivalent to the SM or FP’s RO frequency when the FP is gain switched at a
frequency that is twice the RO frequency of the SM of FP. The issue with the
previous example is the short gain switched frequency range at which the PIC
achieved stable phase locking. As a result, the effects of gain switching the FP
at 3xRO or 4xRO frequency are unknown. In the off-chip example [55],
where an external comb laser was injected into an on-chip FP, extra comb lines
with a frequency separation equivalent to the lasers RO frequency, were not
only excited when the gain switched frequency was double that of the lasers
RO frequency, but also when the gain switched frequency was an integer
multiple of the RO frequency. It stands to reason, that in a monolithically
integrated system with a stable RO frequency, varying the gain switched
frequency to integer multiples of the RO frequency would result in additional
comb lines being excited with a frequency spacing equivalent to the laser’s RO
frequency. This is demonstrated in this section.

Stable phase locking of the mutually coupled system for a larger range of
frequencies was achieved by biasing the gain, mirror and FP sections at 92, 35
and 47 mA respectively. The biasing currents of the SM laser is comparable to
the primary-secondary example in Section |6.4.1] and so the RO frequency of
the SM laser is approximately 2.5 GHz and the RO frequency of the FP is
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approximately 3.4 GHz. The single mode spectra achieved by this mutually
coupled system is plotted in Figure
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Figure 6.22: Spectra of the coupled system (a) before and (b) after the FP laser
is gain switched at 5 GHz.

Once a comb was generated, the frequency of the gain switched current was
swept from 5 - 11 GHz and the resulting combs were measured using a high
resolution APEX OSA. The frequency was swept at intervals of 0.05 GHz and
the results are plotted in Figure Again combs are generated with a
frequency spacing equivalent to the frequency of the gain switched current,
however across specific frequency periods additional comb lines are also
generated.
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Figure 6.23: Combs measured as the gain switched frequency is swept from 5 -
11 GHz.

The excitation of extra comb lines and the number of excited comb lines
depends on the frequency of the gain switched current. The RO frequency of
the SM laser was measured to be 2.5 GHz and so Figure shows the combs
that were generated at 5.05, 7.35 and 10.10 GHz, approximately 2xRO,
3xRO and 4xRO frequency of the SM laser.

Each of these plots experiences the excitation of additional comb lines, all with
a frequency separation equivalent to that of the RO frequency of the SM laser.
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Figure 6.24: Combs generated through the non-asymmetric bias method at (a)
2xRO, (b) 3xRO and (c) 4xRO frequency of the SM laser.

These locking regions correspond to a harmonic locking to the frequency comb

spacings at (a) 3, (b) 3, 2, and (c) }, 3, 3 of the comb spacing.

This monolithically integrated device not only allows this generation of extra
comb lines corresponding to the RO frequency of the SM laser, but also the RO
frequency of the FP laser. Again, this is in part due to the strong, coherent
bidirectional coupling between the two integrated lasers that was
demonstrated in Chapter 5. Therefore, the comb propagates through both the
laser cavities, each with it's own independent RO frequency, and therefore this
extra comb line generation occurs for both lasers.

The RO frequency of the FP laser was measured to be approximately 3.4 GHz
at 47 mA. The comb generated at 6.8 GHz is shown in Figure and features
a comb with a frequency spacing of 3.4 GHz, equivalent to the RO frequency
of the FP laser.
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Figure 6.25: Comb generated through the non-asymmetric bias method at
2xROF of the FP laser.

The individual spectra that was generated at each frequency was also analysed
using an ESA. A colour plot depicting the ESA analysis is demonstrated in

Figure
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Figure 6.26: Colour plot demonstrating the ESA analysis of the PIC. The plot
also measures extra narrow peaks at regions corresponding to the integer mul-
tiples of the RO frequency of the SM and FP lasers. Illustrations of the locking
ranges are also included.

The additional peaks of the SM laser demonstrated a more elaborate locking
pattern. From 5 - 5.1 GHz the end of the combs locking range for 2xRO
frequency was detected by the excitation of an additional peak. The next
locking range of 3xRO of the SM laser was detected from 5.65 - 7.45 GHz,
here two extra peaks were excited but were extinguished when they conflicted
with the 2xRO frequency of the FP laser. As the gain switched frequency is
increased further, the two additional peaks excited by 3xRO frequency of the
SM laser were present again, but decrease in power as they are forced out of
this locking range. These two peaks drift until they reach a frequency ; and 3
of the gain switched frequency where an additional peak is excited at % the
gain switched frequency. This occurs at a gain switched frequency of 10.10
GHz, equivalent to 4xRO frequency of the SM laser.

The equivalent electrical spectra to the optical spectra in Figure are
plotted in Figure In each of these figures, the dominant peak is measured
at a frequency equivalent to the gain switched frequency. However, the
additional peaks are viewed in each at a frequency equivalent to the integer
multiple of the RO frequency of the SM laser and are so located at (a) 2.525
GHz, (b) 2.45, 4.9 GHz and (c) 2.525, 5.05, 7.575 GHz.
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Figure 6.27: Electrical spectra of combs generated through the non-asymmetric
bias method at (a) 2xRO, (b) 3xRO and (c) 4xRO frequency of the SM laser.
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6.5.2.1 Induction of a Spectral Bulge

Both lasers in this configuration had their own independent RO frequency
which was measured to be approximately 2.5 GHz for the SM laser and 3.4
GHz for the FP laser. However operating the PIC in this mutually coupled
system and analysing the single mode spectra, this mutually coupled system
appears to operate with its own independent RO frequency. A plot of the single
mode peak is plotted in Figure
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Figure 6.28: High resolution spectra of the mutually coupled system showing
the side peaks caused by the PICs RO frequency.

Figure illustrates the single mode wavelength achieved from the mutually
coupled system while the gain, mirror and FP sections were biased at 92, 35
and 47 mA respectively. Two side bands are generated at both sides of the
lasing mode with a frequency separation from the lasing mode of 5.15 and
10.30 GHz. Because these new sidebands are unique compared to both the RO
sidebands of the SM and FP lasers, it is assumed that these side bands
represents the RO and double RO frequency of the entire mutually coupled
system. Both frequency values of these newly generated sidebands fall withing
the gain switched frequency range analysed optically in Figure and
electrically in Figure The high resolution optical spectra of the PIC gain
switched at these frequencies are plotted in Figure [6.29

No comb lines are generated when the mutually coupled system is biased at
5.15 GHz, but instead a broad spectra is generated where the comb should be.
This is consistent with the spectral bulging demonstrated when the secondary
FP laser is gain switched at the RO frequency of the SM primary laser in a
primary-secondary configuration. Furthermore, gain switching the FP at twice
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Figure 6.29: The gain switched optical spectra of the mutually coupled system

when gain switched at the apparent RO and double RO frequency of the coupled
system.

this frequency results in additional excited comb lines at ; the comb spacing,
which is consistent with gain switching the FP at twice the RO frequency of a
laser in a mutually coupled configuration. Therefore it is logical to assume that
the full PIC of this mutually coupled system operates under its own separate
RO frequency, whereby the asymmetric case doesn’t. Therefore, gain switching
the mutually coupled PIC is effected by the RO frequency of the coupled
system, as well as the independent RO frequencies of the lasers in the PIC.

The corresponding electrical spectra of the optical combs measured in Figure
[6.29 are plotted in Figure [6.30
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Figure 6.30: The gain switched electrical spectra of the mutually coupled sys-

tem when gain switched at the apparent RO and double RO frequency of the
coupled system.

The electrical spectrum of the spectral bulging generated at 5.15 GHz
demonstrates a strong peak consistent with multiples of this frequency
representing the beat notes between these comb lines, however additional
peaks are also present between these beat notes. Unlike the additional one,
two or three peaks that are generated when gain switching this mutually
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coupled system at integer multiples of the lasers RO, this electrical spectrum
illustrates the excitation of five additional peaks occurring at multiples of 850
MHz. The reason for this value is currently unknown. The electrical spectra of
gain switching the mutually coupled system at double this frequency results in
an additional peak being excited at % the gain switched frequency, which is
consistent with gain switching comb in Figure

6.6 Analysis of Comb Quality

As demonstrated in Section the combs generated using the
primary-secondary configuration typically degrade in quality as the gain
switched frequency is increased [19], with optimum combs being generated at
a gain switched frequency corresponding to the gain switched laser’s RO
frequency [|56]. The quality of the combs, in terms of number of comb lines
and spectral range, improves while operating the PIC in a mutually coupled
configuration, however, as depicted in Figure the noise of the mutually
coupled comb also increases across this regime.
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Figure 6.31: Measurement of the SNR of a generated comb. This is a measure-
ment in dB between the maximum power of the comb and the maximum power
of the noise level.

This quality parameter can be expressed by measuring the signal to noise ratio
(SNR) of the generated combs. The SNR is the difference in dB between the
maximum power of the comb and the maximum power of the induced noise in
the comb. This is illustrated in Figure This measurement was initially
carried out for the primary-secondary combs plotted in Figure which
measured combs across a gain switched frequency range of 4.5 - 10.5 GHz.

Monolithically Integrated, High Coherence 102 John McCarthy
Frequency Comb Generation through On-Chip
Gain Switching



Comb Generation Through Mutual Coupling 6.6 Analysis of Comb Quality

This SNR is plotted in Figure and demonstrates how the SNR of combs
generated from a primary-secondary configuration changes as the gain
switched frequency is swept from 4.5 - 10.5 GHz. The measured SNR ranges
from 35 - 55 dB, and experiences a steady increase in SNR across a gain
switched frequency of 4.5 - 6 GHz after which the SNR reaches a steady value.
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Figure 6.32: The measured SNR of combs generated from a primary-secondary
configuration as the gain switched frequency is swept from 4.5 - 10.5 GHz.

The SNR measurements of the mutually coupled systems from Sections |6.5.1
and are plotted in Figure
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Figure 6.33: The measured SNR of the frequency combs generated through
mutual coupling in Sections|6.5.1|and 6.5.2L

Example One illustrates the SNR measured from the combs generated in
Section Compared to the plot in Figure this mutually coupled
example demonstrates a more noisy SNR measurement across a frequency
range of 5 - 7.5 GHz achieving an SNR ranging from 23 - 60 dB. The reduced
SNR is more prevalent in regions effected by the additional generated comb
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lines that occur while gain switching the PIC at a frequency equivalent to twice
the RO frequency of an integrated laser in the PIC. However, 88% of the
generated combs achieve an SNR >30 dB, with 18% of combs having a higher
SNR than those achieved through the primary-secondary method, reaching as
high as 60 dB.

Example Two illustrates the SNR measured from the combs generated in
Section This time the SNR ranges from 10 - 59 dB across a frequency
range of 5 - 10.5 GHz. There is evident correlation between this plot and the
ESA analysis demonstrated in Figure The ESA analysis demonstrates the
extra excited peaks with the highest power occurs across a frequency range of
5.5 - 7 GHz. Similarly, equivalent SNR plot demonstrates a noisy period across
this frequency range with an SNR ranging from 30 - 50 dB. However, above
this frequency range, the combs SNR achieves a higher SNR than those
measured using the primary-secondary configuration in Figure The
sudden low SNR value of 10 dB occurs at 5.15 GHz where the spectral bulging

in Figure is generated.

6.7 Chapter Conclusion

This chapter demonstrates how the frequency of the gain switched current
effects the generated combs for a PIC operating in the asymmetric and
non-asymmetric biasing methods. In the case of the asymmetric bias method
the combs are generated with a frequency spacing equivalent to the frequency
of the gain switched current, with the quality of the combs deteriorating for
higher frequencies as the comb frequency is no longer comparable with the RO
frequency of the gain switched FP (Chapter 5.2.2.4). However, in both the
asymmetric and non-asymmetric cases, when the frequency of the gain
switched current is adjusted to the RO frequency of the SM laser, a broad
spectra is achieved with no comb lines, indicating a spectral bulge.

In the case of the non-asymmetric biasing method, the combs generated were
more elaborate as in many comb measurements, additional comb lines were
excited. These additional comb lines were excited across regions equivalent to
an integer multiple of the laser’s RO frequency and resulted in combs with a
frequency spacing equivalent to the laser’s RO frequency. Examples of this are
demonstrated by gain switching at 2xRO frequency of the FP laser, and also
by gain switching at 2xRO, 3xRO and 4xRO frequency of the SM laser.
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Comb Generation Through Mutual Coupling 6.7 Chapter Conclusion

This phenomenon has previously been demonstrated off-chip with an external
comb being injected into an on-chip FP laser [|55]. The current across the FP
laser was varied to vary the RO frequency of the FP laser, and when the RO
frequency of the FP reached a frequency that was an integer division of the
injected comb frequency, additional comb lines were excited with a frequency
spacing equivalent to that of the RO of the FP. Here it can be achieved because
of the strong, coherent bidirectional coupling between the two integrated
lasers (Chapter 5.3). Therefore, the comb propagates through both laser
cavities, each with it’s own independent RO frequency, and therefore this extra
comb line generation occurs for both lasers.
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Chapter 7

Comb Line Filtering

7.1 Chapter Overview

In previous chapters, on-chip methods of gain switched comb generation and
enhancement have been demonstrated through either traditional asymmetric
biasing methods and the new non-asymmetric biasing techniques. A comb
based super channel would require this optical source to be integrated with a
de-multiplexer, which would divide the individual comb lines into waveguides
with separate modulators before being recombined and transmitted. However,
typical methods of on-chip de-multiplexing these narrow lines on a PIC have
not been feasible [39]], due to the difficulty of de-multiplexing the comb while
retaining relative coherence between the optical carriers.

In this chapter, we focus on using an injection locked ring laser as a filter which
is monolithically integrated with the tunable comb source. The concept of
using a ring as a filter for comb lines has been introduced in Chapter 2.4 where
theoretically, a ring laser with a high Q-factor could be used as an integrated
laser filter (ILF) where the ring laser locks to a comb line, transmitting that
comb line and suppressing the others [40] [41] [42]. Because the integrated
ring is also a laser, the position of the lasers transmission modes can also be
adjusted through current injection which adjusts the lasers optical path length
(Chapter 2.4), and therefore different comb lines can be transmitted while the
others are suppressed, in other words filtered.

While the previous chapters demonstrate combs through different coupling
techniques, for simplicity, the primary-secondary coupling technique was
chosen for this chapter.
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7.2 Device Design

Deep Etch
Metal

. Ridge

Port B

«— GainSection ________, <« Mirror Section —
- . - 2X2 MMI -~
l +— UpperFp ——+
Port A

Port € +— LowerFP ——

—— Output Waveguide ———»

+——— Output Waveguide Ring Laser Output Waveguide

(a)

Figure 7.1: (a) Schematic of the PIC design and (b) SEM image of the fabricated
PIC.

Like previous devices, this PIC was fabricated with commercially available
material designed for the emission at 1550 nm, purchased from the company
IQE and fabricated using the fabrication process described in Chapter 3.

The primary laser of the PIC is made up of the gain and mirror sections. The
gain section is 600 um in length and the mirror section is made up of 8 slots
with an interslot separation of 108 ym. These slots act as reflective defects
along the ridge by creating regions of lower effective refractive index,
effectively creating a primary laser that is both single mode and

tunable [19], [50]. The last slot in the mirror section of the device is deep
etched to form an etched facet, and is free of metal to allow for electrical
isolation. The primary laser couples into an S-shaped waveguide. This
waveguide bends at an angle of 90° in a clockwise angle around a radius of 75
pm before bending again at an anticlockwise angle of 83° around a radius of
75 pm. This S-shaped waveguide is deep etched to increase the optical
confinement and reduce bend loss [57]], [58]]. This S-shaped waveguide is
used to integrate the primary laser with a multimode interferometer (MMI) by
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coupling the light through a 7° isolation slot into the MMI arm. This slot is to
allow for electrical isolation between the two sections and is so angled to
reduce the reflection of the slot [|59]. The input ridge of the arm of the MMI is
tapered from 2.5 ym to 3.5 ym and bends at an angle of 7° anticlockwise with
a length of 100 ym. The MMI itself is 290 ym long with a width of 14 ym. The
2x2 MMI was intended to split the light from the primary laser equally into
two output arms [60]]. Both of these output arms are tapered from 3.5 ym to
2.5 ym with a length of 100 xm and bend at an angle of 7°. However, the
upper output arm bends anticlockwise and the lower output arm bends
clockwise. Both of these outputs couple through a 7° angled isolation slot into
an S-shaped waveguide with dimensions as described before and as shown in
Figure The waveguides couple through a deep etched isolation slot and
are integrated with the upper and lower secondary Fabry—Pérot (FP) lasers,
both of which are 420 ym in length.

These integrated Fabry Pérot (FP) lasers are fabricated with a
ground-signal-ground (GSG) pad and can be probed with a GSG probe to gain
switch the secondary laser by biasing the laser with the modulated RF
current [19]. If the upper secondary laser is modulated, the optical comb can
be measured at the output facet labelled B in Figure Due to the strong
bidirectional coupling described in Chapter 5, the comb will also be
transmitted back through the MMI, with half the power going back to the
primary laser and the other half going through the bottom left S-shaped
waveguide. Again, this waveguide is deep etched to improve optical
confinement, however this time it undergoes two 83° bends in the
anticlockwise and clockwise directions, and has an angled slotted section at
the end to reduce reflection. The next integrated waveguide is designed for
the purpose of coupling with the ring laser. The waveguide first bends at an
angle of 7° in the clockwise direction to make the waveguide parallel with the
primary laser, MMI and secondary lasers. To create the coupling region the
waveguide then bends 7° in the anticlockwise direction and then again in the
clockwise direction. The waveguide is then fabricated straight for a length of
120 pum which is the coupling length between the waveguide and the ring
laser. The waveguide bends again at a 7° angle in the clockwise direction and
then again in the anticlockwise direction so that the waveguide is once again
parallel to the primary laser waveguides. The waveguide is straight for
another 215 ym where an angled slot is fabricated separating the ring laser
coupling waveguide to the output waveguide which has a length of 770 um.
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The ridge separation between the coupling waveguide and the ring laser is 1.2
pm. The ring laser is made up of two 400 um straight waveguides that are
fabricated parallel to each other and the primary laser. These two straight
waveguides are connected by a curved waveguide at each end, making a ring.
The two curved waveguides are deep etched to improve optical confinement
and bend at an angle of 180° around a radius of 75 ym. The ridge separation
between the ring laser and the lower coupling waveguide is 1.2 ym and this
coupling waveguide is fabricated with a similar geometry as the above
coupling waveguide. This waveguide is fabricated with two angled etched
facets at both ends to allow for electrical isolation and reduced reflection. This
couples into a straight output waveguide to the right that has a length of 1130
pum from the ring laser coupling waveguide to the cleaved facet at Port D. This
is the output where the filtered comb lines will be measured. To the left of the
ring laser’s coupling waveguide another output waveguide is fabricated. This
is a straight waveguide for 645 ;m before bending at an angle of 7° across a
radius of 75 pm in the anticlockwise direction, and then is straight for another
75 pum before reaching the cleaved facet. This output waveguide is so angled
to reduce reflections at the cleave to allow for the independent measuring of
the ring laser spectra [59].

Each port acts as a different test section. Measuring the spectra through Port A
determines the SMSR and wavelength tunability of the single mode (SM)
primary section. The light generated from the primary section is split by the

2 x 2 multimode interferometer (MMI) into the secondary sections. Here
either one of the secondary lasers could be used to generate the comb, in this
chapter it is demonstrated how the upper secondary laser is used. Therefore,
using the upper secondary laser, Port B can be used to measure the injection
locked spectra. The upper secondary section undergoes gain switching by
modulating the bias current with a high power RF signal, therefore generating
a comb. Port C is used to test that the 2x2 MMI splitter is operational and
splits the generated comb so that it can be measured through Port A and Port
C. The final port (Port D) is used to measure the individual comb lines, filtered
by the ring laser.

7.3 Theoretical Approach

The method to achieve filtering in this PIC is the use of an injection locked ring
laser as an integrated laser filter (ILF). Using injection locked lasers as
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coherent multiplexers has been previously demonstrated [39]], while it has
also been shown that further improvements in the mode suppression during
de-multiplexing can be made with higher Q laser cavities [40] [41] [42].
Thus, the ring laser was used in this PIC due to its high Q factor. In the PIC,
the comb is first injected into the ring laser and the bias current in the ring is
adjusted to filter the individual comb lines. The dimensions of the ring laser
results in a free spectral range of 66 GHz.
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Figure 7.2: (a) Approximation of the transmission profile of a ring laser. (b)
Simulation of the injected comb and transmission profile of the ring, and the
filtered comb output of the ring laser.

The transmission profile of the ring laser ensures that the side peaks of the
filtered comb are sufficiently suppressed when the comb passes through the
ring. Using increasing current injection, the effective path length of the ring
increases which allows the transmission profile of the ring laser to shift along
the frequency (and spectral) domain. The high Q-Factor of the ring laser
allows the previous comb line to be suppressed sufficiently before the next
comb line is filtered.

7.4 Device Characterisation

7.4.1 DC Characterisation of the SM Laser

The LIV characteristics of the single mode (SM) primary laser in this PIC were
measured via the cleaved facet at Port A using fiber coupling. The gain section
of the SM laser was swept from O - 200 mA for bias currents through the
mirror section of 25, 75 and 125 mA. These LIV curves are plotted in Figure
along with an example of a single mode spectrum attained from the SM laser.

Like examples in other chapters, the threshold current of the SM laser
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Figure 7.3: (a) LIV curves attained from the SM laser as current was swept
across the gain section for different currents through the mirror section.

decreases and the lasing power increases for increasing currents through the
mirror section. The single mode spectrum in Figure [7.3|was attained at 1573
nm for bias currents of 100 and 50 mA across the gain and mirror sections
respectively. It has a SMSR of 30.5 dB indicating a single mode.

Wavelength (nm)

i

(a) SMSR (dB)

N
o
o

1580

fun
~
w

1575

=
N
w

1570

[
o
o

1565

~
w

1560

[
o

Current across mirror section (mA)
Current across mirror section (mA)

N
w

1555

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Current across gain section (mA) Current across gain section (mA)

Figure 7.4: (a) SMSR and (b) lasing wavelength of the SM section of the device
as the current is varied through the gain and mirror sections of the device.

To fully characterise the relation of the lasers SMSR and lasing wavelength to
the currents pumped through the gain and slotted sections, current was swept
through both sections with the spectra being analysed at specified intervals.
These sections of the PIC were biased using currents ranging from 15 mA - 170
mA through the gain section and 15 mA - 200 mA through the mirror section.
At each interval the optical spectrum was recorded from Port A using the
ANDO AQ6317B OSA. The SMSR and peak lasing wavelength was recorded at
each interval of 2 mA and are plotted in Figure

The SM laser generates multiple single mode regions at different wavelengths
across these biasing ranges. These wavelengths can be illustrated more clearly
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by plotting the measured SMSR against the equivalent lasing wavelength. This
is plotted in Figure
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Figure 7.5: Plot illustrating the measured SMSR of the laser for each lasing
wavelength.

From the plot above, the SM laser achieves six lasing wavelengths with an
SMSR > 30 dB across a wavelength range of 1557 - 1573 nm. These
wavelengths are 3.5 nm apart which is consistent with the design of the laser.

7.4.2 DC Characterisation of the FP Laser and Injection
Locking

The LIV curves of the FP laser were attained by sweeping current from 0 - 100
mA across the upper secondary FP and measuring the output through Port B
via fiber coupling. The threshold current of the FP was measured to be 27 mA
and examples of the FP laser’s spectra at threshold and twice threshold current
are plotted in Figure
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Figure 7.6: (a) LIV curve of the FP laser. (b) Spectra of the FP laser when biased
at the lasers threshold current and at twice threshold current.
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The shape of the measured spectra and the separation between the lasing
modes is consistent with a FP laser 420 ym in length (Chapter 2.2).

To generate a single mode injection locked spectra between the SM primary
laser and the FP secondary laser, the SM laser was biased to generate a single
mode spectrum, the FP was biased at threshold current and the MMI coupler
was biased at 180 mA and the S-shaped waveguides were biased at 75 mA.
These bias currents were sufficient to allow the integrated MMI and the
S-shaped waveguides to be passive. Examples of the single mode spectra
measured through Port B when the secondary FP laser is optically phase locked
to the primary SM laser are plotted in Figure (7.7
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Figure 7.7: Examples of the injection locked spectra between the primary SM
and secondary FP lasers measured through Port B via fiber coupling.

Different single mode, injection locked spectra were demonstrated for bias
currents of 23 - 30 mA across the secondary FP, which was low enough to
ensure the PIC was operating in the asymmetric bias regime to approximate a
primary-secondary configuration [26]] and [27]. Six single mode, injection
locked spectra are demonstrated for a wavelength range of 1562 - 1581 nm.

7.5 Comb Generation

Once injection locking was achieved, the probe biasing the FP laser was
swapped for a ground-signal (GS) probe, and a sinusoidal current was used to
gain switch the secondary FP. Combs were detected through Port B with a
comb line separation equivalent to the gain switched frequency of the bias
current. However, because of the PIC’s ability to support stable combs due to
the bidirectional coupling demonstrated in Chapter 5.3, one would expect the
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comb to propagate back into the passive MMI where the comb would be split
between the upper SM laser and the lower output waveguide.

The output waveguide of Port C was biased at 25 mA to make the section
passive but not lase and the outputs of Port A and Port C were measured using
the ANDO OSA and were compared to the comb measured through Port B.
These measured outputs are plotted in Figure 7.8

(a)-10 (b)_20
— PortA —— PortB
_25 4

Power (dBm)
Power (dBm)

—50

1571.9 1572.0 1572.1 1572.2 1571.8  1571.9  1572.0 15721  1572.2
Wavelength (nm) Wavelength (nm)

1571.8

Figure 7.8: (a) Comb measured through Port A compared to Port B. (b) Comb
measured through Port C compared to Port B.

The strong, coherent bidirectional coupling allows the comb generated by the
secondary FP at Port B to be detected through Port A and Port C, both
demonstrating a near identical comb to that generated and measured at Port
B. The main obvious difference to the measured combs is the power of each
and while this could be explained by poor fiber coupling, it can also be argued
that the comb measured at Port A is amplified by the high bias currents
through the SM laser, and the comb measured through Port C is lower due to
the lossy nature of the length of the InP output waveguide.

This comb was generated by biasing the gain, mirror and FP sections at 179,
28 and 27 mA respectively and gain switching the FP section with a frequency
of 5 GHz. The quality of the comb can be described as having six comb lines
within 4 dB of each other.

7.6 Comb Filtering

Ring lasers are useful for on-chip ILFs because they are facet-less and due to
their high Q-factor that makes optimal filtering possible [40]. Filtering occurs
by injection locking the ring laser with the generated comb and varying the
current across the the ring to injection lock the individual comb lines. The ring
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laser was independently characterised using the angled waveguide fabricated
at the lower left portion of the PIC illustrated in Figure This allows the
ring laser to be characterised while minimising the reflectance caused by the
cleaved facet [|59].

This time, due to the difficult nature of fiber coupling with an angled
waveguide, an integrating sphere (IS) was used to measure the LIV curves.
The ring laser was biased and current was swept from 0 - 500 mA, while the
light was collected through the angled waveguide using the IS. This LIV curve
is plotted in Figure The ring laser demonstrates a threshold current of 85
mA and reaches a power of 1.6 mW at a bias current of 500 mA. A spectrum of
the ring laser was measured via fiber coupling through the angled output
waveguide at a bias current of 187 mA. As expected, the spectra of the ring
laser resembles that of a FP.
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Figure 7.9: (a) LIV curves and (b) free running spectra of the ring laser.

Once the generated comb was detected through Port C it is known that the
comb is propagating along the coupling waveguide above the ring laser. What
is left to do is bias the ring and vary the current while measuring the output of
Port D. The ring was initially biased at 80 mA and the wavelength span of the
comb detected through Port C was monitored through Port D.

The first peak of the filtered comb was detected through Port D for a bias
current of 169 mA through the ring laser. This current was increased by
intervals of 1 mA and different peaks were detected at each interval of 3 mA.
This was carried out for a bias current range of 169 - 199 mA across the ring
laser. Eleven individual peaks were measured through Port D for this biasing
range across the ring. These individual peaks are plotted and compared to the
comb measured through Port C in Figure|7.10

By plotting these peaks against the comb initially measured through Port C, it
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Figure 7.10: (a) Individual comb lines filtered by the ring laser and (b) plotted
against the comb measured through Port C.

is evident that these individual peaks form as a result of the individual comb
lines being filtered by the ring laser. The power of the filtered comb lines are
lower than the combs measured through Ports A, B and C due to the loss from
the ring and the length of the output waveguide.

A colour plot can be plotted to demonstrate how the measured spectra through
Port D changes as the bias current across the ring laser is varied by 169 - 199
mA at intervals of 1 mA. This is plotted in Figure|7.11
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Figure 7.11: Colour plot illustrating the growth and suppression of individual
comb lines as the current through the ring resonator is increased.

This colour plot illustrates the growth a comb line before it is suppressed and
the next comb line is filtered.

7.7 Chapter Conclusion

This chapter demonstrates how a coherent optical comb can be created and
filtered on a PIC. The comb was generated using the asymmetric biasing
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method described in Chapter 5, however the primary-secondary lasers were
integrated via a 2x2 MMI structure. This large structure complicates the PIC
and future designs would be much simpler, however, it allows us to accurately
measure the PIC by creating outputs at different ports where each is used as a
separate test section. The PIC allows one to test the primary, secondary and
ring lasers independently. Injection locking and bidirectional coupling (Chapter
5) can be measured, as well as the combs propagation throughout the PIC.

In this chapter, the PIC is capable of producing six single mode wavelengths
from the primary laser across a range of 15 nm. Injection locking occurs
between the single mode primary laser and the secondary FP, and combs can
be generated through gain switching. Combs are generated with a frequency
spacing equivalent to the frequency of the gain switched current, with the
highest quality comb being measured at 5 GHz achieving six comb lines within
4 dB of each other. This generated comb is demonstrated to propagate
throughout the PIC, being measured through Port A, Port B and Port C. This
allows the comb to be coupled into the ring laser where the ring laser injection
locks an individual comb line, and can select a comb line by varying the bias
current through the ring laser.

This PIC demonstrates how a ring laser can be used to filter out comb lines. A
full de-multiplexing network would utilise an array of these ring lasers, each
filtering a different comb line into separate waveguides where data is
incorporated and the comb lines are recombined and transmitted. This is
illustrated in Figure(7.12
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Figure 7.12: Schematic of a comb based optical network.
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Chapter 8

Comb Generation Without
Additional Optical Injection

8.1 Chapter Overview

Throughout this thesis, gain switched combs were generated using some form
of coupling, primarily through primary-secondary coupling or mutual
coupling. In all cases, more than one laser was integrated on a chip. In fact, up
until now, flexible gain switching has only been achieved through some
method of external injection [[17], on-chip injection locking [19], or mutual
coupling (Chapters 5, 6) which maintains phase coherence and allows combs
to be generated. Less flexible forms of gain switching have been demonstrated
without an additional form of injection by gain switching a single mode DFB at
a frequency equivalent to the lasers relaxation oscillation frequency [12]]. This
method offers an enhanced comb but the frequency separation of the comb
lines is limited to the lasers relaxation oscillation (RO) frequency.

This chapter focuses on using a two sectioned, single cavity laser to generate
flexible frequency combs without using any of the fore mentioned methods to
maintain the devices phase coherence. The two sectioned laser is similar to the
single mode lasers used in earlier chapters as it is made up of a gain and
mirror section, but electrically isolated from each other via an isolation etch.
So while the device consists of two sections, they share the same cavity. Either
of these sections can be gain switched while the other section is biased using a
DC current. The device is demonstrated to generate single mode spectra at
multiple wavelengths and combs are generated across a frequency range of 1 -
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10 GHz, with the optimum combs being generated at a gain switched
frequency equivalent to the RO frequency of the laser.

8.2 Device Design

Like previous devices, this PIC was fabricated with commercially available
material designed for the emission at 1550 nm, purchased from the company
IQE and fabricated using the fabrication process described in Chapter 3.

The laser of the PIC is made up of the gain and mirror sections. The gain
section is 600 pm in length and the mirror section is made up of 7 slots with
an interslot separation of 87 um. These slots act as reflective defects along the
ridge by creating regions of lower effective refractive index, effectively
creating a single cavity laser that is both single mode and tunable [|19], [50].
An isolation slot exists between both sections 15 ym in length with a depth of
0.25 pm to remove the surface GalnAs and GalnAsP layers to allow for
electrical isolation between the two sections. The cavity of this laser is
confined using a metal etched facet at one end of the gain section, and a
cleaved facet at the opposite end of the mirror section. Ground Signal (GS)
contacts were added to both sections to allow for each section to be gain
switched using a GS probe. The ground pad made contact with the n-type
substrate via the deep etch. A schematic of this device is shown in Figure (8.1
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Figure 8.1: (a)Top view and (b) side view of device schematic.
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8.3 Device characterisation

The LIV characteristics of the device was measured via the cleaved facet using
an integrating sphere to avoid loss. Current was swept across the mirror
section for different bias currents across the gain section (50, 60 and 70 mA).
These results are depicted in Figure
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Figure 8.2: (a) LIV measurements as current is swept through the mirror section
for different bias currents through the gain section (b) example of a single mode
spectrum attained at 1549.5 nm.

The threshold current of the device ranged from 25 - 45 mA depending on the
bias current of the gain section. The max power measured by the integrating
sphere ranged from 1.5 - 2.4 mW, again depending on the bias current of the
gain section. The trend follows that as the current through the gain section
increased, the device experienced a decrease in threshold current and an

increase in power.

The integrating sphere was replaced by an optical fiber and the spectra of the
device was initially analysed using an ANDO AQ6317B OSA. The bias current
across the two sections were varied until a single mode spectra was achieved
at a bias current of 60 and 100 mA through the gain and mirror sections
respectively. This spectra is plotted in Figure and depicts a spectra with an
SMSR of 34 dB at lasing wavelength of 1549.5 nm.

To fully characterise the single mode nature of the device, currents were swept
across the gain and mirror sections of the device ranging from 40 - 86 mA
through the gain section and 20 - 200 mA through the mirror section. At each
interval the optical spectrum was recorded from the cleaved facet using an
optical fiber coupled to the ANDO AQ6317B OSA. The SMSR and peak lasing
wavelength was recorded and plotted in Figure

From the plots attained, the laser produced multiple single mode regions
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Figure 8.3: SMSR (top) and lasing wavelength (bottom) of the device as the
current is varied through the gain and mirror sections.

within a wavelength range of 1543 - 1567 nm. These lasing wavelengths were
approximately 4.5 nm apart which is consistent with the FSR due to the
interslot separation in the device. All these lasing wavelengths appear as the
current is swept across the mirror section while the bias current of the gain is
constant at approximately 70 mA. Analysis of how the spectra changes across
this period is plotted in Figure Here we see how the lasing wavelengths of
the spectra change from 1543 - 1567 nm as the bias current across the mirror
section varies from 25 - 250 mA.
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Figure 8.4: (a) Colour plot showing the power of the spectra as current was
swept across the mirror section. (b) SMSR and lasing wavelength of the device
as the current was swept across the mirror section.
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8.3.1 RF Characterisation

Once the SMSR map (Figure[8.3) was developed, one of the DC probes was
exchanged for a ground-signal RF probe and was used to gain switched either
the gain or mirror section, while the other section is biased using a DC probe.
Combs were generated by gain switching both the gain and mirror sections
independently and are depicted in Figure Both comb examples are
generated at a gain switched frequency of 2 GHz and were measured using the
high resolution APEX AP2061-A series OSA.
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Figure 8.5: Comb attained through gain switching (a) the gain section and (b)
the mirror section.

As mentioned in Section achieving phase locked frequency combs through
gain switching typically requires an additional form of optical injection, for
example external injection [17]], on-chip injection locking [|19], or mutual
coupling. However, here, combs were achieved without any of these
conditions. Instead they were achieved by a two section, single cavity device,
where one of the two sections was gain switched. The existence of comb lines
suggests that the non-gain switched section of the single cavity device is
sufficient to maintain the phase coherence of the device and thus combs are
generated.

The frequency response of the combs was determined by biasing the gain and
mirror sections at 70 and 100 mA respectively, gain switching the gain section
and adjusting the gain switched frequency. The frequency was swept from 1 -
15 GHz at intervals of 1 GHz and the results are shown in Figure The
quality of the generated combs decreased as the gain switched frequency
increased, which is consistent with previous on-chip gain switching
techniques [[19]. However, a broader comb is achieved at 3 GHz, generating
10 comb lines within 3 dB of each other.
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Figure 8.6: Frequency response of the generated combs.

Plots of the individual combs generated at 1, 5 and 10 GHz are plotted in
Figure[8.7|which show the lower and upper limits of the gain switching
frequency.
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Figure 8.7: Comb attained through gain switching at (a) 1 GHz, (b) 5 GHz and
(c) 10 GHz.

Based off of simulations in Chapter 2, and previously generated combs in
Chapter 5, it can be assumed that this enhanced 3 GHz comb is a result of the
laser having an RO frequency close to this frequency. The high resolution
APEX OSA is used to determine the RO frequency of the laser when the gain
and mirror sections are biased at 70 and 100 mA respectively. The side-bands

of the peak lasing wavelength, that represent the laser’s RO frequency [51],
are shown in Figure |8.8
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Figure 8.8: (a) High resolution image of the single mode spectrum with the
RO sidebands. (b) The generated comb at a frequency equivalent to the RO
frequency measured from the sidebands.

The RO frequency of the laser was measured by determining the frequency
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separation between the lasing mode and these side bands. At these bias
currents, this was measured to be 2.896 GHz, which is consistent with the
optimum comb of 3 GHz plotted in Figure This is also consistent with
results attained in [|12], where the quality of the comb could be enhanced by
gain switching the device close to its RO frequency.

8.4 Effects of Bias Current

The basis of gain switching is to rapidly turn the laser, or in this case the laser
section, on and off repeatedly using a high powered RF signal. So it is logical
that the current itself would also effect the generated comb, specifically on the
peak to peak separation of this sinusoidal current and its ability to turn the
laser on and off. As demonstrated in Figure the gain was biased at 70 mA
and the current through the mirror section was swept from 25 - 250 mA
achieving multiple single mode regions. Thus the effects of the bias current on
the generated combs could be analysed by carrying out this sweep while the
mirror section is gain switched.

An RF amplifier (JDS Uniphase Optical Modulator Driver H301-2310) is
integrated with the experimental setup and so these current sweeps could be
carried out at different amplifications of the gain switched current. The RF
amplifier was powered using a standard voltage source and so the peak to
peak of the RF signal could be adjusted by adjusting the voltage output of the
voltage source. The RF amplifier had a maximum voltage input of 8 V, and so
to analyse the effects of the RF peak to peak on the generated combs, the
current sweeps were carried out for the RF amplifier being powered by 4 V
and 8V, to create a low and high RF peak to peak separation.

8.4.1 RF Amplifier at 4V

The RF amplifier was first powered by 4 V, the gain section was biased at 70
mA and the gain switched current through the mirror section was swept from
25 - 250 mA. The results of this are shown in Figure The resulting spectra
was mostly similar to the non-gain switched sweep in Figure however, a
slight reduction in SMSR was observed at bias currents < 100 mA as the lower
peak of the sinusoidal current approached 0 mA. This is consistent with a
known phenomena where combs can’t be generated when the lower peak of
the gain switched current is approximately 0 mA [61].
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Figure 8.9: (a) Colour plot showing the power of the spectra as the gain
switched current was swept across the mirror section. (b) SMSR and lasing

wavelength of the device as the gain switched current was swept across the
mirror section.
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Figure 8.10: Analysis of the peak lasing wavelength while the gain switched
current through the mirror section is (a) 50 mA, (b) 115 mA and (c) 225 mA.

The corresponding combs generated at a gain switched current of 50, 115, and
225 mA are plotted in Figure and the quality of the combs degrade as the
gain switched current increases. Since gain switching required the device to be
continuously turned on and off, as the gain switched current increases there
comes a point where gain switching is no longer possible, and so the quality of
the combs degrade as the gain switched current increases. This directly relates
to the theoretical analysis carried out in Chapter 2.3.5.

8.4.2 RF Amplifier at 8V

The analysis was carried out again, but this time the voltage powering the RF
amplifier was set to 8 V to generate a high peak to peak separation sinusoidal
current. The gain section was again biased at 70 mA and the gain switched
mirror section was swept from 25 - 250 mA. The results are shown in Figure
This time a large reduction in the SMSR of the spectra was observed at

bias currents < 100 mA as the lower peak of the gain switched current reaches
0 mA.
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Figure 8.11: (a) Colour plot showing the power of the spectra as the gain
switched current was swept across the mirror section. (b) SMSR and lasing
wavelength of the device as the gain switched current was swept across the
mirror section.

The corresponding combs generated at a gain switched current of 50, 150, and
186 mA are plotted in Figure[8.12]
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Figure 8.12: Analysis of the peak lasing wavelength while the RF current
through the mirror section is (a) 50 mA, (b) 150 mA and (c) 186 mA.

From the above plots, what is generated in the first image cannot be
considered an OFC as it contains no generated comb lines. This occurs when
the modulation peak to peak separation is high enough to fully switch off the
laser and therefore the resulting pulses are built up from spontaneously
emitted photons and the coherence of the pulses are lost [61]]. Increasing the
gain switched current to 150 mA means that this high peak to peak sinusoidal
current is no longer resulting in the device switching off completely and so the
generated comb can benefit from the high peak to peak signal. This is
demonstrated by the generated comb having 13 comb lines within 3 dB of
each other, across a bandwidth of 36 GHz. Increasing the current further to
186 mA, the quality of the comb again starts to degrade for increasing gain
switched currents as discussed in Chapter 2.3.5.
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8.5 Chapter Conclusion

This chapter demonstrates how an on-chip gain switched laser doesn’t need an
additional form of injection to generate comb lines. Up until now, flexible gain
switched comb lines have only been generated through some form of external
injection [[17]], on-chip injection locking (Chapter 5,7) [|19], or mutual coupling
(Chapters 5, 6) which maintains the devices phase coherence. Alternative
methods of gain switching without additional injection has been demonstrated
by gain switching a DFB laser at a frequency equivalent to the lasers RO
frequency. However this method generates combs limited to the RO frequency.

This chapter demonstrates a design that offers the same frequency flexibility
demonstrated through the on-chip coupling techniques demonstrated in earlier
chapters, but without a form of additional optical injection. The device is
made up of a gain and mirror section that is separated by a small isolation etch
to remove the top two contact layers of the EPI structure. So while the device
itself has a single cavity, the two sections are electrically isolated to allow for
independent biasing. Gain switching one of these sections while maintaining a
constant bias through the other section has been demonstrated here to allow
comb lines to be generated while the phase coherence is maintained.

This not only allows the length of the gain switched device to be reduced from
the 1750 pm long primary-secondary/mutual coupled devices to 1300 um,
therefore reducing the devices footprint, but also the device can take
advantage of gain switching at higher currents. By operating the gain switched
laser at higher currents, the peak to peak separation of the sinusoidal current
could be increased, which has been shown in this chapter to greatly improve
the bandwidth and quality of the generated combs.
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Chapter 9

Conclusion and Future Work

9.1 Chapter Overview

This chapter gives a recap and conclusions of the chapters of this thesis.
Beginning with the traditional methods of on-chip gain switching, the
asymmetric biasing technique is discarded in favour of non-asymmetric biased
configurations. Methods of on-chip comb line filtering are demonstrated
through the use of injection locked ring lasers. Finally, a technique to generate
on-chip gain switched combs from a single mode laser without additional
forms of coupling is developed. The next integration steps are also outlined to
further enhance on-chip gain switched combs and to develop a comb based
de-multiplexing optical network.

9.2 Thesis Conclusion

Chapters 1 and 2 introduces the concept and theory behind PICs and gain
switched frequency combs. Gain switching is the technique that takes
advantage of the relaxation oscillation phenomenon which occurs when a laser
is biased abruptly where the laser experiences damped oscillations in the
carrier and photon density before reaching a steady state. Gain switching
involves modulating the bias current with a high power RF signal which
rapidly turns the laser on and off, therefore continuously exciting the first
pulse in the relaxation oscillations. This generates a continuous pulse train in
the time domain and thus a frequency comb.

Chapter 3 illustrates the fabrication process used to develop the PICs used to
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generate the frequency combs in this thesis. This chapter introduces the
different etch depths carried out to fabricate the shallow, deep and isolation
regions of the laser designs. Chapter 4 introduces the characterisation setup
and equipment used in this thesis, as well as the experimental effects of the
fabricated features on a ridge laser. The effects of shallow and deep etched
Fabry-Pérot (FP) lasers are characterised, as well as FP lasers with a metal
etched facet, etched facet, shallow and deep etched slot, and U-bend FP lasers.

Previous methods of on-chip gain switching are introduced and demonstrated
through gain switching an injection locked FP laser to maintain phase
coherence [19]. This on-chip injection locking is achieved using asymmetric
biasing where the single mode primary laser is more heavily biased than the
FP secondary laser, therefore creating a primary-secondary configuration with
stable phase locking. This traditional method is demonstrated in Chapter 5.2
along with the range of frequencies that combs are generated through this
method.

From here in Chapter 5.3 the effects of bidirectional coupling are explored, a
configuration known for its instabilities including chaos with semiconductor
lasers [53]. However, it is demonstrated in this section how this bidirectional
coupling doesn’t in fact hamper the generation of combs but instead results in
the comb also being propagated within the non-gain switched laser in the
coupled system.

Chapter 5.4 demonstrates how the traditional asymmetric biasing method can
be discarded in favour of a mutually coupled system which results in enhanced
combs generated with a higher power detectable across a larger bandwidth.
This bandwidth is dramatically increased when modulating the gain switched
current to a frequency equivalent to the FP laser’s relaxation oscillation (RO)
frequency. In this chapter, a broad comb with 25 comb lines measured within
10 dB of each other are detected across a bandwidth of 86.4 GHz. This mutual
coupling technique is analysed further in Chapter 6 particularly in relation to
the effects of the gain switched frequency on the generated combs. What is
found is the frequency separation between the generated comb lines is, for the
most part, equivalent to the frequency of the gain switched current. However
when the gain switched frequency is comparable to an integer multiple of the
RO frequency of one of the lasers in the integrated system, what is generated
is a comb with a comb line separation equivalent to the RO frequency of that
laser.
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Chapter 7 introduces the concept of a comb based coherent super-channel
which would require the optical comb source that was demonstrated in
previous chapters to be integrated with a de-multiplexer. This de-multiplexer
would divide the individual comb lines into waveguides with separate
modulators, where data is incorporated before the comb lines are recombined
and transmitted. This chapter demonstrates experimentally a method of
filtering out individual comb lines on a monolithically integrated circuit. A
gain switched comb is injected into an integrated ring laser which acts as an
ILF with a high Q factor. Current injection is used to adjust the position of the
rings modes and filter out the individual comb lines.

Finally, Chapter 8 introduces a new technique of achieving gain switched
combs. Up until now, flexible gain switching has only been achieved through
some method of external injection [[17]] or on-chip injection locking [[19]] which
maintains phase coherence and allows combs to be generated. Less flexible
forms of gain switching have been demonstrated without an additional form of
injection by gain switching a single mode DFB at a frequency equivalent to the
lasers relaxation oscillation frequency [12]]. This method results in a generated
comb, but the frequency separation of the comb lines is limited to the lasers
relaxation oscillation frequency. In this chapter, a single cavity, two sectioned
laser is used to generate flexible combs. This is achieved by gain switching one
section and biasing the second section to maintain the phase coherence of the
combs. The quality of the combs were greatly enhanced while gain switched
close to the relaxation oscillation frequency of the device. The combs were
enhanced further by increasing the peak to peak separation of the gain
switched current and biasing the device at a region where the lower limit of
the sinusoidal current is low enough to generate good quality combs but not
low enough as to completely switch the laser off. A flat comb was generated
with 13 comb lines, 3 GHz apart across a bandwidth of 36 GHz.

These chapters demonstrates different methods and limitations of generating
gain switched combs, either through primary-secondary coupling, mutual
coupling or a two sectioned single cavity device. The overall conclusion of this
thesis is that the quality of the comb, in relation to the combs general flatness
and bandwidths are heavily dependent on the the RO frequency of the gain
switched laser, as well as the value and peak to peak separation of the gain
switched current. The general flatness of the gain switched combs is optimised
when gain switching a laser with a frequency signal equivalent to the lasers
RO frequency which is seen throughout this thesis and in previous gain
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switched work using primary-secondary techniques [12], [[19].

The bandwidth of the gain switched comb is also expanded when the gain
switched signal is equivalent to the laser’s RO but greater expansion is
demonstrated by increasing the value and peak to peak separation of the gain
switched current. Chapter 6 demonstrates the effects that the gain switched
current has on the generated comb for a low current primary-secondary
configuration and a higher current mutually coupled configuration. The
increased gain switched current of just 25 mA greatly increased the bandwidth
of the resulting comb and number of comb lines generated. Chapter 8
demonstrates the effects of the gain switched current’s peak to peak separation
on the generated combs. It is found that increasing the peak to peak
separation of the gain switched current also effects the bandwidth of the
generated comb, with optimum combs being generated at a high peak to peak
while the minimum peak of the sinusoidal current remains above 0 mA.

Overall, one can conclude from this thesis that an optimum gain switched
comb can be achieved by gain switching a laser with a high value, high peak to
peak separation current where the minimum peak of the sinusoidal current is
close to, but above, 0 mA. Also the frequency of the gain switched signal is
equivalent to the RO frequency of the gain switched laser. The optimum combs
generated through asymmetric coupling, non-asymmetric coupling and the
two sectioned single cavity device are plotted in Figure For comparison,
the centre comb line for each example was set to 1550 nm.
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Figure 9.1: Optimum combs generated through different coupling techniques
and devices.
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9.3 Future Work

This thesis has demonstrated methods of enhancing the comb bandwidth to 86
GHz, however the power of the comb still remains in the negative dBm
through fiber coupling. Naturally future work would focus on attempting to
increase the output power in order for the comb source to be suitable for
optical communications. Building on this, future designs of comb based optical
super-channels would include a network of multiple ring lasers which would
be used to fully de-multiplex the comb lines and separate them into different
waveguides.

9.3.1 Power Enhancement: Example 1

Methods of power enhancement were demonstrated in Chapter 5.4 through
mutual coupling which enhanced the power of the generated comb from -20
dBm through asymmetric coupling, to - 10 dBm through non-asymmetric
coupling. Therefore, it is logical to explore this method to further enhance the
combs power. An example of such a PIC design is illustrated in Figure

(a)

! ! I I

Cleaved Facet Deep Etched Facet Isolation Etch Metal Etched Facet

(b) l FP Section 1 Mirror Section l Gain Section l

[] Metal [ 1QE Epi [l Maw

Figure 9.2: (a)Top view and (b) side view of device schematic.

This figure illustrates a two section, single cavity comb laser integrated with a
FP laser. The two sectioned single mode laser is capable of generating a comb
independent of the FP laser as demonstrated in Chapter 8. This generated
comb can be greatly enhanced to be detectable across a larger bandwidth. The
addition of the integrated FP laser offers the ability of the PIC to undergo
mutual coupling, a technique which has been demonstrated in Chapter 5.4 to
improve the power and bandwidth of the generated comb. Devices could be
designed with different FP lengths to investigate the relation between the FP
length and the power of the mutually coupled comb.

This PIC design also allows one to characterise the effects of gain switching
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both sections of the single mode laser simultaneously, while maintaining phase
coherence by coupling the laser with the FP. Analysis of what form of comb can
be generated from this PIC while stable phase locking is maintained and both
sections of the single mode laser are gain switched at different frequencies.

9.3.2 Power Enhancement: Example 2

An additional method of enhancing the power of the generated comb is
through the use of semiconductor optical amplifiers (SOAs). An SOA section
between the comb source and the cleaved facet could be used to amplify the
power of the generated comb. A tapered SOA section has been demonstrated
to effectively amplify the power of a laser in [62]]. Here the SOA sections were
tapered from 2.5 pm to 3.6 um for varying lengths with a length of 200 um
being determined to being the optimum length. At this length, the power of
the laser is amplified without sacrificing the signal due to the gain saturation,
which increases significantly for long SOAs.

(a)

Cleaved Facet  DeeP Etched Isolation Etch Metal Etched
1 Facet l Facet

(b) SOA Section l Mirror Section Gain Section l

[] metal [] 1QE epi [l Mmaw

Figure 9.3: (a)Top view and (b) side view of device schematic.

PICs can be designed to investigate such SOA designs. Taking, for example, the
two sectioned, single cavity device as the comb source and integrating a
tapered waveguide as an SOA (Figure [9.3)). This SOA section is integrated via
a deep etched facet and confine the cavity of the comb source between the
etched facet and the metal etched facet. This comb would be injected into this
tapered waveguide which can be biased using a contact pad. An array of such
devices can be designed with varying SOA taper widths and lengths to
determine the optimum parameters of the SOA to amplify the comb but not to
saturate the comb’s signal.
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9.3 Future Work

9.3.3 Power Enhancement: Example 3

The final method that could be used to generate a comb with higher power is

by increasing the power generated by the single mode primary laser before it

is injected into the gain switched FP secondary laser in a primary-secondary

configuration. The effects of this has been demonstrated off-chip in [[63]]

showing an increase in the combs power and also an increase in the bandwidth

of the generated comb. This could be attempted on-chip by integrating an SOA

section between the single mode primary laser and the FP secondary laser.
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Figure 9.4: Top view of device schematic.

The primary and secondary lasers are similar to the designs used throughout
this thesis. The primary laser is made up of a gain section 600 pm in length
and a mirror section made up of seven slots with an interslot separation of 87
um. The two sections are separated by an isolation slot to allow for electrical
isolation, and the primary laser cavity is confined by a metal etched facet and
an etched facet as illustrated in Figure The secondary FP laser is 420 um
in length and is confined by an etched facet and a cleaved facet. The SOA
section is integrated between these two lasers. This SOA section is fabricated
with angled facets at both ends, this prevents lasing modes to be created by
the SOA section as the angled facets reduce reflection [59]. To fully
characterise the effects of this OSA section, and determine the optimum length
at which the power of the laser is amplified but the signal isn’t saturated by the
length of the OSA [62], an array of these PICs can be fabricated with SOA
lengths varying from 100 - 300 pm.

Injection locking the secondary FP laser with the amplified signal from the
single mode primary laser and gain switching the secondary laser should
ideally result in a generated comb with a higher power and an improved
bandwidth [63]].
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9.3.4 De-Multiplexer

One utilisation of an optical comb source is to create an optical network with a
de-multiplexer to separate the individual comb lines, modulators to
incorporate data and a multiplexer to recombine the comb lines and transmit.
a schematic of this is illustrated in Figure
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— # | Modulator |

A M § | — [ e ] —00 | =
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Figure 9.5: Schematic of a comb based optical network.

Chapter 7 experimentally demonstrates how a ring laser could be used to filter
out the individual comb lines of an integrated comb source. De-multiplexing
involves filtering out more than one comb line at one time and so a PIC with
more than one ring laser is required. The PIC in Chapter 7 is also unnecessarily
large to allow for different test structures through each step of the PIC
characterisation. A de-multiplexing PIC need not be so complex and an
example of a PIC that could theoretically filter out two individual comb lines at
once is illustrated in Figure
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| Ring Laser 1 } n! Ring Laser 2 |
Output Waveguide 1 V4 N\, i
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Output Waveguide 2

Figure 9.6: Schematic of a PIC that can generate combs and filter out two
individual comb lines.

The comb source portion of the PIC is made up of a single mode laser and an
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integrated FP laser, and so the combs can be generated through
primary-secondary coupling or mutual coupling. The single mode laser is
made up of a mirror and gain section separated by an isolation slot to allow
for electrical isolation. To reduce the overall length of the laser, the gain is
fabricated as a u-bend laser like those characterised in Chapter 4 and based off
these results, a u-bend section with a deep etch on the outer curve of the
waveguide is selected with a radius of curvature of 25 pum or greater. It is
known from Chapter 5.3 that such a PIC design can support a comb in the non
gain switched portion of the PIC through stable bi-directional coupling. The
comb generated by gain switching the FP section would propagate along the
single mode laser into the coupling waveguide that is integrated to the single
mode laser via a deep etch. The two ring lasers can then be used to filter out
different comb lines into output waveguide 1 and 2.

Alternatively, The two sectioned, single cavity comb source (Chapter 8) could
be used in a similar PIC configuration as illustrated in Figure In this
configuration, the comb can be generated by gain switching either the gain or
mirror section of the PIC. A deep etched curved waveguide is integrated with
the comb source to transmit the comb from the single mode laser to the
coupling waveguide. This curved waveguide is deep etched to allow for optical
confinement and would be biased enough to make the section passive, but not
high enough to allow the section to lase. Again, the two ring lasers are
integrated with this coupling waveguide and would be used to filter out
different comb lines into the two output waveguides.
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Figure 9.7: Schematic of a PIC that can generate combs and filter out two
individual comb lines.
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9.3.5 De-multiplexing Network

A more ambitious design would filter out even more comb lines at once. The
previous designs could be altered by extending the curved waveguide in Figure
[9.7] until another ring laser can be integrated with the coupling waveguide,
however this would provide additional loss due to the lossy nature of InP
waveguides [49]. One solution is to use the stable and coherent bidirectional
coupling that is known to exist within the on-chip comb source (Chapter 5.3).
Instead of having one curved waveguide integrating the comb source to the
lower coupling waveguide, an additional curved waveguide could be used to
integrate the comb source with an additional coupling waveguide that’s
coupled to two additional ring lasers (9.8).
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Figure 9.8: Schematic of a PIC that can generate combs and filter out four
individual comb lines.

This configuration would allow for up to four individual comb lines to be
filtered at once. The example here uses a primary-secondary configuration,
however the comb source could be biased non-asymmetrically to generate
enhanced combs through mutual coupling, or the PIC could be designed so
that the comb source is a two sectioned, gain switched single mode laser
(Chapter 8).

9.3.6 Comb Enhancement Through a High Speed
Fabrication Process

In the comb examples demonstrated throughout this thesis, the frequency
separation between comb lines was mostly limited to 1 - 10 GHz, with the
quality of the comb being generally poor for higher frequencies. This

performance is a limit caused by the capacitance of the device. The metal
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contact pads used to bias the lasers results in a parallel plate capacitor type
configuration and this capacitance, as well as the resistance of the device,
inflicts what is known as the RC limit.

The corresponding frequency limit is given by [64]]:

. 1 . EoA
fre = 5 Where C = ©.1

Where ¢, is the dielectric constant, A is the area of the capacitance plate and d
is the distance between plates. The capacitance of a laser is proportional to the
materials dielectric constant, which in the case of InP is 12.35 and is high
enough to limit the performance of the laser to 10 GHz. Keeping in mind that
the capacitance is proportional to the dielectric constant and inversely
proportional to the distance between the capacitance plates, a logical solution
would be to etch away the InP material under the contact pads and replace it
with a polymer with a low dielectric constant. Benzocyclobutene (BCB) is one
such polymer with a low dielectric of 2.65 that has been demonstrated to
increase the fpc limit to beyond 10 GHz [67].

The fabrication process outlined in Chapter 3 would remain largely unchanged
for the lasers on the PIC that aren’t undergoing gain switching. However, for
the lasers that will be gain switched (an integrated FP laser for example), a
deep etched ridge will be formed to remove the excess high dielectric InP
layers before being deposited with SiO,. This SIO, layer will help to promote
adhesion of the BCB which will then be deposited onto the deep etched ridge

laser.
(a) (b)
. Epitaxy

. Active Region
B so:

B scs

Figure 9.9: (a) Deep etched waveguide deposited with a layer of SiO,. (b) BCB
is deposited.

The layer of BCB would be etched back until the oxide layer at the top of the
ridge is exposed. Because BCB also has relatively poor adhesion to metal, a
layer of SiO, is deposited onto the BCB. From here the oxide open lithogrophy
would be carried out and a window open etch of the SiO, would be created on
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the ridge and metal would be deposited as described in Chapter 3.

(a) (b)

Epitaxy
Active Region

SiO2

BCB
Metal

Figure 9.10: (a) BCB etched back and SiO; deposited. (b) Oxide open etch
created and metal contact pad deposited.

A process run like this should result in high speed devices by reducing the
capacitance caused by the dielectric constant of InP. A comb source capable of
generating higher frequency combs across a larger bandwidth should ideally
result, allowing the PIC to be more compatible with modern day comb source
networks.

9.3.7 Micro-Transfer Printing

Throughout this thesis the issue of the lossy nature of InP waveguides has
been mentioned and demonstrated. Attempts at biasing InP waveguides at a
high enough current to make them passive but not lase was utilised
throughout this thesis but ultimately resulted in a great loss of power. Due to
its wide optical transparency range, Silicon Photonics has been recognised as a
suitable candidate for waveguides in a PIC. Many methods over the last few
years have been explored in integrating III-V lasers with Si waveguides, with
flip chip bonding being mostly adopted in modern day industry. However, this
process requires a high accuracy of alignment [68]], which in turn makes
it difficult to reduce the cost and scale up production of the resulting chip.

Micro-transfer printing (¢ TP) is an integration technique that allows a
micrometer sized device to be transferred from its native substrate to a target
substrate. In other words, a comb source could be fabricated on an InP
substrate before being transferred and printed to a Si PIC via evanescent
coupling or butt coupling [[70], [71]l. With regards to the lasers designed in
this thesis, the easiest method of integration with a Si PIC is through butt
coupling as this requires fabricating the devices as they are, but replacing the
cleaved facets with etched facets. The device would then be transfer printed

into a Si circuit.
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The primary difference between the epistructure for the fabrication process
described in Chapter 3 and for a TP run is the inclusion of a release layer just
above the substrate layer. Once the device is fabricated, additional etches are
carried out into the sacrificial layer (release layer) surrounding the laser. The
laser is encapsulated with a polymer which is etched into a grid shape in the
region between the device itself and the native substrate.

(a) (b) (c)
Maw
Release Layer

Substrate

B NN

Polymer

Native Substrate Native Substrate

Figure 9.11: (a) Full uTP epistructure depicting the active region, the release
layer and the Native substrate. (b) The fabricated device sitting on the release
layer that has been etched down to the substrate. (c) The fabricated device and
the release layer encapsulated in PR.

This grid shape allows the the release layer to be etched away (or undercut)
while the device is fixed in position by the polymer’s grid shape which now act
as tethers. This is illustrated more clearly in Figure[9.12

Polymer

Active Region

Tethers

Native Substrate Undercut Region

Figure 9.12: The encapsulated polymer is shaped into a grid like structure and
the release layer is undercut. The grid polymer now acts as tethers holding the
device in position.

Once the release layer is etched away, the encapsulated device is ready to be
transfer printed. A polydimethylsiloxane (PDMS) stamp is aligned and
laminated onto the device and is then pulled back at high velocity. This results
in the tethers breaking and the device being picked up by the PDMS stamp.
The device is then aligned and printed to the target by slowly pealing away the
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PDMS stamp while the device is held in position either through van der Waals
forces, or with an adhesive bonding agent [|70].

(a) (b) (c)

B vaw
] romsstamp
‘:‘ Substrate
I I - Polymer
Native Substrate Native Substrate Target Substrate

(a) Ready for uTP (b) Pick up (c) Transfer

Figure 9.13: The encapsulated polymer is shaped into a grid like structure and
the release layer is undercut. The grid polymer now acts as tethers holding the
device in position.

As mentioned, a ;TP device doesn’t rely on the cleaved facets of the
experiments described in this thesis, but would instead rely on etched facets.
Chapter 4 illustrated the experimental comparison between FP lasers where
one end of the cavity is confined by a cleaved facet, an etched facet and a
metal etched facet and the results are a relatively poorer performance in terms
of threshold current and power for lasers with an etched facet. A PIC was
designed to determine if the current comb PICs can generate a comb without
being supported by a cleaved facet and this PIC is illustrated in Figure[9.14
This comb source takes the usual form of a single mode (SM) laser integrated
with a gain switched FP laser. The cavity of the SM laser is confined by a metal
etched facet and an etched facet and the cavity of the FP laser is confined by
the etched facet of the SM laser, but also another etched facet instead of the
usual cleaved facet.

EF Isolation
MEF

| B | T |

FP Section Mirror Section Gain Section

Angled
Waveguide

Figure 9.14: Schematic of device where the comb source is confined by a metal
etched facet and an etched facet.

The device is integrated with an angled waveguide via this second etched facet
which allows the generated light to be measured via a cleaved facet. The
purpose of this angled waveguide is to minimise the reflection caused by the
cleaved facet [59] and therefore ensuring the generated spectra and combs are
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as a result of the cavities supported by the metal etched facet and etched
facets.
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Figure 9.15: Plots of how the generated comb changes as the bias across the
angled waveguide contact decreases.

Each section of the laser was biased to cause lasing and an optical fiber was
coupled to the PIC’s cleaved facet. The biasing of the SM laser was tuned until
it generated a single mode spectra which was then injected into the FP laser
where injection locking occurred. The FP laser was gain switched and a comb
was measured through the cleaved facet while the angled waveguide was
biased at 1 V to make that section passive. The generated comb was then
measured for different biasing through the angled waveguide, where the
voltage was reduced to 0 V and was then reverse biased until 2.5 V with the
comb being measured at intervals of 0.5 V. The results of this are plotted in
Figure[9.15

The generated comb was detectable until a reverse bias across the angled
waveguide of 2.5 V where the maximum power of the comb reached -55 dBm,
the detectable limit of the ANDO OSA. These results demonstrate that a comb
can be generated without cleaved facets and so this design is suitable for yTP
processing.
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