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Abstract

Optoelectronics has the potential to revolutionise mass-produced, consumer-level goods
(health, LiDAR, and 6G internet) as it has done for high-tech, specialised applications in
metrology, spectroscopy, and telecommunications. To achieve this, key components need
to become more structurally robust and easier to manufacture. The index-patterned laser,
using a perturbation-based grating within the cavity waveguide, shows great potential as
a low-cost, single-frequency light source. However, further research and understanding of
the dependence of the device lasing spectrum on the grating perturbations within the cav-
ity is required. This thesis uses a first-order reflection approximation, to allow a Fourier
transform-based analysis of grating patterns and cavity structures to improve single-mode

selectivity and device yield.

We demonstrate how placing the weighted average of the grating perturbation positions
closer to the emitting facet can be used to select the lasing mode more strongly. The per-
turbations interact with the cavity facets to generate modal selection. However, it is not pos-
sible to control the facet-to-grating distance precisely enough to ensure a full yield of single-
frequency lasers at predetermined wavelengths. We show that the phase difference between
the laser light electric field at the perturbations and at the facet can be used to calculate the
emission spectrum. This gives us a method for studying these facet position effects on the
spectrum. In addition to this, we show how the change in the cavity resonances with length
affects mode selection in the device. We analyse for the first time the effects of applying a
high-reflectivity facet to the predominant reflecting facet of the cavity for mode selection.
We also analyse the effects of higher-order reflections not included in our Fourier method,
allowing us to assess its accuracy. The results are supported with a comparison against the
experimental data. The grating pattern, position, and facet reflectivity can be used to create
devices that have greater spectral purity with lower optical loss. Our ability to relate grating
position and mode resonances in the cavity to the calculated device spectrum enables rapid

analysis of grating designs for further potential yield improvements.

Future modelling work could include applying our designed laser to two-dimensional mod-
els with a non-constant refractive index, as this will capture further important device effects

not included in our Fourier model.

vi



Acknowledgements

I would like to start by thanking my supervisors Eoin and Brian. I have learnt so much dur-
ing my Ph.D.. Although not the best place to admit it, Eoin has definitely opened my eyes to
the power of maths. For Brian, this is my second time around working with him, and there

isn’'t anyone better to learn from to make photonic devices.

I would like to thank my colleagues in the photonics theory group. I could not have asked
for a nicer bunch of people to work alongside, and regret that I couldn’t make it to the office
more often! I would also like to thank my colleagues in PIADS. I really enjoyed getting to

know you all and again regret we didn’t spent more time together.

I would also like to thank Brian Kelly and The Team at Eblana Photonics Ltd., for the devices
and experimental testing in this thesis. I would also like to thank Brian for his feedback and

encouragement during the research.

vii



List of abbreviations

AU Arbitary Units

CMOS  Complementary Metal- Oxide-
Semiconductor

D Dimension

DBR Distributed Bragg Reflrctor

DFB Distributed FeedBack

E Electric

E-beam Electron-beam

EM Electro-Magnetic

FWHM  Full Width at Half-Maximum

HW Half-Wavelength

HR High-Reflectivity

LiDAR  Light Detection and Ranging

PIC Photonic Integrated Circuit

Qw Quarter-Wavelength

SCH Separate Confinement Heterostructure

SEM Scanning Electron Microscope

SFP Slotted Fabry-Pérot

SMM Scattering Matrix Method

TE Transverse Electric

TEM Transverse Electro-Magnetic

™ Transverse Magnetic

viii



Physical/mathematical units and
constants

Speed of light € =2.99792458 x 108 m/s
Permittivity of free-space €y = 8.85418781 x 1072 F/m
Permeability of free-space  pp = 1.25663706 x 10~1% N/m?

Planck’s constant h=6.62607015 x 103 Js
Boltzmann constant kg =8.617333262 x 10° JK~!
Elementary charge q=1.60217663 x 10'° C

pi 7 =3.14159265

Euler’s number e=2.71828182

Imaginary unit i=v-1

ix



List of symbols and terms

a

ap, ag

af, ay, @y

Am

Ay Ay,
20/50Aa, Aayy,

Bsp
r

€

n
ni
nr
K

A

Optical loss

Propagation, grating loss

Facet/mirror, uncoated, high-reflectivity coated loss
Modal mirror loss

Mode, selected mode mirror loss modulation
Mode selectivity against a twenty/fifty mode bandwidth,
nearest neighbours

Spontaneous emission factor

Optical confinement factor

Normalised cavity position

Slope efficiency

Current injection efficiency

Radiative efficiency

Grating coupling factor

Wavelength

Erroneous wavelength

Gain-bandwidth FWHM

Fabry-Pérot cavity mode wavelength

Bragg wavelength

Charge density

Phase

Phase position in index-patterned cavity
Radial frequency

W/A

nm or pum
nm or pum
nm or um
nm or pm
nm or um



w(e)

x9,2

Recombination factor
Normalisation factor
Slot-width

Density of states
Electric field amplitude

Energy levels in the valence, conduction, or bandgap
Quasi Fermi energy in the valence or conduction band

Mode energy level
Frequency

Fermi-Dirac occupation probability valence or conduction band

Design function at e

Mode linewidth

Fractional cavity length

Material, modal,

referenced against gain-bandwidth peak gain
Marginal gain

Threshold gain

Design function after cavity weighting at e
Magnetic field strength

Current, current density

Optical intensity

Threshold current

Free-space wavenumber

Cavity length

Cavity length error

Mode number

Chosen mode number

Non-integer off-set mode number
Complex, real, imaginary refractive index
Number of slots

Integer

Single-facet optical power or referenced to 1 mW
Fractional change in power

Q-factor

Amplitude reflectivity, power reflectance
Stimulated recombination rate

Scattering parameter

Side-mode suppression ratio
Temperature

Amplitude transmissivity, power transmittance
Time

Cavity weighting function at €

Cartesian coordinates

pm or nm
eV lcm™2
V/m

eV

eV

eV

Hz

MHz or kHz

A/m

A, A/m?
W/m?

mA

nm - orum-
pm or cm
pm or cm

1 1

mW or dB
mW or dB

dB
Kor°C

nm or ym or cm



Now all the business is out of the way, I would very much like to thank
my girlfriend, Buxropus, for all her support throughout all the writing.
I'would like to thank my family for their support throughout the Ph.D.,
and my father, John. I would like to thank my nieces and nephews for
their "Encouragement" to complete the thesis, after they discovered
that a trip to Shake Dog was lined up to celebrate handing it in. The
extended family as well, thank you for all the extra "Encouragement”,

particularly during the write-up.

The Dilraj gang, Sander and Alexandros, also gets a particular mention,
and I understand they are going to stop for a Dilraj en-route to the

defence. Also, a shout-out to Lola the cat.

I'would like to thank Rory and Conor for the emotional support lunches
over the past few years. Marcus and Donal for the trips to Ginos. The
Madem Bookclub, I would like to point out that I managed not to men-
tion Al or machine learning throughout the entire thesis. The rest of

my non-Cork friends for their support and encouragement.

Xii



Chapter 1

A background to index-patterned

lasers

1.1 Introduction

Optoelectronics is a rapidly growing industry with several challenges. First, there is the con-
tinuous exponential growth in the demand for telecommunications data, which is projected
to continue into the future. An exponential increase in transmitted data also means an expo-
nential increase in power consumption. In Ireland in 2022, 18% of the electricity produced
was consumed by data centres [1], with a significant percentage of the power used just for
cooling for wavelength stability [2, 3]. The increase in data leads to an increase in demand
for higher performance optoelectronic components. There are also many new areas for op-
toelectronics, which further increases demand, e.g., metrology [4], light distance and range
finding (LiDAR) [5], and optical computing [6, 7]. Each of these sectors would benefit from
cost reduction, particularly if one could be achieved similar to that of the complementary
metal-oxide-semiconductor transistor. This would make optoelectronic components feasi-
ble in many more products, especially consumer-level ones with small manufacturing cost

margins.



Chapter 1. A background to index-patterned lasers 2

Our research looks at frequency control of Fabry-Pérot lasers by index-patterning of the de-
vice cavity. Although our research examines these devices from a fundamental 1D approach,
it answers many questions about device operation that will be useful for the immediate de-

velopment of index-patterned lasers.

This chapter covers the background to the index-patterned device and discusses where it
could fit into the developing optoelectronics industry. Sec. 1.2 gives a brief overview of the
device and the current methods used for its design. Sec. 1.3 analyses the state-of-the-art in
terms of index-patterned lasers and the areas of optoelectronics in which it could be used in
the near to medium term (~ 5 years). Sec. 1.4 summarises the goals of this thesis and has a

synopsis of the chapters.
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1.2 Overview of the single-frequency index-patterned laser

Single-frequency semiconductor lasers allow for high-volume data transmission. The high-
frequency and -purity of the light facilitates fast modulation. They can also emit light at at
the low optical loss windows for fibre-optic glass, facilitating data transmission over long
distances [8]. The index-patterned laser is a single-frequency edge-emitting semiconductor
laser. It is typically made by etching a sequence of slots into the waveguide ridge of a Fabry-
Pérot cavity; hence it is also known as a slotted Fabry-Pérot (SFP) laser. The slot reduces
the refractive index locally, as the light in the cavity extends into the air gap in the slot. The
index-patterned grating can be designed to favour one Fabry-Pérot mode for lasing, creating
a single-frequency laser from a multi-mode cavity. Modes are set wavelengths supported by
the cavity resonances. The distance between the slots and the cavity facets is a key aspect of
performance and yield, since it is impossible to control to the nanometre scale required to
interact with the wave at a specific phase. Index-patterned gratings are applicable to any typ-
ical device length and wavelength. The perturbations do not have to be slots; any controlled

reduction in the refractive index for a known length of cavity will suffice.

Fig. 1.1 is an outline of the index-patterned laser that includes some of its vertical struc-
ture detail. The diagram shows the light in the cavity extending into, and interacting with,
the slots in the ridge. Most of the mode energy is contained between the cladding layers,
which means that the Fabry-Pérot mode is perturbed by the slots. The cladding layers have
a lower refractive index to vertically confine light to the gain section. The gain section is the
semiconductor layers that generate the light in the laser. In our devices, the gain section is
quantum well based. Quantum wells are nanometre-thickness layers that confine the car-
riers in a semiconductor for efficient recombination and light emission. The carriers in a
semiconductor material are electrons and holes. A hole is the absence of an electron in the

structure.
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Light extending

from gain region Slots Ridge

Cladding

Gain section

FIGURE 1.1: Diagram of the general structure of an index-patterned
Fabry-Pérot laser. The gain section contains both quantum wells and
barriers to contain them.

Fig. 1.2 [9] shows scanning electron microscope (SEM) images of an index-patterned laser,
similar to the device we use. Panel a) has a top-down image centred on the grating structure
of the device, panel b) shows a waveguide slot perturbation, and panel c) an in-plane view of

aslotin aridge.

The index-patterned laser can be made with a high side-mode suppression ratio (SMSR) (>
50 dB) [10]. SMSR is the ratio of the power in the lasing mode to the next-highest mode power
in the device spectrum. They can be made to have a low-linewidth (100 — 400 kHz) [11, 12].
Linewidth is the full width at half-maximum (FWHM) frequency span of the lasing mode.
They can be made with high output power (> 200 mW) [4]. Any of the power, linewidth,
or SMSR parameters can be enhanced by changing the cavity design. For increased power,
you have a longer and wider cavity. For a lower linewidth, increase the cavity length. For
increased SMSR, you add additional slots. However, there is a trade-off for each of these
parameters, particularly in terms of slots introducing optical loss. Much of the focus of our
research will be on improving the SMSR of the device while keeping the number of slots in
the cavity constant. Device wavelength can be tuned by changing the refractive index of
the cavity, particularly the contrast of the refractive index steps in the grating. However, our

research is based on devices operating at one set wavelength [13, 14].
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50 pm ———

SEMI

FIGURE 1.2: SEM images of an index-patterned laser device [9], a) top-down
view of grating, b) slot profile, c) in-plane view of ridge slot.

Four general approaches have been used to design index-patterned gratings. The initial ap-
proach was based on a sub-cavity model of the grating, i.e., the perturbations create a sys-
tem of interlinked weak Fabry-Pérot cavities within the device [15, 16, 17, 18]. This approach
captures the physics of the device well, but does not prescribe the position of slots beyond
having them at points of resonance with the chosen mode; iterative design methods have
been used to overcome this. The Bragg equations can also be used [19], setting the pitch of
the grating for mode selection. This method does not capture reflections between the grating
and the Fabry-Pérot facets naturally and is often used as a starting point for an iterative nu-
merical optimisation routine [20]. There are also purely numerical approaches [21, 22, 23].
Each of these approaches can develop effective gratings; however, the sub-cavity and Bragg
approach have a limited number of positions that slots can be placed in, and numerical ap-
proaches can often develop seemingly random gratings whose design principles are difficult

to understand.
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The approach we use is based on the Fourier methods reported in Ref. [24]. It uses weight-
ing functions to control the density of slots along the cavity for design and is an extension
of the sub-cavity model approach. We treat the laser cavity electromagnetic field (EM-field)
modes as ideal plane waves around a selected single mode [25, 26]. Changing the weight-
ing function changes the slot distribution and hence the modal envelope of the spectrum.
We can move forward and back between the cavity real-space structure and the wavelength
spectrum using Fourier transforms. We use index perturbations in the grating and, therefore,
just the primary reflections between the perturbations and the cavity facets for the Fourier

transform, ignoring reflections between the perturbations.

The iterative numerical approaches are likely to give the best device results, compared to our
Fourier-based method, given the computer’s ability to search grating parameters to maximise
performance. The goal of our research is to analyse how making specific changes to an index-
patterned laser cavity changes the device spectrum and to draw conclusions about how the
device operates from this. Although the Fourier approach does not necessarily generate the
highest performance gratings, the fact that it is based on simple analytical equations makes
the results easier to interpret and calculations quick to make. The Fourier method does not
exclude the use of numerical optimisation routines after the initial grating design; however,
this is beyond the scope of our research. We will use the Fourier approach to design gratings

for real devices to compare with the theoretical results.

A major challenge to the continued development of the photonics industry is the manufac-
turing cost. Very low-cost mass-produced photonic chips would open up many new possi-
bilities for the industry, e.g., environment sensors and affordable virtual reality headsets. The
index-patterned laser is a simple device, which does not require many more manufacturing
steps than a Fabry-Pérot laser [27, 28, 29, 30]. As the slot sizes can be relatively large (~ 1 um),
an index-patterned grating can be made using photolithography [31, 32], which is a low-cost
process. Index-patterned lasers avoid using regrowth, which grows layers of semiconductor
material on a wafer after etching and is expensive. The index-patterned grating is high-order.
Grating order is the number of half-wavelengths between repetitions of the refractive index

step layers.
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Gratings in competing edge-emitting lasers are mostly made with Bragg mirrors, using re-
growth. Bragg mirrors are ideally first-order gratings, i.e., a stack of quarter-wavelength thick-
ness layers (~ 120 nm at 1550 nm) of contrasting refractive index. Structures of this size re-
quire E-beam etching, which is more expensive than photolithography. First-order gratings
are more difficult to make [33, 34, 35], particularly for short-wavelength devices [36, 37]. Re-
growth also creates interfaces of contrasting semiconductor materials that are susceptible to
optical loss, heating, and failure [38]. The size of the refractive index step layers also makes

them more delicate structures in terms of the reliability of the device [27].
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1.3 The state-of-the-art in index-patterned lasers

The index-patterned laser is uniquely positioned in terms of the development of silicon pho-
tonics. Silicon is a low-cost material with low optical loss and high optical confinement, mak-
ing it a good substrate to integrate with high-gain III-V materials [39, 40]. An index-patterned
grating can be created by etching a silicon waveguide, and coupling the cavity to a high-gain
material [37, 41]. There are emerging overlaps between index-patterned lasers and Bragg-
based devices in silicon photonics. Bragg mirrors are often used as device facets to provide
large reflections; an index-patterned grating could be incorporated into this configuration
to improve modal selection [36]. Also, an index-patterned laser with non-perturbation slots
in the waveguide would be undergoing significant Bragg reflections and could potentially be

designed to work without cavity facets [42, 43].

Index-patterned lasers are useful for non-thermally controlled operation [44, 45]. The main
issue with heating in laser operation is the shifting of the gain-bandwidth peak. The gain-
bandwidth is the frequency range for which the gain that a mode receives is within 3 dB of
the maximum spectral gain. The index-patterned laser can be designed to have strong modal
selection against modes far from the selected mode (~ 50 modes), meaning the device will
continue to lase on the selected mode even with a large change in the position of the gain-
bandwidth peak. In the high-power laser space, lower optical loss and a wide modal selection
bandwidth make the index-patterned laser an attractive option for single-frequency lasing

[20, 26, 28].

Quantum dot materials have gain sites in their structures that are restricted in three dimen-
sions to nanometres. Quantum dot devices have many qualities similar to index-patterned
lasers, which could be enhanced by combining the two, i.e., they are resistant to back reflec-
tions and thermal drift, are low-linewidth, and have broadband modulation properties [46,
47, 48, 49, 50, 11, 12]. Index-patterned lasers are uniquely positioned for the development
of quantum dot devices, as their gratings show potential to be able to select single modes
in long-cavity devices with narrow modal spacing in the spectrum, which low-gain quan-
tum dot devices require. Fig. 1.3 a) shows a diagram of an index-patterned grating hetero-
geneously integrated with quantum dot gain material. Fig. 1.3 b) and c¢) show SEMs of the

grating structure.
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Pre-patterned SOl Template

(@)

Homoepitaxial
Si Growth
4

4
™\ Embedded Si Gratings

FIGURE 1.3: Example of a quantum-dot device on a silicon substrate using
an index-patterned approach to single-mode lasing [37].

Many future developments for index-patterned lasers will harness more of their spectral and
dynamic properties [51, 52]. For their transmission possibilities alone, optical frequency
combs are a significant development in optoelectronics. Optical modes can be split into
multiple carrier signals, offering an order of magnitude increase in transmission rates. There
are many methods to create optical combs; one of the most straightforward ways is to mod-
ulate an index-patterned laser device [40, 53]. The index-patterned device has also recently
been shown to have potential for the generation of solitons [54], the generation of random
values for cryptography [55, 56], and the generation of terahertz and microwave signals [57,
58]. Each of the properties are related to the unique EM-field profiles in the cavities of index-
patterned lasers. In addition to selecting a lasing mode, the Fourier approach allows for a
level of control to sculpt the mode profile of the spectrum of the laser and hence the EM-
field of the cavity. There is also a useful potential application of using slots or perturbations to
feedback selected frequencies and phases into the cavity to suppress some of the unwanted

spectral noise in the lasing mode [59].
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1.4 Objectives for this thesis

The aim of this thesis is to use Fourier methods to analyse how slot position and cavity length
affect the spectrum and performance of the index-patterned laser. We will look to further es-
tablish the Fourier method for modelling index-patterned lasers, as prior to this it has only
been used to model ideal cavities. We aim to contrast our Fourier-modelled results with ex-
perimental SMSR and lasing wavelength. We also wish to examine the experimental impact
of grating changes to: threshold current, I,;, single-facet output power, P, slope efficiency,
7, and grating loss, ag. The threshold current is the forward bias current of the laser required
for it to begin lasing. Slope efficiency is the rate at which the output power changes as the

current increases, when the device is lasing [60].

SMSR is the device parameter that we are particularly looking to improve with grating changes.
The maximum SMSR is a gauge as to how well the lasing mode is selected, and the distribu-
tion of SMSR with lasing wavelength is a gauge of how resistant a grating design is to grating-
facet phase effects. Improved modal selectivity will also reduce the threshold current of a
laser device and improve the thermal stability of the laser. We partnered with Eblana Pho-
tonics Ltd. [61], to develop and test real devices. We used their device production runs to

implement our Fourier designs.

This thesis has six following chapters. Ch. 2 will introduce the underlying physics involved
in a laser device; it will describe a Fabry-Pérot cavity and the fundamentals of a scattering

matrix.

Ch. 3 will introduce the engineering and mathematics involved in creating a single-mode
laser, with the main focus on the index-patterned device. We will give a summary of the
competing distributed feedback (DFB) and distributed Bragg reflector (DBR) laser and how
the Bragg mirrors on which they are based operate. We will directly compare the DFB and
the index-patterned laser for grating loss. There is also a description of the scattering matrix

method algorithm that we use to benchmark our Fourier calculation.

Ch. 4 analyses our Fourier modelling results, where we changed the grating patterns in the
device to see how this changed the modelled modal mirror gain threshold spectrum. We will

also move the grating position in the cavity to see how this changes the mode selection.
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Ch. 5 will analyse the experimental results of our designs for uncoated facets, with supple-
mentary modelling. Here, we will see how changing the device pattern affects real device
performance. We will analyse the effect of not having ideal cavity resonances on mode selec-

tion from the grating. We will also look at how optical loss varies between grating designs.

Ch. 6 will analyse the effect of applying a high-reflectivity (HR) coating to an index-patterned
device cavity, both theoretically and experimentally. We will also look at the effect of HR
coating on optical loss from the gratings and how slot etch depth affects the SMSR of the

index-patterned laser.

Ch. 7 will provide a summary of the thesis and discuss the future directions of this research.



Chapter 2

The fundamentals of edge-emitting

semiconductor lasers

2.1 Introduction

This chapter will discuss the core concepts behind the operation of edge-emitting semicon-
ductor lasers, including a 1D model of light in a waveguide. In Sec. 2.3 we discuss semicon-
ductor materials and particularly light generation and lasing processes in them. In Sec. 2.4 we
discuss complex refractive index, i.e., real refractive index together with loss/gain. In Sec. 2.2
we will see how an abrupt change in refractive index can lead to reflectivity and how this de-
velops to mirror loss from the cavity. Mirror loss quantifies the optical power emitted from
the facets of the laser. In Sec. 2.5, we analyse the 1D wave mode solutions to the EM-field
equations in waveguides. Sec. 2.6 will discuss the topic of modes in more detail. Sec. 2.7 will
describe a 1D model for the Fabry-Pérot laser cavity. In Sec. 2.8 we will look at the scattering
matrix, which is the basis for the semi-analytical scattering matrix method (SMM) that we

use to benchmark the Fourier calculations against.

12
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The main goal of this chapter is to describe a semiconductor laser, waveguiding in the laser
cavity producing modes, that we then approximate as 1D electric field (E-field) plane waves.
As optoelectronic semiconductor materials are typically non-ferromagnetic, we can assume
that magnetic permeability is the same as in free-space, and therefore we only consider the
E-field portion of the EM-field. The fact that we can use 1D plane waves to describe Fabry-
Pérot modes allows us to use a Fourier approach. The scattering matrix is a more general

tool that we also use to calculate the E-field in laser devices.
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2.2 Semiconductor lasing

In solids, the atomic energy levels of constituent atoms can overlap forming bands of al-
lowed, and bandgaps of disallowed energies for electrons. The Fermi level, E ) is the highest
occupied energy level of an electron in this band structure at absolute zero. In metals, the
Fermi level lies within one of the bands. In an insulator, the Fermi level lies within a bandgap.
In a semiconductor, the Fermi energy level lies in a bandgap but close enough to the band
edges that electrons can be excited to transition between the bands by the ambient thermal
energy [62]. We can also note that typically semiconductors consist of highly ordered crystal
structures. For an electron, the bands below the Fermi level are the valence bands and above
are the conduction bands. Semiconductors in the excited state, i.e., optical or electrically en-
ergised, are often described using a separate quasi-Fermi level for the valence band, Ey,, and
conduction band, Ey,. f, and f; are the occupation probabilities under quasi-equilibrium

conditions for the valence and conduction bands

1
fo= T 2.1)
1+exp( T )
o= ! (2.2)
c— EC—EC . .
1+exp(TTf)

E, and E_ is the respective valence or conduction band energy, kp is Boltzmann’s constant
and T is ambient temperature. AEy is the difference between the quasi-Fermi levels. Without
additional electrons or holes being added to the structure, i.e., in the non-excited state, the
conduction band is mostly empty and the valence band is mostly full of electrons at room

temperature in an n-type semiconductor.
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Ambient thermal energy can excite and electron from the valence band to the conduction
band, leaving an empty state in the valence band, i.e., a hole. Over time the electron will dis-
sipate energy and fall back into the valance band, recombining with a hole. An equilibrium is
established between thermal excitation and recombination. Photon generation uses a direct
bandgap semiconductor. In a direct bandgap semiconductor the energy maximum of the
valence and the energy minimum of the conduction band have the same momentum vector,
facilitating photon interactions with carrier generation and recombination. The energy of
the photon emitted is the difference of the two recombining carriers. This produces light of

a frequency, f,

E.—E,=hf, (2.3)

where h is Planck’s constant. In a laser, the semiconductor material is engineered to improve
the efficiency of light generation. Photon generation can be increased by bringing a region
doped with excess electron donors, "n-type", beside a region doped with excess hole donors,
"p-type". Fig. 2.1 a) shows such a structure, the pn homojunction. At the boundary of these
two regions, a high concentration of holes and electrons will be in close proximity to each
other. When a voltage is applied to the semiconductor, electrons traverse the boundary for

recombination and vice-versa for holes.
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p-type

a)

Conduction

Valence

FIGURE 2.1: a) pn homojunction diode, b) separate confinement
heterostructure [63].

Typically additional energy steps for carriers are added to the structure to further restrict
them to a region of high concentration, Fig. 2.1. Quantum wells are the most significant of
these structures. Quantum wells are thin layers on the scale of the de Broglie wavelength of
the carriers in thickness, ~ 10 nm [64]. They have high energy steps to the surrounding bar-
rier layers, Fig. 2.2 a). Confining carriers to this scale can also prevent an increase in density
of states, D, with increasing energy. The density of states is the number of states a system has
per unit energy. By preventing an increase in available states as voltage is increased into to
the gain region of the device, Fig. 2.2 b) — c), a high concentration of carriers can be main-

tained. The density of states for energies in the bandgap, Eg, is zero.

Fig. 2.2 b) shows the refractive index profile of a pn separate confinement heterostructure
(SCH). This consists of the refractive index for the quantum wells, the barriers and the cladding,
as well as a surrounding region of graded refractive index (GRIN) to enhance the photon con-

finement to the gain section.
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FIGURE 2.2: a) semiconductor layers around the active region of the laser, b)
an example of the refractive index profile of the structure, c) density of states
bulk material, d) density of states quantum wells [65].
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Absorption occurs when a photon excites an electron from the valence band to the con-
duction band. An electron and hole can spontaneously recombine, producing a photon of
random direction, phase, and frequency within the gain-bandwidth of the laser. The gain-
bandwidth is the frequency range where gain is is within 3 dB of the maximum gain value. A
photon can also stimulate an electron and hole into recombining, producing a photon with
matching direction, phase, and frequency. Carriers can be provided for stimulated emission

by applying a bias current/voltage to the semiconductor. We get net gain when

feQ=fu)> -1, (2.4)

or alternatively

AEf > hf. (2.5)

This is the Bernard-Duraffourg condition for population inversion [66]. Population inversion
occurs when there is a higher population of electrons in the conduction band than the va-
lence band in the quantum well, and is a requirement for lasing. Lasing occurs in a cavity
when stimulated and spontaneous emission match the losses in the cavity. There is also a
frequency/energy dependency of gain/loss due to carriers being more (or less) likely to re-

combine for a given photon energy, due both to the energy dependence of f. — f,.
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2.3 Complex refractive index
The real, n, and imaginary, i n’, are the two parts of the complex refractive index, 7;
i=n+in'. (2.6)

The use of the complex refractive index allows for a straightforward calculation of the E-field
vectors. The real part of refractive index quantifies variation in the rate of change of phase of
a light wave in a material compared to a vacuum. The imaginary refractive index quantifies
the change in amplitude as the wave travels through the material. Material gain, g, is an

increase in E-field per unit length of propagation [67], and propagation loss, ), its decrease.

Propagation loss mostly consists of the photon energy absorbed by the material through re-
combination being dissipated into the semiconductor structure through vibrations called
phonons, as well as scattering from the sidewalls of the waveguide. Material gain can be

related to our imaginary refractive index as

o = Map-Tg)

o 2.7)

I'g is the gain a specific mode receives, allowing for how much it overlaps the quantum wells,

I.

An intuitive way to think about semiconductors is to think about the negatively charged elec-
trons in the electronic shells around the crystal structure as mass-on-spring oscillators with
the positive crystal centres of the constituent atoms [68, 69]. An input optical E-field will
oscillate the electrons. As each electron oscillates, it generates its own E-field, travelling in
the same direction as the inbound light. Electrons in the previous path of the light are al-
ready oscillating, opposing return movement. In this way, light travels forward through the
semiconductor as internal E-fields within its structure. The interaction of the light with the
material slows its progress through the structure by a factor, n. Light of different frequency
interacts more (or less) strongly with a material as the mass-on-spring oscillator has its own
natural resonance frequencies. The change in real refractive index with frequency is known

as dispersion, n(A).
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When modelling our laser devices we ignore the effects of dispersion. The AlGalnAs gain, and
InP substrate layers we experimentally develop our gratings on in Ch. 5 and Ch. 6 [29], have
small dispersion effects in the 1500 — 1600 nm range [70, 71]. Including dispersion would

increase the complexity of the calculation and not significantly improve its accuracy.

For the imaginary part of refractive index, gain and loss do vary significantly with wavelength
in quantum well devices, so the imaginary refractive index is allowed to vary with wavelength
when included. Loss/gain and refractive index are also approximated to be constant along
the cavity; however, they can vary significantly in a real cavity from carrier injection, local
heating, and changing optical field intensity. Although these are significant effects, we have,
at least initially, chosen to study bare cavity dimensional effects, ignoring these additional
material effects. The imaginary refractive index is positive value for extinction and negative

for gain.
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2.4 Reflectivity and mirror loss

When there is an abrupt change in refractive index, the forward and reverse fields no longer
cancel between the two side-by-side electron crystal centre oscillators, meaning a portion of
the E-field is returned in the reverse direction, i.e. reflected. The ratio of the amplitude of the
E-field reflected at a boundary, r, can be directly related to the real refractive index of the two

materials on either side of the boundary

_m-m (2.8)
Il1+l’l2’ ’

where n, is the real refractive index of the material in which the light is in, and n, is for the
material it is entering. When the real refractive index is higher in the material into which the
light is entering, the reflected wave undergoes a phase shift of z. This occurs because the
net phase of incident, transmitted, and reflected waves must be maintained at the dielectric
boundary according to Maxwell’s equations [72]. We can convert amplitude reflectivity to

power reflectance by squaring the value, R = r2.

At the facets of the cavity, a portion of the light is reflected back into the cavity, and the rest
is lost from the system. This is known as mirror or facet loss, a . The mirror loss per unit

length of a cavity of length L is

ar= %ln(rllrr), (2.9)

where rj;, is the reflectivity of the left/right cavity facet. Mirror loss can be modified by

changing the cavity length or facet reflectivities.
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2.5 The waveguide

An optical waveguide is a structure that confines and allows the transmission of light with
low power loss. Semiconductor materials can naturally form good optical waveguides. They
can exhibit low power loss at optical frequencies and can be tailored to have a wide variation
of refractive indices. This allows for large refractive index step boundaries between different
material or materials and the surrounding free-space. A strip of semiconductor material can
form a waveguide by containing light through total internal reflection, Fig. 2.3. The semicon-
ductor waveguide is an important structure in our research, since cleaving facets at the end

of the structure can form a Fabry-Pérot cavity for lasing, Sec. 2.7 and Fig. 2.3.

For light to be contained efficiently in a waveguide, it forms a standing wave that meets the
boundary conditions imposed by the waveguide. The boundary is the sharp refractive index
step formed at the edge of the waveguide, X and j in Fig. 2.3. In an ideal, totally confining

waveguide, the boundary conditions are [73, 74]

El =0, (2.10)

at=o, 2.11)

where E! is the E-field vector (£) parallel to the boundary and A~ is the magnetic field

strength vector () perpendicular to the boundary.
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FIGURE 2.3: a) Coordinate system used in this thesis with a 1D sinusoidal
E-field to approximate a mode in the waveguide. E-field oscillates
transversely to the growth direction of the semiconductor, i.e. a TE mode.
Semiconductor layers extend in the X direction. b) In-plane TE mode

meeting the boundary conditions.
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E-fields are described by Maxwell’s equations. Maxwell’s equations are accurate in what they
describe, but, as coupled partial differential equations, they are computationally difficult
to calculate. This is particularly true for high-frequency optical waves in micrometre-scale
structures, where many calculation steps are required. Using boundary conditions, the E-
field in a cavity can be distilled into a superposition of plane waves. Maxwell’s equations for

EM-fields in a dielectric material are [73, 75]

VxB=—py ol 2.12)
X E=—uy— .
Ho or’
~ . o OF
VxH=]+n%€y—, (2.13)
ot
vi=F (2.14)
€0
V.H=0, (2.15)

€o and g are the permittivity and permeability of free-space, respectively; J is the current
density and p is the charge density. Assuming a perfect dielectric, the current density and

charge density can be set to zero.
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To further simplify, we assume our waveguide is surrounded by free-space on all sides, n =1
in Fig. 2.3. In a real device, this is not the case, where a waveguide is formed by a ridge on a
substrate semiconductor. Applying the curl operator to Eq. 2.12

0’E

Vx(VxE)=— w(ﬁ)—— ’eg—
=—Ho ar )~ Ho 052

(2.16)

To simplify Eq. 2.16 further, we can use the vector identity V x (V x A) = V.(V.A) — V2 A, where

Ais any vector. This gives us

V2E = e ﬁzaZ_E, 2.17)
ar?
or for a TE polarised wave travelling parallel to the Z-axis
?E 1?0°E
— = (2.18)

8z2 2 012’

1
Vel

means that we can use a plane wave solution to this equation to describe the E-field oscilla-

where c is the speed of light and ¢ = . This meets the wave equation criteria, which

tions [64]

E(z,t) = Eyexp (i(fikz — wt)), (2.19)

where E(z, t) is the B-field vector at the point z at time ¢, Eo is the initial E-field vector at the

origin (z = 0 and t = 0), k is the free-space wavenumber (k = 27”, where A is the free-space

wavelength), and w is the radial frequency of light (w = 2£¢).
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Another useful simplification is that our study of laser devices only involves their operation
in the steady-state, which means that we can neglect the time dependency of the wave and

only allow it to oscillate in 2

E(z) = Eyexp(iiikz). (2.20)

We can separate the real and imaginary parts in Eq. 2.20, highlighting the oscillating compo-

nent and the gain/loss component

E(2) = Eyexp(inkz) exp(-n'kz). (2.21)

The 1D plane wave equation can be used to model the index-patterned device; using the
complex refractive index to include loss/gain and real refractive index changes to model the
device structure. In our modelling we will treat modes as 1D plane wave solutions to the

E-field of the cavity.
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2.6 Modes

In terms of a laser cavity, modes form both longitudinally and transversely, and we will dis-
cuss the two aspects separately. Modes can be thought of as allowed energy states or wave-
lengths of the cavity resonator [76]. Ideally, a mode is orthogonal to the other modes in the
cavity, i.e., they are independent of each other [77]. This is an important justification for

using the Fourier-transform approach to model the resonator.

2.6.1 Longitudinal

For modes to form in the longitudinal extent, Z in Fig. 2.3, the light wave traverses the length
of the cavity and reflects under phase inversion at the facet. When a wave has an antinode
at both facets, it is preferred over a wave that does not. This creates the half-wave resonance

condition for the allowed modes

Am = —, (2.22)

where m is the mode number and 1,, is the free-space wavelength of the mode. This equa-
tion also demonstrates the dependence of lasing wavelength on cavity refractive index. The
forward and reverse waves will have a & phase separation between them, as there must be
a 27 phase shift after one whole round trip for a mode to form. The mode is the sum of the
forward and reverse travelling E-field waves. As longitudinal modes can form over the cavity
length, which is many times the wavelength of the light, they can be approximated relatively
accurately by a plane wave. In our model, there is one standing wave for each mode in the
resonator cavity. In real devices, there is a narrow frequency band of wavelengths due to the
span of wavelengths the resonator cavity can maintain around the mode central frequency,

i.e., cold-cavity linewidth.



Chapter 2. The fundamentals of edge-emitting semiconductor lasers 28

Modes are not constantly spaced in terms of wavelength [78]

/12

A =——,
2Ln(A)

(2.23)

but are in terms of energy. The energy spacing between two modes in the cavity, AEp, can

be calculated by multiplying the minimum energy of a resonator mode, 2%, by the integer
difference, Ap, between the two modes
AEa, = Ap2E (2.24)
A =8P '

When a mode receives sufficient gain, it lases; changing the structure of the mode. Coherent
stimulated emission interactions begin to dominate over incoherent spontaneous emission
in the cavity, and the mode narrows. The increase in gain with carrier concentration also
causes an exponential increase in the amplitude of the mode over the background sponta-
neous emission in the spectrum. A mode couples two systems together; the E-fields of the
oscillating electrons in the gain material and the E-field of the light in the optical cavity [68,

79].

2.6.2 Transverse

Optical cavities also have modal components in the transverse X and y directions, Fig. 2.3.
They tend to be best described by EM-field distributions, as they are spatially restricted [74],
but still have the half-wave resonance condition. The defined waveguide structure gives the
transverse modes of the waveguide well-defined patterns, intensity profiles, and consistent

phase. [75].



Chapter 2. The fundamentals of edge-emitting semiconductor lasers 29

Vertically, y in Fig. 2.3, it is mostly the semiconductor layers, with many refractive index
boundaries for reflection, that offer tight confinement. As the gain section in a quantum
well-based device is narrow (< 100 nm) [38], good overlap between the lasing mode and the
quantum wells is vital for operation. In the ridge waveguide structure on which our devices
will be experimentally implemented, semiconductor material is etched away on either side
of the cavity, leaving the waveguide surrounded by free-space for lateral mode confinement.
The lateral structure does not have the same spatial restrictions and does not require the
same level of confinement as the vertical structure. The lateral structure also provides some

confinement for the vertical extent of the mode.

Most optoelectronic devices are designed to have one spatial mode. This is usually the pri-
mary transverse electric (TE) mode, where the E-field oscillates transverse to the semicon-
ductor growth direction, % in Fig. 2.3. In the transverse magnetic (TM) mode, the E-field
oscillations are in-line with the growth direction of the semiconductor layers, y in Fig. 2.3
and Fig. 2.2. Devices are more likely to be TE, as the gain the TE mode receives tends to be
higher than that of the TM in lattice-matched and compressively strained quantum wells,

and also the TE mode reflects more efficiently at the cavity facets [75, 80].

We can handle variations in the transverse structure of the device by changing the refrac-
tive index in our model. This is known as the effective refractive index and accounts for
the change in complex refractive index a mode experiences in a cavity due to the transverse
mode shape in the cavity waveguide. A large portion of this effect is determined by how much
the mode interacts with the free-space around the waveguide. This allows us to compress the
3D-space of the waveguide to 1D. Effective refractive index changes in the structure/interface

can be calculated with 2D or 3D modelling software or direct measurements of real devices.
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2.7 The Fabry-Pérot laser cavity model

Index-patterned lasers are created by perturbing the modes in a Fabry-Pérot cavity laser. A
Fabry-Pérot resonator is formed by two reflecting surfaces directly opposite each other and
a relatively lossless medium between them. Our laser device consists of a strip of waveguide
with the refractive index step on each end providing the reflective surfaces. The waveguide

structure acts as a confining medium for light in the % and y directions.

«— Et—» > té'a'
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FIGURE 2.4: Diagram of a Fabry-Pérot resonator, showing a cavity of set
complex refractive index, spontaneous emission of a E-field (black arrows),
reflectivity feedback (red arrow), and emission from the cavity (blue arrow).

We can see in Fig. 2.4 a diagram of our model for a Fabry-Pérot cavity laser, showing a con-
stant complex refractive index along the cavity. The total loss per unit length, «, that the

E-field can experience in the cavity is the sum of the propagation loss and the mirror loss

a=aptay. (2.25)

For a Fabry-Pérot cavity to lase, sufficient gain must be applied to overcome the optical losses

of the cavity.
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In a laser cavity, the mode spacing is inversely proportional to the cavity length, Eq. 2.22.
In short vertical-cavity lasers, mode spacing can be sufficiently large for only one mode to
be at a high spectral-gain wavelength for lasing. In edge-emitting lasers, with relatively long
cavities, the mode spacing is narrow, resulting in several modes lasing. To overcome this, typ-
ically a wavelength dependence for r is developed in the cavity using a grating, i.e., mirror
reflectivity. In the index-patterned laser we do this by changing the effective refractive in-
dex of small sections of a Fabry-Pérot laser cavity, to change the reflectivity the Fabry-Pérot

modes experience.
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2.8 The scattering matrix

To model a single-mode laser, complicated 1D optical cavities containing gratings can be
broken down into a series of sub-cavities. We model loss/gain, reflection, and phase change

is the sub-cavity using a complex plane, Fig. 2.5.

Im, phase,

E(z) = Eo exp(ikz)

» Re, amplitude

FIGURE 2.5: Complex plane for an E-field plane wave.

Each sub-cavity can be mathematically represented by a 2 x 2 matrix. Each element in the
matrix multiplies the input and output travelling wave vectors, Fig. 2.6 and Eq. 2.26. A basic
optical unit, e.g., a section of waveguide, can be viewed as three cascaded scattering blocks,

two dielectric interfaces at either end, and one transmission line between, Fig. 2.6.

LS@C
B L B2
E; E E E;
Free-space i=n+in' Free-space
1 So1 S22 >
Port 1 Al r2 Port 2
- S S12

FIGURE 2.6: Scattering matrix model for one optical unit, with its matrix
representation in Eq. 2.26.
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There are several ways to mathematically formulate this idea. The scattering matrix is the
particular formulation that we use. The competing transfer matrix approach becomes nu-
merically unstable for large systems in the presence of evanescent modes due to the coex-
istence of exponentially decaying and growing waves [81]. The scattering matrix relates the
incoming and outgoing E-field vectors [64]

Er Su S| |Ef

= ) (2.26)
E; So1 So E;

where El* is the complex value of an input E-field vector, Ef is the reflected value, E; is the

transmitted value and EZ_ is an input value at the other end of the structure, often set to zero.

Calculating each layer in a background free-space, along with relating the external E-field
vectors on each side of the structure, makes the layers symmetric. This means that the
loss/gain or reflection experienced by the forward and reverse propagating waves in a section
of waveguide are the same [82], halving the number of calculations required. For the value

returned from the left input of the scattering block (El‘ )

1212 exp(—2ifikLsec)

Sni=-n+ (2.27)

1-rirexp(—=2ifikLsec)’

where t = V1 -2, and L, is the length of the waveguide section. Using the symmetry of

our formulation

S11 = S22. (2.28)

For the transmitted E-field through the block (]’3"5r )

(2.29)

S = ttrexp(—ifitkLgec)
AT R exp(—2ifikLgec)’

and, using symmetry

S21 = S12. (2.30)

We can then multiply the scattering matrices of a sequence of optical sections to model com-

plicated optical structures. This allows for controlled design and study.
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2.9 Discussion

Initially we looked at the processes for light generation in a semiconductor and how light
interacting with a semiconductor material slows its progress. We then saw how light confined
in a waveguide can form 1D waves from Maxwell’s equations, and how these 1D waves are the
basis for plane wave modes in an optical cavity. Most of the light in a cavity is in a frequency
space localised around the mode centres. If we can calculate what happens to light around
the mode centres (+ ~ 1 pm), we will understand what happens to most of the light in the
cavity. This will significantly reduce the number of calculations required to model the E-field
of a cavity and simplify our analysis of the index-patterned structures. The Fourier analysis
approach is based on the modification of the plane wave modes of the Fabry-Pérot resonator.
We also saw how the concepts of plane waves in the Fabry-Pérot cavity can be extended to

describe more complex optical structures using the scattering matrix.

It is important to note that we are missing some of the physical details of waveguide struc-
tures by reducing the 3D EM-field to 1D plane waves. We only partially capture these ef-
fects with an effective refractive index. There are advantages to 1D modelling, as it allows
the study of specific effects of changing refractive index layers in the Z direction without the
added complexity and computation time of changing structure in the X and j directions. 1D
calculations are orders of magnitude faster than 2D/3D calculations, particularly when we
base our calculations on mode centres. This allows for a much greater variety of structures

to be analysed in our modelling.

In the next chapter, we develop our Fourier model for index-patterned lasers using plane
wave modes. We will also develop the SMM modelling approach, which multiplies together
individual scattering matrices to model complete optical structures. We will compare both

methods, and the SMM will be used to analyse Bragg mirror-based devices.
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Single-frequency lasers

3.1 Introduction

The first half of this chapter will describe both how the index-patterned laser works and our
Fourier approach to modelling it. In Sec. 3.2.1 we explain our reflection model for an in-
dividual slot. In Sec. 3.2.2 we describe how positioning a slot in a waveguide can be used
to select a lasing wavelength. In Sec. 3.2.3 we describe our design approach, where we use
weighting functions to control the density of slots along the cavity. In Sec. 3.2.4 we will de-
scribe the Fourier mirror threshold gain calculation. In Sec. 3.2.5 we analyse the importance
of the slot-width on the mirror gain spectrum using the Fourier model. Sec. 3.3 will describe
our scattering matrix method (SMM) model and the algorithm we use to calculate the modal

mirror threshold spectrum.

In the second half of the chapter, we describe how competing single-frequency edge-emitting
devices function. Sec. 3.4 will describe the principle of operation of Bragg mirrors. We then
analyse how laser types based on Bragg mirrors generate single lasing modes. In Sec. 3.4.2 we
discuss the distributed feedback laser (DFB), and in Sec. 3.4.3 the distributed Bragg reflector

(DBR) laser.

35
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For a laser to operate on one set mode, there has to be more optical power in that mode
than in other competing modes. In edge-emitting lasers, this is typically done by reflecting
additional light at the chosen wavelength back into the cavity using the contra-directional
light coupling of gratings. To analyse index-patterned devices, we mainly use Fourier-based
methods derived by considering the modes of a Fabry-Pérot cavity as discrete plane waves
to model the spectral effects of changing grating and device geometries. The fact that the
approach is 1D, allows us to analyse the effect of changing perturbation position in relation

to the cavity facets without additional cavity parameters obscuring results and conclusions.

We will see how the physics and mathematics from Ch. 2 can be applied to develop an index-
patterned grating and to analyse competing laser types. The outcome of this chapter is to
understand how the index-patterned laser works and how it is different from other edge-

emitting lasers.
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3.2 The index-patterned laser

Index-patterned lasers are typically made from a Fabry-Pérot cavity with a number of par-
tially reflecting internal slots. The slots are introduced by etching into the top of the laser
waveguide (24, 43, 83]. Here, we will detail how slots can be introduced to achieve single-
mode lasing for a specified free-space wavelength, 1y. It is important to note that we must
lase on the closest allowed mode, my, of the Fabry-Pérot resonator, including the mode phase
shift introduced by the grating perturbations. In a real device, this mode must also be near

the spectral peak of the gain-bandwidth.

The goal of the perturbations is to couple a small percentage of the my mode’s forward trav-
elling wave energy into its reverse travelling wave and to minimise coupling for unselected
modes. Multiple slots must be positioned correctly to effectively select a single mode. That is,
when the slots are all positioned to be at the peaks of the forward travelling wave of the E-field
of the my mode, the my mode is more strongly reflected and has a lower mirror threshold loss

than the unselected modes.

Placing slots at points of resonance with the selected mode can excite additional modes, as
well as mgy. As the mode number is high, modes close to mg will have similar E-field distri-
butions along the cavity, and are susceptible to excitation. To reduce the selection of these
neighbouring modes, we use design functions to control the density of the slots along the
cavity. This gives an overarching pattern to the slots and the gain threshold spectrum. We
will describe how we implement these design functions. We will also show how a modal mir-
ror gain threshold spectrum can be calculated by considering the first-order reflections of

plane waves in a Fabry-Pérot cavity.

3.2.1 Theslot

Photolithography and chemical etching are often used to create the waveguide slots, as this
is the most cost-effective approach. E-beam patterning can also be used; it is more accurate

with slot dimensions and positioning; however, it is also more expensive.
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FIGURE 3.1: a) relief of a slot in an index-patterned waveguide, showing
schematically how the incident mode tails extend into free-space above the
slot (red circle). b) virtual layer approximation to this process that the
Fourier model uses. A small amount of the mode is reflected by the slot and
most of the mode is transmitted as we move from left to right in the
diagram.

The principle of reflection for a slot in the waveguide in our model is that the refractive in-
dex of the etched section decreases as the mode tail interacts with the free-space in the slot,
Fig. 3.1 a). The closer the slot is etched to the quantum wells, the greater the reduction in
refractive index, but also the greater the optical loss. Optical power is radiated out of the

waveguide as a result of reduced optical confinement and scattering by the slot.
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To model this process in 1D we use a virtual layer of reduced effective refractive index, Fig. 3.1
b). A small portion of the mode energy is reflected by the abrupt change in the refractive in-
dex, and most of the mode energy is transmitted through the slot. However, in-depth inves-
tigation has shown that the modal mismatch between the etched and unetched waveguide
sections is what generates most of the reflection [84], not the abrupt 1D change in refractive
index. We do not consider the loss of the slot in the Fourier model. Loss is included when we

convert mode selection into SMSR in Sec. 5.2.1 and Sec. 6.2.1.

3.2.2 Slot positioning for lasing mode enhancement

To study how a slot can enhance my selectivity, we consider a Fabry-Pérot laser cavity with
facets of equal reflectivity amplitude, r. In our model we take the operation point of our laser

as the steady-state, where the gain is to equal the sum of all losses in the cavity

asz—ap, 3.1)

where G is the cavity threshold gain. As we use the Fourier calculation to particularly study
changes in modal mirror loss with wavelength, we exclude propagation losses and the spec-
tral gain-bandwidth effects in our initial calculation. These can be added separately when

required, as in Sec. 5.2.1 and Sec. 6.2.1. This gives a gain threshold condition for the cavity of

r? exp(asL)=1. (3.2)
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In the absence of any refractive index perturbations, the maximum amplitudes of the right

(left) E-fields at the gain threshold steady-state, E - (E 1), vary with position in the cavity €L as

(3.3)

’

Er (eL) = Eo exp

af 1
7(5 +€)L

(3.4)

)

Otf 1
S Get

E 1(el) = Eo exp

where € is a unitless ratio of position in the cavity; € = 0 at the centre and € = i% at the facets.

As we only consider mirror losses, we have an E-field amplitude change with position that

exactly matches what is required to equal mirror loss in our Fourier calculation.
Right

Left

n(e)

FIGURE 3.2: Plane wave reflections due to an ideal refractive index
perturbation of one quarter-wavelength in a Fabry-Pérot cavity. The (red)
solid line is the right (left) travelling portion of the mode, and the blue (red)
dashed line its left (right) travelling reflection. The red line sinusoid incident
on the left face of the perturbation is a whole number of half-wavelengths
from the left facet of the cavity, and the blue line sinusoid incident on the
right face is an odd number of quarter-wavelengths from the right facet.
Note for simplicity of presentation, we only include in the figure light
reflected from a single facet of the slot.
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We consider to introduce a small refractive index step, i.e., perturbation/slot of short length
d, on the right-hand side of the cavity in Fig. 3.2. This reduces the local refractive index by An
over the length d. As the slots we introduce are perturbations, this allows us to make a use-
ful approximation in our calculations. Our design approach includes all orders of reflection
between the cavity facets and the slot faces but ignores all reflections between the slot faces.
This approach simplifies the design process because it allows us to mathematically consider
each slotin the grating independently. For illustrative purposes, we consider just the primary

reflections between the slot faces and cavity facets.

Each introduced slot creates two independent subcavities, one with the respective cavity
facet on each side of the slot, as in Fig. 3.2. To further simplify the analysis, we assume that

the slot is one quarter-wavelength wide

Ao

d= ——. (3.5)
4(n—An)

If we now consider the right propagating field, £, incident on a perturbation centred at €L,
then the amplitudes of the E-field plane waves reflected from the left face and from the right

face of the perturbation, E,;_and E,;, are given by

Brstel) = 2 ppexp| L (L veyp+ &
€ = — €X — | = +€ o+ —|.
ri+ o 0 €Xp 2 5 2

3.6
Setting d = 0 when calculating the amplitude of the reflected wave and treating these as two
independent reflections at e L. When the left face of the perturbation is an integer number of
half-wavelengths from the left cavity facet, each of these reflections adds independently to
the left propagating field, increasing its amplitude by Erl(eL) = g_r'zlér (eL). The field intensity
is proportional to the total E-field squared. To first-order in An, each reflection increases the

magnitude of the field squared by

2 o Ano. .
(Ei+En) —E = 7Er(eL)E,(eL). (3.7)
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This then leads to a fractional change in the power propagating to the left, AP;, due to the

two reflections, of
2An E;(eD)Ej(eL) _ 2An

AP, = i
Tn B n

exp(aseL). (3.8)

Similarly, the fractional change in power propagating to the right due to out-of-phase re-
flections from the perturbation is given by AP, = —MT” exp(—a feL), with the total fractional

change in power AP then given by

4A
AP = T" sinh(apeL). (3.9)

The increase in power in the laser cavity at the mirror loss threshold leads to a change in the

modal mirror loss for the mode m1, with unity net gain now occurring to first-order when
|r?I*exp(2(af — Aam,) L) (1 +AP) =1, (3.10)

where a positive value of Aa,, then describes the reduction in the mirror threshold for the
mp mode. Solving this equation to first-order in An, we obtain for a quarter wavelength

length perturbation centred at €L, that
2An .
Ay, (€) = L_ sinh (afeL) sin (29), (3.11)
n

where sin (2®) = 1 when the left face of the perturbation is an integer number of half-wavelengths
from the left cavity facet, and where @ is the phase change between the left-hand facet and

the centre of the perturbation

<1>—2—”[(1+6)L—§]+E (3.12)
T nAg L2 21 4 :

with ® = mg7 (e + 3) when An = 0. The term sin (2®) in Eq. 3.11 takes account of how A,
changes when the perturbation is not an integer number of half wavelengths from the left
facet. The change in mirror loss has its maximum reduction for mode my when the phase

difference equals p7 + Z, where p is an integer, as in Fig. 3.2.
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The gain change then varies as sin (2®) as the perturbation position and ® are changed. The

sin term

sin(2®) = sin(mm + 2mmne), (3.13)

captures the reflection phase of both the left and right cavity facet with the slot, as shown in

Fig. 3.3, and is applicable for any cavity mode, not just my.
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d 4(n—0An]
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I
I
I
I
I
| |
€= —% €e=0 ! €= +%
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FIGURE 3.3: The sin(2®)=sin (2mo7 (¢ + %)) function aligning with the
centre of the perturbation. The slot-width is one half-wavelength of the
phase-doubled wave and a quarter-wavelength of m.

3.2.3 Slot pattern design using a feature density weighting function

To implement a slot grating using a weighting function, we followed the approach in Ref. [24],
where the authors aimed to introduce a distribution of slots that would recreate the sinc
function spectrally in k-space. The sinc function was seen as the ideal function, as it re-
duces the threshold of the selected mode, while leaving the surrounding modes unchanged,
as in Fig. 3.4 b). An inverse-scattering approach was used, in which an inverse-Fourier trans-
form was applied to the sinc function in k-space to calculate the required pattern in e-space.
Knowing that this process worked, we could then introduce functions in e-space and anal-

yse their behaviour in k-space. The continuous Fourier transform of the f(e) = 1 example
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function is

1/2 1/2
flk) = fe)exp(—2miek)de =f [cos (2mek) — isin (2mek)] de, (3.14)
~1/2 -1/2

where we set f(e) = 1 on the right-hand side. As the function is even about ¢ = 0, the integral
of the sine component of the Fourier transform equals zero. Only the positive cosine needs

to be considered, doubling to account for its negative mirror component about e =0

1/2
k) =/ 2cos (2nek)de = sinc(mk). (3.15)
0

The desired gain threshold spectrum in Ref. [24] is given by the function f(e) = 1 in cavity-

space, when integrating e from _TL — % A diagram of the Fourier transform pair can be seen
in Fig. 3.4.
T T T T T T
e f(Am)
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FIGURE 3.4: a) the top-hat real e-space input function for full cavity length,

b) its sinc function Fourier transform pair. Mode number is converted to

wavenumber via k = %%
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We can see in Fig. 3.5 a diagram of multiple slots in a cavity. The dashed circles are points
where the forward travelling E-field is reflected into the reverse travelling wave from the left
side of each slot. Reflections (not shown in figure) also occur from the right facets of the slots.
The net difference in the amplitudes of both waves scaled by the reflectivity of the slot is the
net reflectivity experienced by the mode at that slot. This is an increasing value moving from
€e=0— +%. Therefore, the position of the slot has a varying relationship with the selectivity

of my.

The Fourier transform calculation is based on the integration of the inner product of the
function under analysis with a series of plane waves within a defined numerical range. The
modal plane waves in our laser cavity are exponentially increasing in amplitude with gain.
We must therefore weight our functions to account for this amplitude change of the cavity
modes to make our modal threshold calculation consistent with the Fourier transform.

Left Right
Forward E-field

Reverse E-field

E(e)

Dl—

FIGURE 3.5: Forward and reverse travelling waves of the m mode in the
cavity. Dashed circles show the points at which the wave is reflected into its
opposite direction wave, i.e., forward into reverse and vice versa. Reflections
(not shown) also occur on the right-hand side of each slot.
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This effect can be mathematically described by [85, 86, 26]

1 { [T] [Ty }
we) =— —exp(ael) -/ —exp(—ael) ;. (3.16)
2 Ty T

For the regime where both cavity facets have equal reflectivity, r; = r» = r, we approximate

this as

w(e) ~ sinh (arel), (3.17)

to make the calculations simpler and more intuitive. We introduce the weighted slot distri-

bution function as

h(e) = &, (3.18)

w(e)

where h(e) is the design function after weighting. h(e) is the function that must be matched
by the density of slots in the cavity to recreate the mirror gain threshold spectrum of f(e),

Fig. 3.4 a) — Fig. 3.7 a).

To relate the mode selected by the grating, my, to its free-space wavelength, 1y, we must
allow for the cavity mode shift due to the reduced refractive index of the N perturbations in
the cavity

(3.19)

(Ln—NdAn)
my=2|————|.

Ao
my dictates the possible set values for the position of the slots, since the left face of each slot
should be half-wavelength resonant with the my mode and the left facet of the cavity. This

discretises the slot placement, as ideally slots should only be placed at these set points.
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To design the grating, we divide the length of the cavity by my, which gives a grid of points
with a spacing equal to one half-wavelength of the forward travelling wave of my. We then
weight the density of slots along this grid to match the weighted design function, h(e). This
will imprint the Fourier transform of that original design function, f(¢), on the mirror thresh-
old spectrum of the device. The general method for sampling the weighted design function

to retrieve the slot positions for one side of the cavity is [87]

1 €j o1
EZ h(dx=j--, (3.20)
N Y€min

where C is normalised to the number of slots introduced. €,,;, is the start of the grating, as it

is not always the case that the grating starts at € = 0; for example, the weighted inverse of the

1

sinc function, ST

diverges as € — 0. Finally, we adjust the position of each slot to align the
left face of the slot with the peak of cos ((3 +€) 7myp), maximising the reflectivity of the slot

and the selectivity of the pattern.

We can see in Fig. 3.6 a schematic example of an index-patterned device cavity. The grating
consists of slots with centre positions at €2 3. Reflections between the "Left facet" of the
cavity, r;, and the grating, r [15"6r ], generate most of the my mode selectivity. Most of the mode
amplitude is transmitted through the grating, t[Eg ], and the "Right facet" of the laser, v/1— ;.
We have also included a resonant and an anti-resonant sub-cavity for one slot in the diagram.
Here, the resonant sub-cavity is formed with the "Left facet" and the anti-resonant sub-cavity
is formed with the "Right facet". The index-patterned structure can be viewed as a series of

connected Fabry-Pérot sub-cavities [17, 15].
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FIGURE 3.6: Schematic of an ideal index-patterned grating device. A series
of sub-cavities are formed between the slots and the cavity facets.

Apart from a 7 phase shift, a grating pattern is symmetric on either side of the centre of an
uncoated cavity, in terms of its interactions with the cavity facets. This means that slots on
one side of the cavity are sufficient to recreate the design function spectrally. The 7 phase
shift accounts for the reflection into either the forward- or reverse-travelling wave as one
dominates on either side of the cavity. In our terminology, the pattern is implemented by
placing slots on the right-hand side of the cavity, as in Fig. 3.6, predominantly affecting the
forward travelling wave of the my mode. Slots could be placed on the left side of the cavity;
however, the index-pattered laser is often made with a HR coating on the "Left facet" and
an anti-reflective (AR) coating on the "Right facet". The slots on the left side would then be
resonant with the AR coating on the "Right facet", forming a significantly weaker sub-cavity
than the slots on the right side that are resonant with the HR coating on the "Left facet".
Slots on the left side of the cavity would minimally add to the mode selectivity and increase
the optical loss in the cavity. In this thesis we only deal with HR coating of the left facet
as AR coating the right facet was not part of the manufacturing procedure of the particular
production runs we added our devices to. It still stands that slots on the left hand side of the

cavity would form a weaker resonance and contribute less to mode selectivity.
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As each slot face acts as a point of frequency discrimination, essentially as a sampling point
for the function, there must be a sufficient number of slots to sample the functions correctly,
but not too many to incur excessive optical loss. Increasing the number of slots gives an
improved discrete approximation to the continuous target function and thus increases the
modal selectivity of my. However, the greater the loss or variation in lasing wavelength from
grating introduction, the less effective the design method will be. To this end, you do not
want functions with abrupt changes in feature density, as these take more points to sample
correctly [87, 88]. In our initial modelling of a laser we work with n = 3.2, which is typical for
a 1550 nm laser. We also use twenty slots, N = 20, with a refractive index step of An =0.02,
as our industrial partner, Eblana Photonics Ltd. [61], uses parameters similar to these for
their grating designs to produce devices with good modal selection (SMSR> 40 dB) and slope

efficiency (> 0.1 W/A). These are also similar to values used in the literature [36, 89].

3.2.4 Fourier calculation of the modal mirror loss

After generating a slot pattern from a weighted design function, we use a discrete Fourier
transform approach to calculate how the grating modulates the resonant mode mirror loss

of the Fabry-Pérot cavity. We start by expanding Eq. 3.13 using trigonometric identities

sin(mmn + 2me) = cos(mmn) sin(2mme) + sin(mmn) cos(2mme). (3.21)

The calculation can then be shifted to integer modes, Am, centred around mg; m = my+Am,

using for integer m that cos(mm) = cos(mgm) cos(Amir) and sin(m) = 0 [86]

cos(mm) sin(2mme) = cos(mm) cos(Amm) x [sin(2wem) cos(2meAm)+

cos(2rem)sin(2neAm)]. (3.22)
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We can substitute Eq. 3.22 into Eq. 3.11 and then sum for each of the N perturbations intro-

duced [86]

2An
Aapam = E cos (mg) cos (Ami) x

N

)" w(e)[sin(2me jmg) cos(2me jAm) + cos (27e jmg) sin 27we jAm)].  (3.23)

j=1
This equation transforms the cavity slot positions into modal mirror loss modulation, cal-
culating the mirror threshold for each mode in the required spectral range. Eq. 3.23 allows
us to analyse how changes in the positions of slots in an index-patterned grating change the
threshold gain of the modes in the device spectrum. The mirror threshold modulation func-

tion can then be added to the mirror threshold of the cavity

Am=a+Aay, (3.24)

where a,, is the mirror loss experienced by the m'" mode after the grating introduces a mir-
ror threshold modulation of Aa,,. Fig. 3.7 shows a diagram of the design and modal mir-
ror threshold calculation process. Panel a) is the design function after weighting, panel b)
is the slot pattern generated by the function h(e), and panel c) is the calculated Fourier-

transformed mirror loss spectrum.
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FIGURE 3.7: a) h(e) for f(e)=1 and €=0.0125—0.5, b) the slot pattern with
slot density weighted to match h(e), for N=20, n=3.2, An=0.02, and
L =400 um. c) Discrete Fourier transform of the cavity in b).

It has generally been assumed in the design of index-patterned lasers that all of the pertur-
bations introduced are perfectly positioned with respect to the cavity facets to select my [24,
36]; and therefore the sine wave reflection from the left slot facet is perfectly aligned to the
left travelling mg E-field sine wave, sin(Zne j mo) = 1; and is perfectly out of phase with the
cosine reflection wave right-hand facet of the slot, cos(Zne j mo) = 0. We note that ¢; is at the
centre of the slot, midway between the two slot faces. Only the first term in the square brack-
ets on the right-hand side of Eq. 3.23 needs to be considered. In this case, the constructed
index pattern represents a discrete approximation to a continuous Fourier cosine transform
of the real-space design function, cos(2me;Am), corrected to allow for the variation in the
amplitude of the weighting function, w(e;) = sinh(aye;L), along the cavity. In addition to
considering perturbations that are ideally positioned, our analysis will also include the sec-
ond term on the right-hand side of Eq. 3.23, cos (27¢ jmy) sin (27r€ jAm), to consider the case

where the slots are not ideally positioned with respect to the left facet.
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3.2.5 Spectral effects of slot-width

A sketch of an ideal slot in a cavity model can be seen in Fig. 3.8. An ideal slot-width in our
modelling is 4(%‘3’1) or 0.122 pm for n— An = 3.18, and Ay = 1550 nm, which are our mod-
elled cavity parameters. This slot-width is ideal as it minimises additional spectral effects
of the slot on the gain threshold spectrum. It was slot position rather than slot-width that
was the focus of our research. This slot-width is difficult to create because it is beyond the
resolution of photolithography (~ 0.5 pm). It is also beyond the resolution of E-beam etch-
ing [90], since deviations > 5 nm in slot-width will have a noticeable effect on the Fourier
threshold spectrum. It is also difficult to etch a small deep slot reproducibly for manufacture
[87]. Ideal slot-widths become even more difficult for short-wavelength devices < 1550 nm.
Therefore, it is important to understand the implications of not having an ideal slot-width

for the grating.

r L Iy

QW

FIGURE 3.8: Ideal slot-width and cavity model. Longer half-wavelength
(HW) resonant selective section on the left and a shorter
quarter-wavelength (QW) resonant anti-selective section on the right.
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an index-patterned device. For f(¢)=1, N=20, n=3.2, An=0.02, and

L =400 pum.
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In Fig. 3.9 a), we can see a threshold spectrum from an index-patterned grating when each
slot matches the ideal grating for the f(¢) = 1 function using the modelling parameters de-
fined in Tab. 4.2. In Fig. 3.9 b), we can see what happens when the slot is a third-order of
Bragg reflection, %. The slot s still quarter-wavelength resonant, so the threshold gain spec-
trum is largely unchanged. In Fig. 3.9 c¢) and Fig. 3.9 d), we have a non-quarter-wavelength
resonant dimension for the slot-width of 1 um. In Fig. 3.9 c), the gain selection pattern is
distorted. In Fig. 3.9 d), the position of the grating in the cavity is shifted to cancel the sine

Fourier transform components in the spectrum, giving an approximately cosine gain thresh-

old spectrum. We can see that the selectivity is markedly reduced from Fig. 3.9 a), as the slot

1 um

is not close to being a quarter-wavelength resonant, 155 um/an

= 8.26. In Fig. 3.9 e), we can

see that if the slot-width is increased marginally by 0.1 pym, then much of the selectivity is

1.1 um

» 1.55 um/4n 9.08.

recovered, as the slot is now closer to being quarter-wavelength resonant
In Fig. 3.9 f), we can again see a reduction in selectivity for the 1.2 um slot as we move away

from a constructive resonance in the cavity.

When using plane waves to model an ideal 1D cavity we overestimate slot resonances. The 1D
plane wave model has all interactions occurring on one axis. In 2D modelling, more variation
of the mode amplitude with cavity position is allowed, resulting in less spectrally narrow
resonances in the cavity [84, 15]. Slots are regions of relatively high loss; this will degrade
reflections in the section, reducing resonances further. However, resonances are still present;
i.e., it is important to target a slot-width that is close to being an odd quarter-wavelength
multiple [91]. For example, it is more beneficial to target a slot-width of 1.1 pm than 1 pm.
Although 0.1 um is within the resolution tolerance of photolithography, slot-widths should

converge to target a length of 1.1 ym.
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3.3 The scattering matrix method (SMM)

To verify and benchmark our first-order Fourier plane wave model, we also used a scattering
matrix method (SMM) to calculate the mirror gain threshold modal spectrum of our device.
The SMM that we use combines the individual scattering matrix for each uniform section of
the waveguide one by one to calculate the scattering matrix for the entire cavity structure.
We applied a scattering matrix of zero length and a refractive index of one at each end of the
laser cavity; this simulates the laser facet coupling into free-space. From this we have a scat-
tering matrix for a complete device, allowing us to calculate the output E-field amplitudes
(E; ) from the input gain and a small-value E-field (E"l+ ) to simulate spontaneous emission
in the cavity, Fig. 2.6. Although theoretically our SMM output E-field amplitude squared is
optical intensity, we use relative arbitrary values (AU) for input and output E-field. Given the
approximations we use in the model, real values of intensity would have little merit. One
scattering matrix for the cavity is generated per wavelength per applied gain value, which

means that every wavelength within the desired range must be scanned discretely.

To calculate the threshold mirror gain function using the SMM, we must first find the modes
and then find the gain value at which the modes reach their threshold. It is difficult for the
SMM to find the threshold values, as the laser modes are sensitive to the applied modal gain

values, given their exponential relationship

RG{E1+}

l'g=In m

(3.25)
Mode peaks are also of narrow spectral width. We can see in Fig. 3.10 a phase diagram of the
Fabry-Pérot cavity mode formation process. The E-field wave is restricted when introduced
into a Fabry-Pérot cavity; allowing some frequencies but suppressing others, Fig. 2.5 a) and
b). When gain is applied, the maximum amplitude of the E-field increases, but the range of

allowed frequencies is further restricted, as in Fig. 3.10 c) and d).
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Mathematically, this can continue until infinity; forming a pole, representing a mode. In a
real device, the minimum mode frequency width is limited by the maximum current and
therefore gain, but also noise in the cavity. As our theoretical SMM cavity is noiseless and
the gain is arbitrary, we can have infinitely narrow modes. However, there is only a finite
resolution at which we can perform the SMM scan. Selecting a wavelength close to the ideal-
mode plane wave wavelength gives a plane wave with properties close to that of the ideal

mode, i.e., the correct expected gain threshold.
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FIGURE 3.10: a) phase and amplitude trace of an output E-field (E2+ ) from a
Fabry-Pérot cavity, b) SMM calculation of the power transmission

5 +\2
T=1t>= (?—J of the E-field vector through the cavity. ¢) gain applied to
1

the E-field in the cavity, d) SMM showing the formation of poles in the
spectrum as a result of gain and feedback [92].
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In Fig. 3.11 we can see an SMM calculation of the threshold function for an index-patterned
laser structure with the sinc function modal pattern using the parameters in Tab. 4.2. To
find the mode thresholds, we developed an algorithm that first made a high-resolution SMM
sweep across the full spectrum of wavelengths we wished to analyse, e.g., 1530 — 1570 nm.
We made the sweep at an applied gain greater in magnitude than the mirror loss of the cavity;
e.g., —39 cm™! for Fig. 3.11, which has a cavity threshold 32.3 cm™'. We then selected the
peaks of this sweep and reduced the gain applied to them until they reached an output value
close to threshold, e.g., 1 AU. We then re-scanned a region around the peak (e.g. +0.1 nm) to
ensure that we were operating at a local maximum. We then increased the gain in the cavity
until this wavelength reached an arbitrarily high output value, e.g., 10,000 AU. The gain at
this high output power is the calculated mirror threshold gain of the mode. This process was
repeated for each peak, allowing for the calculation of the modal mirror threshold spectral

function.

Increasing the resolution increases the sweep time. Ideally, you want to find the sweep res-
olution with the minimum number of points that can find all of the mode centres. Making
an initial scan beyond the threshold gain of the resonator more efficiently finds peaks close
to the mode centre singular value than making scans below the cavity threshold value. The

sweep resolution was typically in the range 1 x 1073 — 1 x 10~ nm.

32
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3 31.5
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FIGURE 3.11: Example of the modal mirror loss threshold spectrum output
from the SMM calculation for f(e)=1, N=20, n=3.2, An=0.02, and
L =400 um.
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Apart from reflections beyond first-order, the SMM has inherent differences to the Fourier
method. The Fourier method analytically calculates the modes as phase-shifted modes of
the Fabry-Pérot cavity after the introduction of the grating. The SMM must find these values
in the cavity model rather than prescribing them. The SMM by design does not go to the
mirror threshold gain value and only goes to a value close to the threshold. The SMM also
operates at a value close to the mode wavelength, and the Fourier calculation operates at a

prescribed mode wavelength.
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3.4 Bragg grating-based devices

There are two incumbent single-mode edge-emitting laser designs, both based on Bragg mir-
rors; the distributed feedback (DFB) and the distributed Bragg reflector (DBR) device. We will
first analyse how a Bragg mirror reflects light. We will then see how it is applied for single-

mode lasing in a DFB and a DBR laser.

3.4.1 The Bragg mirror

Bragg mirrors are used in lasers because they can increase the reflectivity amplitude beyond
what a single surface can provide, or they can be made to select a single frequency, or of-
ten fulfil both functions simultaneously. Bragg mirrors are based on consecutive repeating
layers of lower (ny) and higher (npy) refractive index material or structures with an equiva-
lent effective refractive index — these are known as Bragg pairs. Each Bragg pair combines

for in-phase reflections at a specific wavelength known as the Bragg wavelength, A, if the

A
anyn

thickness of each layer is resonant.

Looking at the grating as a whole, forward and reverse travelling E-field waves exchange en-
ergy efficiently if they are of the same wavelength, forming a standing wave in the structure
[93]. Reflectivity can be treated as distributed throughout the structure, or it can be con-
sidered to occur cumulatively as an effective single reflection, r,rs. Effective reflectivity is
assumed to occur at one discrete point, usually at the start of the grating. The key parameter
of the Bragg mirror is k, which is the coupling value between the forward and reverse travel-
ling waves. For the 1D interpretation that we use in our research, « is the mean reflectivity
per unit length [38]. kL is then the reflectivity of the entire grating. Fig. 3.12 shows a Bragg

mirror reflecting an inbound E-field, oscillating at the Bragg wavelength, r.¢ ij{B.
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FIGURE 3.12: The E-field generated by an ideal f}—g Bragg mirror, coupling
energy from the forward travelling wave to reverse, without gain or loss.

Using an SMM to analyse a Bragg mirror, we can see in Fig. 3.13 a) how increasing An in-
creases the reflectance to the limit of one, centred at the Bragg wavelength, and broadens
the reflectance band. In Fig. 3.13 b) the number of repeat Bragg pairs increases with the
refractive index step being held constant. The reflectance also converges to one but does
not broaden, and only resolves more closely to the "Top-hat" function centred on the Bragg
wavelength. The first-order Fourier calculation cannot be used to analyse Bragg structures.
Inter-slot reflections are the basis of mode selection in these devices and are not included in

the first-order calculation.
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FIGURE 3.13: SMM modelling of a j}—;’l Bragg mirror. a) number of Bragg pairs
is held constant at 1665, and the refractive index step is changed; b)
refractive index step is kept at An=5 x 10~ and the number of pairs is
changed.

3.4.2 The distributed feedback (DFB) laser

A DFB laser uses an intra-cavity grating, typically etched into the cladding of the waveguide
either above or below the gain section. The DFB grating reflections are treated as distributed
along the cavity. The cavity length is related to the mode penetration into the device grating
and is not a set value; leading to the concept of an effective cavity length. The effective cavity
length can be determined by the mode spacing of the laser, or estimated in the design stage

based on the magnitude of An and optical loss in the grating [94, 64].
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FIGURE 3.14: DFB diagram, with the resulting E-field standing wave of the
cavity [95, 96].
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One issue with the Bragg mirror in a DFB laser is that there is a degeneracy of modes on ei-
ther side of the Bragg wavelength. This often results in a low SMSR device, as two modes
are equally selected. For single-mode lasing, DFB lasers are typically designed with an extra
;}1—2 phase shift in the nj layer at the centre of the cavity, as in Fig. 3.14 and loss modulation
between layers in the Bragg pair [64, 97]. This allows one single mode to form at the Bragg
wavelength which can be tailored to have high SMSR [93, 98]. This also allows mode forma-
tion without facet reflections, unlike the index-patterned laser. In Fig. 3.15 a), we have the
power reflectance, R, spectrum calculated using the SMM algorithm of alossless DFB laser of

An =5 x 1073, 1665 Bragg pairs with layer thicknesses of

43;’/H . This gives a total cavity length
L ~ 400 pm. In Fig. 3.15 b), we calculated the modal mirror threshold spectrum for the device.
In Fig. 3.15 ¢) and d) we can see how the addition of a phase step 4/1701{ to the central slot with
a1 cm™! loss modulation along the grating selects a single mode. The loss modulation was
generated by adding a constant loss of 1 cm™! to the cavity, then adding an additional 1 cm™!

loss to the higher refractive index layers.

The modal modulation is stronger in Fig. 3.15 than in Fig. 3.11. The parameter values of this
Bragg grating were selected for a clear demonstration of a Bragg mirror, and are not from an
actual device. The grating values in Fig. 3.11 are more similar to a real index-patterned laser,

making it an unfair comparison of mode selection between the device types.
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The DFB is used more often for sources where tuning of the lasing wavelength is not required.

The grating is along the length of the cavity and is therefore difficult to tune without affecting

the device’s other operating factors, e.g., current density and cavity temperature. Typically,

DEFB lasers only tune ~ 5 nm. This soft limit is due to the fact that DFBs mainly use tempera-

ture to change the refractive index of the grating for frequency tuning. This typically occurs

at a rate of ~ 0.1 nm °C~!, meaning that the temperature of the cavity must be shifted by

50°C to tune the wavelength 5 nm. The gain-bandwidth peak of the device also changes with

temperature, at a higher rate of ~ 0.5 nm °C™!, resulting in a peak shift of 25 nm [99]. This

is likely to put the lasing wavelength in a lower spectral gain region with a competing mode

near the peak of the gain-bandwidth, reducing the SMSR [99, 100]. Wider tuning is possible

with more exotic structures [101].
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3.4.3 The distributed Bragg reflector (DBR) laser

In contrast to the DFB laser, the DBR laser has a Bragg mirror external to the gain section; at
the front and back, but only a mirror at one end is necessary, Fig. 3.12 and Fig. 3.16. The Bragg
mirrors of a DBR laser are designed to be discrete reflectors at the end of the cavity; how-
ever, there is significant mode-leakage into the grating sections [93]. A DBR is used when
large tuning ranges are required. The fact that the gratings are separate from the gain sec-
tion means that they can be tuned without changing the gain-bandwidth of the gain section
[102]. The gratings act as facets for the device, controlling the level of reflectivity back into
the gain section of the cavity and the amount of power output. The Bragg mirrors also dictate
the spectrum of the device [93]. The front and back mirrors can have different overlapping
phase-shifted grating patterns to select several modes for wide-bandwidth tuning (> 50 nm)
[103, 102]. A DBR would typically have half or less mirror pairs than a DFB laser (< 700) [104,

105], but these can have a bigger refractive index step to maintain mode selectivity [38, 106,

107].
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FIGURE 3.16: DBR laser schematic, refractive-index steps forming gratings
for front and back mirrors [95].



Chapter 3. Single-frequency lasers 65

3.5 Discussion

The key point of this chapter is to develop both a physical and a 1D Fourier model for the
index-patterned laser. Both the analytical Fourier-based method and the semi-analytical
SMM fundamentally look to quantify the changes to the E-field plane wave modes in a laser
cavity via changes to the modal mirror gain threshold spectrum. The SMM includes all re-
flections in the cavity, and the Fourier method only accounts for reflections between the slots

and the facets, not reflections between the slots.

We also analysed the importance of the slot-width on the index-patterned device spectrum,
noting that real devices behave differently from the 1D model. There is a 2D aspect to the
mode path in the cavity, where the mode extends upward to the slot and reflects that we are
not capturing [15], see Fig. 3.1. We also did not capture the significant 2D modal shape mis-
match of reflection between the slot and the waveguide [84]. Higher-dimensional E-field cal-
culations of the complete device cavity are required to understand these effects on modal se-
lection. In terms of maximising performance, our Fourier function approach could be taken
as a starting point in an optimisation algorithm; then, an iterative 2D SMM could be used
to maximise performance taking into account higher-dimensional cavity effects and higher-

order reflections [42].
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There are several methods to introduce refractive index steps into a Fabry-Pérot cavity, but
none is as widely used as the waveguide slot. The etching of a hole through the cavity of the
device is one [32]. It is a simpler method to create a refractive index step, as the etch depth
of the hole does not have to be precisely controlled. However, holes have significantly more
optical loss than slots. Grating designs need to be relatively simple in this case, as there are
fewer holes and therefore reflection points available to approximate the pattern. Extended
ridge devices have been modelled and developed for index-patterned devices [22, 23]. Here,
a portion of the ridge is flared to change its effective refractive index. Another perturbation
grating method, relevant to the rapid growth in silicon photonics in recent years, is placing
a II1-V gain section on a pre-etched silicon waveguide [36, 37]. This method could provide
a major future application area for the index-patterned laser, as it allows a simple, yet high-
performance laser to integrate relatively seamlessly onto silicon PICs. Further research is

needed to examine the effect of changing the type and shape of the refractive index step.

Analysing the DFB and DBR lasers allows us to understand the competing edge-emitting
laser types and how the index-patterned device operates differently. DFBs can provide suffi-
cient SMSR for single-mode lasers (> 40 dB) and DBRs can deliver low-linewidth (< 100 kHz)
with sufficient SMSR across a wide bandwidth (> 50 nm) [108, 102]. The intrinsic linewidth
of a DFB laser is relatively high (~ MHz), and can only meet low-linewidth requirements with
additional suppression measures. The index-patterned laser has can meet these require-
ments, with a naturally lower intrinsic linewidth [11, 13]. Although DFB and DBR lasers are
made with prescribed cavities, reflections from the facets of the waveguide outside the Bragg
structure are still an issue. One of the main reasons why DFB and DBR lasers are so widely
used today is that they are established devices with highly refined manufacturing processes.
In this chapter, we have seen how the index-patterned device is a simpler structure, more

suited to mass manufacture, with potentially higher performance in terms of linewidth.

In the next chapter, we will theoretically analyse the effect of changing the grating design on

the spectrum of index-patterned lasers.
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Fourier cavity modelling

4.1 Introduction

This chapter will focus on our Fourier modelling of index-patterned lasers. In Sec. 4.1.1 we
derive a mathematical proof of how increasing the weighted-average of slot position can im-
prove the selectivity of my. Sec. 4.1.2 explains how grating-facet phase changes can be in-
corporated into the Fourier method. In Sec. 4.2 we will analyse the three exemplar design
functions that we use for modal selection in this chapter, as we will use different functions
in Ch. 5 and Ch. 6. Sec. 4.2.4 compares the first-order Fourier method with the SMM, which
includes all orders of reflection. In Sec. 4.2.5, the change of the grating-facet phase is mod-
elled. Sec. 4.3.1 will compare the calculated selectivity of m with the weighted-average of
the slot position. Sec. 4.3.2 will look at the Fourier properties of the index-patterned gratings.
Sec. 4.3.3 will assess the phase and yield implications of using different design functions in
the cavity. Finally, Sec. 4.3.4 will analyse specifically how our exemplar functions behave with

changing temperature.

67
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We compared three different exemplar design functions and, therefore, three different slot
distributions by calculating their modal mirror loss spectra. We could then draw conclusions
about the effect of different properties of design functions on the spectrum of the device.
From the sinh term in Eq. 3.23, we can see the dependence of the magnitude of the modal
modulation on the position of the slot in the cavity. We explore the possibility of using this
property to increase the my selectivity of an index-patterned grating. The selectivity of m
over additional modes in the spectrum is also an important factor for the SMSR of the device.

We will also explore how the choice of design function can improve this.

Facet cleaving has a large error margin, ~ 10 um. The etching of the device facets has much
greater control of the facet position, but is still beyond the wavelength fraction (< 5 nm) re-
quired to align to cos (3 +€) mmg) with the slots [90]. A variation in the optical path length
from the grating to the facet with manufacture may have a significant impact on the SMSR
yield of the device. We will show how the Fourier approach can be used to model, and there-
fore mitigate, these errors by including the sine-transform term in the mirror loss modulation
calculation. We particularly mean SMSR yield in this thesis, but production index-patterned
lasers would have to meet several specifications for manufacturing yield. We will model both
sub-wavelength and micrometre scale changes to our grating to facet distance and analyse
how this affects the mirror loss spectrum. For the continued development of the Fourier de-
sign method [109], it is important to understand the impact of reflections between slots. To
date, it has not been calculated for these perturbation gratings [110]. To do this, we com-
pared the first-order Fourier approach with a semi-analytical SMM calculation that uses all

orders of reflection [82].
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In addition to mode selectivity against cavity threshold, Aa;,, there are several other selec-
tion metrics that we will use when evaluating grating performance. Given that the profile of
the spectral gain-bandwidth is not flat, modal competition often comes from the nearest-
neighbour modes. Therefore, it is useful to quantify this particular selectivity, Aa,,. It is
not always the case that the greatest modal competition comes from the nearest-neighbour
modes — 20Aa and 50Aa measure the selectivity against a twenty- and fifty-mode band-
width of modes, respectively, to quantify this phenomenon. The fifty-mode bandwidth will
particularly attempt to quantify the modal suppression for large spectral shifts that can occur
with cavity heating. Although index-patterned devices are typically made with a HR coat-
ing applied to the "Left facet", in this chapter we investigated designs with equal reflectivity

facets to simplify the analysis.

4.1.1 Amathematical verification of the impact of weighted-average slot position

on mode selectivity

We derive an integral expression based on Eq. 3.23 from Ch. 3

2An
Aapy, = —— cos(mgm) cos (Amir) x
Ln
N
)" wle)[sin (27e jmy) cos(2me jAm) + cos (27me jmg) sin (27e jAm)],  (4.1)
j=1
to estimate the maximum reduction in mirror loss of mode my for a given design function,

f(e), when the weighting factor, w(e), is taken into account. This will highlight the impor-

tance of the weighted-average of the slot position for my selectivity. We first normalise the

slot distribution function, h(e) = %, by integrating over the cavity region where the slots are
placed
1/2
&de =C, (4.2)
o wle)

with the normalised distribution function given by %h(e). If we introduce N slots into the
cavity, then the number of slots between € and € + de, d N, equals % h(e)de. The slots in this

region will reduce the threshold gain level by [24]

d(Aap,) = 2A—nw(e)dN: NZA—nw(e)h(e)de. (4.3)
Ln C Ln
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Replacing w(e) h(e) by f(€) and integrating over the length of the cavity, we obtain

N 2A 1/2
Aty = EL—: fle)de. (4.4)
0

Substituting Eq. 4.2 into Eq. 4.4 we then derive

2A_nf01/2f(€)d€

Ln (U2 f© 4.°
0 we e

AQ, = (4.5)

Evaluating Eq. 4.5 then provides an estimate of the maximum reduction in mirror loss that

can be achieved for the selected mode my, for a given function f(e).

4.1.2 Grating-facet phase error

When a half-wavelength resonant cavity is formed with the left face of the slot and the "Left
facet" of the cavity, Fig. 4.1 a), then the reflected waves from the slots align perfectly with
the forward travelling my wave; sin(27e;mg) = 1 and cos(27emyg) = 0. ¢; is the position
of the centre of the slot in unitless cavity ratio. Only the first term in the square bracket of
Eq. 4.1 is non-zero, and the Fourier transform for the grating is via the cosine coefficient, i.e.,
cos(Zne jAm) to determine the selection of the modes. If the slot is shifted by g—"; (~60 nm) in
the laser, as in Fig. 4.1 b), then we get sin(27e jmo) = 0 and cos(27e jmy) = 1. The first term in
the square brackets of Eq. 4.1 becomes zero, and the Fourier transform for the grating is via
the sine coefficient, i.e., sin(27e jAm). An intermediate phase position can then be described
by the linear addition of the cosine and sine transform functions. This creates a framework
for analysing how the mirror loss spectrum of the cavity changes as the relative position of

the grating from the cavity facets changes during device manufacture, as in Fig. 4.1.
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4.2 Fourier analysis of exemplar design functions

The general approach we took for analysing new functions was trial and error, i.e., we se-
lected various functions and compared the mirror threshold functions they produced. From
our mathematical analysis in Sec. 4.1.1, we did have an initial guidance in selecting func-
tions, i.e., functions with greater weighted average slot position than f(¢) = 1. To present the
research we chose f>(€) = |e| and f3(€) = esin(27€) to compare to fi, as these functions best
highlight the key results of our analysis. The three exemplar design functions along with their

sine and cosine transforms are stated in Tab. 4.1.

As well as the low weighted average slot position, fj is also the original and most studied
Fourier design function [24, 36], making it a good basis comparison to include. After weight-
ing f> to account for the changing E-field in the cavity, it produces a grating with a much
higher weighted average slot than f;. The slot spacing is also close to being constant, similar
to the Bragg approach with a set slot spacing. Therefore f, is also a useful design to com-
pare [19]. f> is more selective for my but selects a wider bandwidth of modes around m.
To improve on this, we sought a function that would narrow the frequency range of mode
selection, while maintaining my selectivity, e.g., f3(€) = esin (27¢). The Fourier modelling in
this chapter uses the device parameters presented in Tab. 4.2. Note that our slot-width value
is beyond what lithography can produce, and we are using this ideal dimension to simplify

the Fourier analysis process.

No. Function Cosine transform Sine transform
_ sin (mAm) 1-cos (mAm)
h fler=1 “wam —7Am
_ sin (mAm) cos (mAm)—1 sin (mAm)—nAmcos (mAm)
f2 fe)=lel 2 7Am T (mAm)? ] 2l (rAm)? ]
1 [n(l—Am) cos (mAm)+sin (mAm) 1 [n(l—Am) sin (mAm)—(cos (mAm)+1)
f3 f(€) = esin (27€) 2 m(1-Am)? 2 m(1-Am)?
+ n(1+Am) cos (nAm)—sin(nAm)] + (1+Am)sin (mAm)+(cos (nAm)+1)]
n(1+Am)? m(1+Am)?

TABLE 4.1: Cosine and sine transforms for the exemplar design functions,
normalised so that the cosine transform equals one for Am = 0.
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L (um) 400

n 3.2

An 0.02

Ao (nm) 1550
my 1652

N 20

R, % power 27
ap(cm™) | 323
dum) | 0.122

TABLE 4.2: Design parameters used.
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421 fileo=1

The sinc function selects mg and leaves the other modes close to m unchanged, as in Fig. 4.2
c). However, past ~ 1565 nm and ~ 1535 nm the grating no longer has control over the modes,
i.e., the modal threshold gain is no longer clearly defined by the design function. Potentially,
these modes can be relatively strongly selected reducing SMSR. f; also requires a significant
number of our limited twenty slots near the centre of the device to correctly reproduce the
function, as in Fig. 4.2 b) and c), limiting the mj selectivity. It is also important to note that
due to the ﬁ weighting for fi(e) = 1; as € — 0, the bunching of slots (minimum slot-gap ~
1.2 um), makes the pattern difficult to create given the difficulty of etching and metal coating
slots this close together. Furthermore, the very centre of the cavity cannot be sampled, as

the weighted function explodes for € < 0.0125. For these reasons, we looked at functions that

would minimise the number of slots near the centre of the cavity.
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FIGURE 4.2: a) fj weighted design function for €¢=0.0125—0.5, b)
corresponding slot pattern, c) Fourier modal mirror loss modulation
calculation. Designed and modelled using parameters in Tab. 4.2.
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The initial implementation of f; for the Fourier design approach was based on repeating
overlapping sinc patterns [24]. This resulted in an additional modulation for the density of
the slots along the cavity. The modulation could be tailored to reduce the selection of addi-
tional modes in the cavity. However, during our investigation, we found that it gave marginal
improvements in terms of net modal selection and a reduction in selectivity for m for equal
reflectivity facets. It was also a complicated slot pattern in terms of functional analysis. For
these reasons, we used a single sinc pattern and analysed its Fourier properties. This gives a

% decreasing density of slots moving from € = 0.0125 — 0.5.

4.2.2 fo(e) = el

The function f>(e) = |e|, has a linear increase in amplitude moving from € = 0.0 — 0.5, as
seen in Fig. 4.3 a). After weighting, this function becomes approximately, but not exactly,
constant along the length of the half-cavity, Fig. 4.4 a). In Fig. 4.2 and Fig. 4.4, b) and c), we
can see that the average slot position for f, is further from the "Left facet" than fj, and the
mode selectivity has increased, Aa,, = 1.1 — 2.1 cm™~!. However, we can see that the m,;
modes are also selected for f>. We can see how unmodulated the modes m.»_.,¢ are for f,
compared to fi;. However, f, has modes with large modulation at ~ 1515 nm and 1585 nm.
Although these modes have their thresholds increased in the ideal cavity, they will be strongly
reduced with a ig—,‘; grating shift, as we will see in Sec. 4.2.5. f; does not have a modulation

that approaches this magnitude outside of m.
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FIGURE 4.3: a) f, function for full cavity length, b) corresponding Fourier
transform normalised to one.
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FIGURE 4.4: a) f, weighted design function for e=0.0—0.5, b) corresponding
slot pattern, c) Fourier modal mirror loss modulation calculation. Designed
and modelled using parameters in Tab. 4.2.
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4.2.3 f3(e) =€sin(2me)

The function f3(€) = esin(2re) looks to reduce the selectivity of the m.; modes over f, while
maintaining the my selectivity. We can see in Fig. 4.5 a), that f3 has a peak in the design
function around € ~ 0.25, increasing the density of slots in this region, as in Fig. 4.6 b). Unlike
f(e) =1, this region of high slot density is not near the centre of the cavity. In Fig. 4.4 and
Fig. 4.6, b) and c), we can see that f, and f3 have approximately equal average slot positions
and the two functions have approximately equal my selectivity. We can also see that f; has
reduced selectivity of the m.; modes compared to f,. Furthermore, f3 does not experience

the same strong modal modulation at ~ 1515 nm and 1585 nm as f>.

There are several benefits to the f3 design function, apart from its spectral qualities. It has
been shown experimentally that patterns with slots that are closer together tend to have
lower optical loss. There is no full theoretical explanation for this; however, in Ref. [9], it
is partially attributed to scattering from the waveguide. The fact that the pattern has a low
density of slots near the "Right facet" means that the pattern is not significantly disturbed if
the facet is cleaved in the wrong position. In addition, the slots are not bunched together to

the extent that the slots have to be removed from the grating to manufacture, Ch. 5.
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FIGURE 4.5: a) f3 function for full cavity length, b) corresponding Fourier
transform normalised to one.
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FIGURE 4.6: a) f3 weighted design function for e=0.0—0.5, b) corresponding
slot pattern, c) Fourier modal mirror loss modulation calculation. Designed
and modelled using parameters in Tab. 4.2.
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4.2.4 Verification of the first-order approximation and quantifying higher-order

reflections in the cavity

To verify the first-order of reflection approximation and calculate the level of higher-order
reflections in the cavity, we subtracted the SMM mirror loss threshold modulation, with all
orders of reflection, from the Fourier modulation which included just the first-order of re-
flection. The blue lines in Fig. 4.7 show the SMM-calculated modal mirror loss spectra for
the three different exemplar functions, with ideal slot positioning. The red lines show the
SMM subtracted from the Fourier-calculated value. The largest discrepancy in the spectrum
for each function is ~ —0.2 cm~! for modes close to my. This verifies how effective the first-
order reflection approximation is for perturbation-slot devices with moderate cavity lengths
and facet reflectivities (L = 400 um, R = 27%). We can see that f; has the smallest discrepancy
between the Fourier and SMM calculations. This is likely the result of f; having the lowest
input from inter-slot scattering, which the Fourier method does not include. Many of the f
slots are bunched together at the centre of the cavity, where the optical power is modelled
to be low and the impact of scattering between the slots is low. Optical power is low in the
centre of the cavity due to the exponential effect of gain in the cavity. The dominant light
source in the cavity is reflection from the cavity facets. After reflection, light then transverses
the cavity, exponentially increasing in amplitude, both forward and reverse. This makes the

region in the centre of the cavity the place with the smallest sum of forward and reverse fields.
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The SMM calculation has a mostly negative modal mirror threshold discrepancy compared
to the Fourier calculation. One reason for this is that resonant inter-slot scattering decreases
the mirror threshold for most modes; however, for some modes, this effect is destructive;
hence the positive discrepancy values. The discrepancy is the value we use to quantify inter-
slot scattering. Overall, these inter-slot scattering effects are small, and there is a good con-
vergence between the two calculations. The largest discrepancies are near my. This is due to
a small amount of close-to-resonant scattering between different slots at my and for neigh-

bouring modes.

It is important to note that the Fourier method calculates an exact theoretical mirror thresh-
old. The SMM cannot calculate this exact value, and returns a threshold value for a high
output power which should be close to the theoretical limit. Although there are two factors
contributing to the discrepancy between the SMM and the Fourier calculation, any discrep-

ancy value we calculate places an upper limit on the effect of inter-slot scattering.

4.2.5 Change in modal threshold function with grating-facet phase

We applied a g—"; shift to each slotin the fi, f> and f; grating patterns and recalculated Eq. 4.1.

For f, in Fig. 4.8 we can see that the modes that are strongly suppressed in the in-phase

position around 1510 nm and 1590 nm, are strongly selected in the out-of-phase position.

The two modes at 1590 nm are as strongly selected as the mjy.; modes near 1550 nm and

could result in a low SMSR device if the gain-bandwidth peak is near 1590 nm. We can see
+Ao

how the selected mode has changed to my.; for each of the designs for the ¢ shift; mo_;

would have been selected for a — g—z shift.
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FIGURE 4.8: Fourier calculated mirror loss spectral function comparison for
a +§—g phase shift in grating position. For functions in Tab. 4.1, modelled

using parameters in Tab. 4.2.

In Fig. 4.9 we track how selectivity and the mode with the lowest mirror loss change as the

Ao

grating changes position by a distance + g and +§—,"1 for f. For Fig. 4.10 we performed the

same calculation over a range of + 21_2 for one hundred phase steps — and plotted the selectiv-

ity of the mode and the mode number with the lowest mirror loss, Amy, as a function of the

change in grating position. We measure selectivity against modes within twenty- and fifty-

modes of my for each phase position to analyse varying selectivity with mode bandwidth.
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Three parameters change for incorrect facet positioning for our device. One, the phase be-
tween the grating and the facet; two, the impact of the slot due to its position in the cavity as
the cavity length changes. These two parameters are linked and can be captured by changing
the slot positions in the cavity for Eq. 3.23, while keeping the cavity length fixed as an integer
multiple of half-wavelengths for the designed wavelength value. These are the two parame-
ters that we examine in this chapter. The third is a change in cavity modes due to the cavity
length being a non-integer multiple of half wavelengths for the designed wavelength value.

This is a separate parameter variation that we will examine in Ch. 5.

A (nm) A (nm)
1510 1550 1590 1510 1550 1590
| | | | | |

2 * 12

Aay, (Cm_l)

Aay, (cm_l)

| | |
1510 1550 1590
A (nm)

FIGURE 4.9: The f; function, tracking the change in mirror gain threshold
function with A shift in grating position. Modelled using parameters in
Tab. 4.2.
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Panel c) in Fig. 4.2, Fig. 4.4 and Fig. 4.6 show the in-phase or cosine modal mirror loss patterns
for the exemplar functions, and Fig. 4.8 shows the out-of-phase or sine transform of the func-
tions. Fig. 4.10 shows the magnitude of the modal selectivity and the relative mode number
selected for the intermediate phase positions. Analysing these graphs, we can see that select-
ing a design function with clear single-mode selectivity in the sine and cosine transforms is
much more likely to produce a lasing device within the range of m1p.; than a function that
does not. The functions with greater modal selection, f> and f3, show sharper points of in-
flection in the selectivity versus grating-facet phase traces, Fig. 4.10 a) and b). f5 also shows

strong selectivity against competing modes for the wider fifty-mode range.
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FIGURE 4.10: Calculated mode selectivity and mode number selected as the
perturbations are cycled through a +§—fl phase range with a twenty-mode
mask (20Aa) a) and c) and a fifty-mode mask (50A«) b) and d). Modelled

using parameters in Tab. 4.2.
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4.2.5.1 Large changes in the relative grating-facet position

What is also important in terms of manufactured devices is the impact of grating-facet posi-
tion changes on the order of micrometres due to errors during facet cleaving. In Fig. 4.11, the
grey-shaded area represents the amount of cavity length lost in a ~ +10 pum cleave error to the
"Right facet". To simulate this in the model, we add +10 pm to the position of each slot in the
grating and repeat the sub-wavelength phase scan of selectivity. The cavity remains 400 pm
in length and only the grating is moved. We also calculated a —10 um change to simulate a
cleave on the "Left facet" of the laser, not shown in Fig. 4.11.

Displacement (um)  Simulated cavity removed
0 200 400
|

Grating ideal position

+10 ym —

FIGURE 4.11: Diagram of the shift in the grating position to simulate a
section of misaligned cleave to the "Right facet", removing 10 um of the
cavity.

The results shown in Fig. 4.12 and Fig. 4.13 remain very similar to those of Fig. 4.10 for f,
and f3, with fj showing a stronger variation due to the large density of features close to € = 0.
The selectivity of the function f; improves significantly for the shift +10 um, but it degrades
significantly for the shift —10 um. This is in agreement with the importance of weighted-
average perturbation position highlighted by Eq. 4.5. We also note that f3 is more robust to
facet cleaving errors when taking into account the safety margin between the last perturba-
tion in the grating and the facet. A +10 pm grating shift removes one of the slots in f>, which

means that this function is less resistant to cleaving errors.
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FIGURE 4.12: Mode selectivity and mode number selected as the slots are
cycled through a + ;—;’l phase range, with respect to the facet position, with an
additional +10 pm grating position change. Calculations are made with a
twenty-mode mask in a) and c) and a fifty-mode mask in b) and d).
Modelled using parameters in Tab. 4.2.
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FIGURE 4.13: Mode selectivity and mode number selected as the slots are
cycled through a + ;—;’l phase range, with respect to the facet position, with
and additional —10 um grating position change. Calculations are made with
a twenty-mode mask in a) and c¢) and a fifty-mode mask in b) and d).
Modelled using parameters in Tab. 4.2.
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4.3 Analysis

4.3.1 Mode selectivity with weighted-average slot position

In Tab. 4.3 we compare our selectivity metrics for the exemplar gratings. The function f;
outperforms f, and fj in the in-phase selection characteristics, and is only equalled by f in
terms of selectivity against cavity mirror loss. Tab. 4.3 verifies the benefits for my selectivity
of not placing slots near the cavity centre due to the w(e) = 2|r|sinh (a reL) weighting for a

laser with equal reflectivity facets.

Function | Adp, (cm™) | Aay, (cm™) | 20Aa (cm™) | 50Aa (cm™) | Aam, Eq. 4.5 (cm™)
fi 1.1 1.0 0.8 0.7 0.8
12 2.1 1.2 1.2 1.2 2.0
f 2.1 1.5 1.5 1.5 2.0

TABLE 4.3: Comparison of the selection performance of each function when

the grating is perfectly aligned to the facet, including the estimated selection

calculated using Eq. 4.5. Functions in Tab. 4.1 modelled using parameters in
Tab. 4.2.

The first column in Tab. 4.3 shows the calculated values using Eq. 4.1, which explicitly takes
into account the positions of the perturbations. We can compare this with the final column
showing the maximum reduction in mirror loss for mode my, calculated using our mathe-

matical analysis of mode selection in Sec. 4.1.1. For f; we place the perturbations between

1
3 ~€min

. -1 _2"cmin
€min and € = 2 —Inemin) *

for which the ratio of the two integrals in Eq. 4.5 is This gives
an estimated 71y mirror loss modulation of 0.8 cm™!, lower than the fully calculated value
of 1.0 cm~!. The integral approach provides an excellent estimate of the reduction in mir-
ror loss for the functions f> and f3, but is less accurate for f; due to the divergence in the
perturbation distribution function, h(e), as € — 0. Nevertheless, the model provides a clear
explanation for the smaller threshold reduction observed for f;, where the integrated impact

value does not adequately capture the impact of slots on a divergent section of a function.
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The function sinh (« reL) can be approximated as linear, as demonstrated in Fig. 4.14. There-
fore, we canlet w(e) = a reL, where a L= 2In (ﬁ) [24]. This makes the calculation of Eq. 4.5

analytical. For the functions f; and f; we get

1/2
d L
A _Lf@etMﬂZW(NM) w8

am -
0 f01/2 %dc Ln 2 \ Ln
or 2.0 cm™! which is consistent with Eq. 4.1. The 2.0 cm™! value shows the maximum cavity
threshold selectivity for a grating pattern with a relatively even-covering of half the length of

a cavity with L = 400 um, using the cavity parameters in Tab. 4.2.

0.6 | W© ‘<
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— sinh(afeL)
'0' —-0.6 === agel

FIGURE 4.14: Comparison of the w(e)=sinh (arel) and w(e)=ayel, for the
device parameters in Tab. 4.2 (L = 400 pm, ap=322 cm™b).

4.3.2 The Fourier properties of index-patterned gratings

Panels b) and c) in Fig. 4.2, Fig. 4.4, and Fig. 4.6 show the perturbation distribution patterns
for the three exemplar design functions and their respective corresponding modal mirror

loss spectra in the ideal case. We see that f» and f5 select the Am = +1 modes more strongly

g:i’gg,i = 24% for f3. This

. . . -1
compared to fi. For f, the selection ratio is gfg,l = 38%, and
is expected from the Fourier transforms listed in Tab. 4.1 (% and %, respectively). The side-
mode selectivities were calculated taking the average of the two side-modes of my. This value

will be closer to the cosine transform value—averaging out any sine transform components.
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For the function f,, the gaps between the slots are very close to constant. Assume a grating

of twenty equally spaced slots, where the p*" slot position is at

€p=0.025p - 0.0125. 4.7)

To simplify the example further, assume that we are operating on mode 1600. There are then
1600 half-wavelengths along the cavity, 800 of them between 0 and 0.5. The length of each
half-wavelength is 3(‘)—% =6.25x 107%. The left face of the first slot is at 0.0125 — there are

then % = 20 half-wavelengths between 0 and the first slot left face, or 820 + 20 = 840

full half-wavelengths from the "Left facet" of the cavity. There are a further % = 40 half-
wavelengths between the left face of the p*”* and (p + 1) slots. In this simple example that

we have set up, we get a constructive mode selection from each slot for my = 1600.

If we now consider mode 1640, then there are 820 half-wavelengths between 0 and 0.5, with
each half-wavelength of length % ~6.0976 x 10~%. The first slot is at 0.0125, so that there are

% = 20.5 half-wavelengths between 0 and the left face of the first slot, or 820 +20.5 =
840.5 half-wavelengths from the "Left facet" of the cavity, i.e., we now have an odd number
of quarter wavelengths to the "Left facet" from the left face of the slot. There are a further
% = 41 half-wavelengths between the left faces of the p*" and (p + 1)*' slots. In this
example, we get destructive mode suppression from each slot for m = 1600 + 40 = 1560 and

1640.

If we had this exactly evenly spaced slot pattern for our devices, then the modes 1692 and
1612 should each have a negative selection exactly equal and opposite to the positive se-
lectivity of the mode 1652. In the weighting-function design approach, we do not have a
perfectly regular slot pattern, which means that modes 1692 and 1612, are selected by ~ 80%
of my. Similar unintended Bragg reflections at modes with large Am can also occur for other
functions, e.g., f3 beyond 1590 nm; but the overall scale of the effect is generally not as large
as for the perfectly regular case. A large modal modulation at Am = +40 can potentially lead

to low SMSR, if there is variation in the cavity temperature.
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It is known that the Fourier series converges slowly when there is a discontinuity in the value
of the function that is approximated by the Fourier series. We are approximating the Fourier
transform not by including a finite number of Fourier terms but rather by approximating the
function by a finite number of delta functions, i.e., each slot facet is a discrete single point
of design function sampling. It is likely that this also converges more slowly when the delta
functions approximate to a situation where the weighted function is diverging at € = 0. There
are three features of our results that display this aspect. One, the strong sensitivity of f;
my selectivity to large shifts (~ £10 um) in the grating to/from centre. Two, the fact that the
integral approximation works less well for fi than for f; and f;. Three, the increase in "noise"

in the mirror loss spectrum as one increases the magnitude of Am and moves away from m.

The small change in selectivity for f, and f3, when the facets are shifted by as much as 10 ym,
can be understood by considering how the Fourier transforms in Tab. 4.1 are modified if the
pattern is changed, and therefore the limits of integration are changed. As an example, if f,
is shifted to start at € = a rather than 0, then the Fourier transform in Tab. 4.1 is modified by

shifting the integration range of the Fourier transform frome=0—0.5toe=a— 0.5

sin(mAm) cos(mAm)—-1 1—anAmsin(anAm) — cos (anAm)

TAm mAm? (TAm)2 4.8)

This introduces a correction of order a? to the calculation for modes close to the selected
mode my.1, as long as the number of perturbations N remains unchanged. We can also see
the functions displaying Fourier properties out-of-phase; fi in Fig. 4.8 resembles the sine

transform for the "Top-hat" function in Fig. 4.15.
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FIGURE 4.15: The sine transform of the "Top-hat" function in Fig. 3.4 a)
(inset).

4.3.3 Grating-facet phase and yield

We can see how well f3 performs in the out-of-phase scenario in Tab. 4.4; with an even greater
improvement over f; and f, than in the in-phase case, Tab. 4.3. We saw in Sec. 4.2.5 that
modes that are strongly suppressed in the in-phase case can be strongly selected out-of-
phase. Therefore, you do not want strongly modulated modes outside of mps;. mp+; is a
tolerable band of mode selection for most applications, and it is difficult to design gratings

not to select the m.; modes as the grating-facet phase changes, given their Fourier nature.

Function | Adp, (cm™) | Aay,, (cm™) | 20Aa (cm™) | 50Aa (cm™)
fi 0.7 0.7 0.3 0.2
f 1.3 0.7 0.7 0.0
f 1.6 1.0 1.0 1.0

TABLE 4.4: Comparison of the spectral performance out-of-phase, i.e. a Lo

0
8n

step has been added to each ideal slot position. Functions in Tab. 4.1,
modelled using parameters in Tab. 4.2.
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As an example of the yield improvements offered by changing the design function, we set

a baseline selectivity of 0.35 cm™! for the mode with the lowest mirror threshold over a ;—fl

! was chosen, as it was a selectivity value that had previ-

grating-facet phase cycle. 0.35 cm™
ously delivered SMSR > 40 dB [111]. The function f; gave a x3 improvement in yield over f,
while f, gave a x2 improvement over fj. The mode number with the lowest mirror loss does
vary in this calculation. As can be seen in Fig. 4.10, for f3 this is significantly more likely to

remain on my+; due to its Fourier properties.

In Fig. 4.12 and Fig. 4.13, f; maintains good single-mode selectivity even with large changes
in the grating position. It can also be seen that f; has good selectivity as the mode selection
mask increases to fifty-modes, which means that f; should be resistant to large temperature
variations even as the distance between the grating and the facet varies significantly. In gen-

eral f; is a more robust design function.

Function | Yield %
fi 22.3
b 48.1
f 66.3

TABLE 4.5: A 20Aa mode selectivity yield for a baseline of 0.35 cm™".
Functions in Tab. 4.1, modelled using parameters in Tab. 4.2. Mode number
selected not necessarily my.
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4.3.4 Thermal analysis; gain-bandwidth case study

We have treated the threshold gain level as independent of wavelength. In practice, the gain
spectrum shows a peak at a particular wavelength, which is temperature-dependent. To il-
lustrate the impact that this can have on mode selection we take, as an example, the applied
modal gain spectrum function, I g, fitted for a multiple quantum well structure in Ref. [112].
The structure in the paper used 10.5 nm InGaAsP quantum wells, targeted at 1500 nm. In the
next chapter, we implement our slotted laser designs on AlGalnAs targeted to 1550 nm using
6 nm width quantum wells. We added the modal mirror modulation function to the Ref. [112]

gain spectrum

Agm=Tgm+an. (4.9)

We then zero against the maximum threshold gain modulation

AG, = Agym —min(Agp), (4.10)

to show the relative selection of each mode. Our chosen wavelength, Ay, is at 1540 nm.
Tab. 4.6 shows the modified parameters used in this section. The mode selectivity param-

eters are modelled to remain the same as in Tab. 4.3 with the wavelength change.

Ao (nm) 1540

my 1662

slot width (um) | 0.121

TABLE 4.6: Changed modelling parameters used in the gain-bandwidth case
study. All other parameters remain the same as Tab. 4.2.
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The left column of Fig. 4.16 shows the relative modal gain selectivity spectra when the gain-
bandwidth peakis at 1532 nm. The 1540 nm mode is clearly selected for f, and f3, but not for
f1. If we shift the gain-bandwidth peak by 18 nm relative to the selected mode to 1550 nm,
then the mode at 1540 nm is selected in each case as in the right column of Fig. 4.16. This
mimics the key effect of temperature, that is, the gain-bandwidth peak shifts to a longer
wavelength as the temperature increases. In practice, the width of the gain-bandwidth spec-
trum increases and the wavelength of the selected mode also shifts (more slowly) to a longer
wavelength, with a typical relative change in the separation between the gain-bandwidth

peak and the selected mode of 0.4 nm°C~! (including refractive index change) [99].

A detailed simulation based on a method, such as that in Ref. [20], would be required to cal-
culate the lasing spectrum and the value SMSR. Based on the results in Fig. 4.16, and ignor-
ing the temperature dependence of the gain-bandwidth spectral width and any wavelength-
dependent losses, we can nevertheless estimate that lasing on my should be achievable over
a temperature range of order 45°C for function f; and 46°C for function f3, with a net mode
selectivity of > 0.25 cm™!. There is insufficient information in the model to convert this se-

lectivity value to SMSR. Function f; will stop lasing on m after a 38°C temperature increase.
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FIGURE 4.16: Left column, relative modal selectivity spectra with a function
peak at 1540 nm fitted with a gain spectrum centred at 1532 nm. Right
column, an 18 nm thermal shift applied to the peak energy in each device.
Functions in Tab. 4.1, modelled using parameters in Tab. 4.2 and Tab. 4.6.
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4.4 Discussion

We performed a Fourier analysis of three exemplar design functions to gain insight into
the physics of index-patterned devices. The key findings of this chapter are; the weighted-
average of the slot position in the grating can be used to improve the selectivity of the my
mode, and the sine transform of the slot pattern can be used to analyse the reduction in yield
from incorrect facet positioning. We also demonstrated many of the Fourier properties of
index-patterned lasers, further justifying this modelling method. We have seen how greater
mode selectivity against cavity threshold gave greater thermal stability, and how gratings with
constant spacing can be more susceptible to temperature changes in the cavity from modal
pattern repetition. We verified our first-order Fourier model for devices with equal facet re-
flectivities by comparing it with an equivalent SMM structure. The first-order model can
sufficiently position perturbations in terms of phase to create a specific mode pattern in the
spectrum. In Ch. 5 and Ch. 6, we will see that this is sufficient to create devices with > 40 dB

SMSR and > 10 mW output power at 100 mA (~ 5 x ;).

We have used our exemplar functions to analyse mode selectivity against mirror threshold
and against competing modes in the spectrum, and also how the selectivity depends on the
grating-facet phase. We have only studied a small number of possible design patterns, man-
ually changing the parameters. Maximising device performance can only be done iteratively
with a computer algorithm. The results of this chapter could be used to guide a search al-
gorithm. Targeting patterns with high-weighted-average slot position will restrict the search
space of possible patterns. Targeting functions with strong m+ selectivity in the sine trans-
form will improve the yield of the device. Adjusting the grating structure, using an SMM to
all orders of scattering, could allow one to further improve the mode selectivity parameters

of a grating.

In the next chapter, we apply design functions similar to the exemplar ones to investigate how
Fourier-based theory and analysis compare with real devices. Ch. 6 analyses how applying a

HR facet affects index-patterned devices using our Fourier method.



Chapter 5

Implementation of Fourier designed

gratings

5.1 Introduction

This chapter reports the experimental results of our grating designs for uncoated devices
from our partners at Eblana Photonics Ltd., and matching modelled data. Sec. 5.1.1 dis-
cusses the approach taken for this experimental portion of the investigation. In Sec. 5.2.1 we
will see how the experimental distributions of lasing modes change with the grating design
and compare to the initial Fourier-modelled data. In Sec. 5.2.2 we will see how the general
performance of the device is improved by changing the design function. Sec. 5.3.1 will ex-
amine how changes can be made to the Fourier model to physically explain the differences
between the initial Fourier-modelled results and the experimental data. Sec. 5.3.2 makes a
general analysis of the experimental device performance; with Sec. 5.3.2.1 analysing mode
selectivity, Sec. 5.3.2.2 looks at grating loss, and Sec. 5.3.2.3 analysing the implications for the

device yield of using different design functions.

98
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We will demonstrate the ability of the first-order Fourier method to predict the spectra of
experimental devices with uncoated facets. We will see evidence for our assertion that in-
creasing the distance between the grating and the "Left facet", away from the centre of the
cavity, can be used to increase single-mode selectivity [25]. Increasing single-mode selec-
tivity will improve most of the device operational parameters; SMSR, slope efficiency, and
output power. As highlighted in the previous chapter and in the literature [26, 20], the ran-
dom distribution of the grating-facet phase during manufacturing reduces the yield of index-
patterned devices. We will capture this effect experimentally and match it to the predictions
of the Fourier model. We will explore how changing mode resonances with cavity length can
select or suppress modes, and how variations in the cavity refractive index can change the

wavelength position of the mode-selection patterns.

5.1.1 Design of experiment

The devices were designed for manufacture and testing at Eblana Photonics Ltd., using the
functions presented in Tab. 5.1, and the cavity parameters in Tab. 5.2. The general wafer
structure for the 1550 nm device is outlined in Ref. [29]. We will compare the device per-
formance experimentally and using the Fourier method. The 275 pm cavity length was the
length being implemented in this process run, meaning we had to conform to it. Approxi-
mately one hundred and eighty devices were characterised for each of the four designs. The
large number of devices gives sufficient data to assess the performance of the different pat-
terns when considering the random distribution of the grating-facet phase. The devices were

tested for single-facet output power and SMSR at 100 mA, and for threshold current.

No. Function Aty (em™) | Aap, (em™) | 20Aa (cm™!)
h fle=1 1.3 1.4 0.8
fi | fe) =esin? 2me) 2.9 2.3 2.3
fs | fle)=sin*(3ne) 2.9 2.2 2.2
fo | f(e)=sin? (me) 3.2 2.0 2.0

TABLE 5.1: Design functions used for experimental devices, and their
Fourier-calculated mode selection metrics, modelled using parameters in
Tab. 5.2 and slot patterns in Fig. 5.2.
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L (um) 275
Ap (nm) 1550
my 1652
N 20 or 16 for f;
R;, % power ~30
Ry, % power ~30
Slot r, % amplitude 1.2
af (cm™) 47.3
d (um) ~0.9

TABLE 5.2: Design parameters for devices in this chapter.

Fig. 5.1 shows the design functions after weighting, h(e). This time four functions were se-
lected, as this balanced the number of designs versus the number of devices we had available
to implement our designs on. We wanted enough design variation to fully analyse the effect
of changes in slot density along the cavity while having enough devices to get reliable statis-
tical measurements each design. We did not use the same functions as in Ch. 4, as the results
in this chapter are more so being used to verify our conclusions, where as Ch. 4 was more
theoretical exploratory investigation, so we had different goals for our function comparison.
fi(e) =1 was the only function that we took directly from Ch. 4 [24]. Its large h(e) amplitude
close to € = 0 results in the bunching of slots near the centre of the cavity, as in Fig. 5.2, mak-
ing it an ideal experimental comparison for the effect of weighted-average slot position. It
was also a function previously studied before, making it generally a good basis to compare
against. f>(e) = |e| was not included, as the grating it produces is similar to a Bragg type grat-
ing with fixed slot spacing, and is a design that has been manufactured several times before
[19] — f; is already providing a basis comparison function. fj(e) = esin? (27r¢) was chosen
instead of f3(e) = esin(2n¢€). f3 and fy have the same general parabolic shape, with both
functions starting and returning to zero in the € = 0 — 0.5 range, as in Fig. 4.6 a) and Fig. 5.1.
Squaring the sine term reduces the span of the function peak and selection of the m.; modes
in the model, as in Fig. 4.6 c¢) and Fig. 5.3. This should result in a clearer increase in SMSR

over the other functions.
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The function f5(€) = sin? (%ne) has a similar shape to f;, with a wider span, and does not
return to zero before € = +0.5. This results in a wider spread of slots than f;, as can be seen
in Fig. 5.2. fs(e) = sin® (7e) is similar to f; and f5, but the function is truncated at € = 0.5,
near its maximum amplitude. fs has an increased weighted-average slot position compared
to the other three functions, as can be seen in Fig. 5.2. This should increase the selectivity of

my against the mirror loss threshold of the device.

€ €
0 01 02 03 04 05 O 01 02 03 04 05
T T T T T T T T T T T ‘*0.8
0 A | A
0.6
40 f
® 104 T
= =
20
0.2
0 0
| | | | | |
T T T T T T
f5 1.5
2
-~ 1 -~
@ &
= =
1
0.5
0 0
| | | | | |
0 01 02 03 04 05 O 01 02 03 04 05
€ €

FIGURE 5.1: The weighted design function, h(e), for functions in Tab. 5.1,
using parameters in Tab. 5.2. fj fore =0.0125 — 0.5 and f4, f5 and fs for
€=0.0—0.5.
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FIGURE 5.2: Slot positions for functions in Tab. 5.1, using the design
parameters in Tab. 5.2; including the minimum gap between slots for each
pattern. Sixteen slots for f; sampled in the range € = 0.0125 — 0.43, and
twenty slots for fa, f5 and fg sampled in the range € = 0 — 0.43. Slots have
not been placed within 20 um of the "Right facet"

In order not to have slots too close to the "Right facet" that could be removed during cleaving,
we only sampled the functions up to € =~ 0.43. This resulted in fs, f5 and fs being more
similar than desired when selecting their design functions in the full € = 0 — 0.5 range. For
an uncoated device, it is possible to place slots on either the left or right hand side of the
device. However, given the accuracy with which slots can be placed relative to the facets no
benefit is gained by placing some of the slots on one side and the remainder to the other side
of the centre of the device. Even with restricting the sampling of f; to the range € = 0.125 —
0.43, this was still a difficult design to manufacture given the intense bunching of slots near
the centre of the cavity. To remedy this, we removed four slots in the range 130 — 170 pm.
For f; in Fig. 5.3, we compare the reduced sixteen-slot with the complete twenty-slot mirror
threshold spectrum. It has also been previously established in the literature that the position
of the perturbation in the cavity is related to the magnitude of the modal selectivity [9, 25].

Removing the four slots for f; should have minimal impact on the device spectrum.

We can see in Fig. 5.4 a) that f}, f5 and fg should also give greater modal selectivity as the
grating-facet phase changes; which should result in an increased yield over fi. They should
have tighter distributions of performance metrics for manufactured devices compared to f7,

as these functions are more likely to select modes close to my, Fig. 5.4 b).
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FIGURE 5.3: Fourier-calculated modal mirror loss spectra for gratings in
Fig. 5.2, modelled using parameters in Tab. 5.2.
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FIGURE 5.4: The impact of changing grating-facet phase on: a) mode
selectivity against a twenty-mode bandwidth, b) change in mode number
selected. For gratings in Fig. 5.2, modelled using parameters in Tab. 5.2.
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5.2 Results

The devices in this section were manufactured and tested by Eblana Photonics Ltd., Dublin;
with the data then forwarded for analysis in this thesis. The devices were tested at bar-level
for output power and SMSR at 100 mA, and threshold current. In Fig. 5.3 we have plotted
the spectrum for the device with the highest SMSR for each function. We can see that each

function clearly selects a single mode in the spectrum.
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FIGURE 5.5: Experimental spectra for the device with the highest SMSR in
the data for each function at 100 mA forward current, for gratings in Fig. 5.2,
designed using parameters in Tab. 5.2.
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5.2.1 SMSR versus wavelength distribution

To analyse the laser mode distributions statistically, we plotted the experimental and mod-
elled SMSR versus lasing mode wavelength for each function. To model SMSR versus wave-
length, we take each function grating and cycle it through a phase ;—"; rotation using Eq. 3.23,
as in Sec. 4.2.5. We calculated a modal mirror selectivity, aa,, for each mode in a twenty-
mode band around i at each phase position. We then converted to mode number, m, to
calculate the wavelength of each mode. We then applied a simple parabolic gain level adjust-
ment [74]
Al

2
Agm:am—af(ﬂ) cm ™, (5.1)

assuming a gain-bandwidth centred at m,, with a full width at half-maximum of §1 = 70 nm
[112]. We used a parabolic band approach here as opposed to fitting an experimental gain-
bandwidth, as in Sec. 4.3.4, as we did not have a gain-bandwidth trace for these devices,
and the parabolic approach allows for easier fitting to the data. We calculated the selectivity
of each mode, AG,;, baselined against the selectivity of the mode with the lowest mirror

threshold, as in Eq. 4.10. To convert to SMSR, we apply [20, 64, 113]

AG
SMSR, = 10log,, (6—’" + 1) dB. (5.2)
G

0 ¢ is related to the gain necessary for the mode to overcome its cavity loss and lase

Iin _
6(;=am,65pn,;cm 1 (5.3)
I-Ii,

where [, is the spontaneous emission factor and 7, is the radiative efficiency. B, and 1,

are unknown values for us, however an approximation is typically applied [20]

I'n -1

6@~1X10_3I Toem (5.4)
—1th
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The drive current is I = 100 mA, and I, is the median value of the threshold current for each
function from the experimental data in Tab. 5.3. Eq. 5.2 and Eq. 5.4 also highlight the rela-
tionship between mode selectivity, mirror loss, and SMSR, e.g., a doubling of mode selectivity
will lead to a 3 dB increase in SMSR. Also, from Eq. 2.9, there is a linear inverse relationship
between cavity length and mirror loss, i.e., doubling cavity length increases SMSR by 3 dB,
provided mode selectivity remains constant. The fact that each mode is ratioed to the mode
with the highest selectivity gives the highest selectivity mode an SMSR of 0 dB. m is ~ 0.5 nm
from 1550 nm, as the mode spacing is large for the 275 um resonator, and the laser can only
lase on the nearest allowed mode of the cavity. The number of phase points was chosen to
match the number of experimental devices in each distribution. SMSR for a given grating

position was the minimum SMSR value in a twenty-mode bandwidth around m.

The SMSR versus wavelength distributions of the experimental data in Fig. 5.6 show the de-
vices lasing around specific wavelengths. The pattern of these wavelengths closely resembles
what is predicted by the Fourier model in Fig. 5.4. Strongly selected modes in the Fourier
calculation, as in Fig. 5.3, correlate with high SMSR lasing modes in the experimental data,
usually mp+1. This selected mode changes as the grating-facet phase changes, which is why
multiple lasing wavelengths appear in the experimental devices. We can see that f; has three
prominent modelled lasing modes, where the other devices have five. This is a result of the
number of modes that the Fourier transform of each design function selects as it changes

phase.
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The experimental devices tend to have a range of wavelengths around a set mode to lase on.
Devices lase on modes allowed by the grating; however, variation in the cavity refractive index
between devices means that the wavelengths of the allowed modes vary. We can see for fg in
Fig. 5.6, that the modes are in less structured patterns. This could be the result of damage to
these devices. For the function f; there are lasing modes < 1545 nm. As the selectivity of my
for f; is low, it has a low net selectivity against modes across the gain-bandwidth. This makes
the modes outside of my.» more likely to lase compared to the other three functions. The
low SMSR points for the selected modes in the distributions (~ my.») in Fig. 5.6 are due to
the modal competition with the variation of the grating-facet phase. We can also see the sim-
ilarity of the fi, f5 and fg distributions, which could be the result of compressing the gratings
for manufacture, i.e., the gratings had to be fitted to € = 0 — 0.43 instead of ¢ = 0 — 0.5—as

they had been designed using the Fourier model.
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FIGURE 5.6: SMSR versus wavelength distributions for experimental and

parameters in Tab. 5.2.

modelled data. For gratings in Fig. 5.2, designed and modelled using
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The Fourier model underestimates the SMSR of these devices. One reason for this, as we
will analyse further in Sec. 6.3.2, may be that SMSR is sensitive to the depth of the etch of
the slot, which is difficult to tightly control. We can also attribute some of the discrepancy
to the approximate nature of Eq. 5.4 and Eq. 5.2. Another is that we do not include inter-
slot scattering in the modelled data and are likely to be underestimating the slot reflectivity
[84]. Also, we take a median value for the threshold current in the SMSR calculation, not
allowing for the fact that current thresholds will be reduced when the slots are aligned with
the facets of the cavity. This will be a small effect given the logarithmic factor in the current
threshold to the SMSR relationship. The biggest discrepancies between the modelled and
experimental data are that there appears to be one extra or one less mode comparing the
modelled and experimental results for each function and an offset in the mode positions

between the experimental and modelled data, as will be discussed further Sec. 5.3.1.

5.2.2 General performance parameters

Fig. 5.7 shows the box plots of SMSR and single-facet output power at 100 mA, and the thresh-
old current for the four different design functions with uncoated facets. SMSR is generally
measured by coupling the laser light to an optical spectrum analyser and comparing the
power in the modes of the spectrum. Power is measured by coupling the light from each
mode into a photodetector at a set drive current for the laser diode and measuring the pho-
tocurrent generated. Threshold current is calculated by ramping up the drive current to the
laser diode and measuring the corresponding photocurrent captured. From this trace, the
point at which stimulated emission dominates over spontaneous emission can be extracted
[114]. We do not know the details of the set-up used by Eblana Photonics Ltd., but it would

have followed these general principles.
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SMSR for fi is lower, and SMSR is relatively constant between f3, f5, and fs. The output power
is higher for fi, but is relatively constant between fi, f5, and fs. We can also see in Fig. 5.7 ¢)
that f; has a lower threshold current than the other three functions. There is a large distri-
bution of values for each parameter for each function. For SMSR, the f; distribution is larger
than for the other functions. For power, the distribution of power is over a smaller range for
fa. For the threshold current, fg has the largest distribution. In Tab. 5.3 we compared the me-
dian values for each of the performance parameters for each function. In the third column
of Tab. 5.3, we have combined the median single-facet output power, P, and the threshold

current, Iy, to calculate the slope efficiency, n, using the equation

2P
S I-1y

n (5.5)

We double the single-facet output power to estimate the total power output of the device.
The Fabry-Pérot devices do not have the additional loss from the grating slots, therefore their

threshold current is lower and output power and slope efficiency is higher.
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FIGURE 5.7: Box plots: a) SMSR and b) single-facet optical power at 100 mA,
and c) threshold current. For gratings in Fig. 5.2, designed using parameters
in Tab. 5.2. Large black dots are data points outside inter-quartile range.

Function P at 100 mA (mW) | I;; (mA) n (W/A) SMSR (dB)
fi 11.3+2.2 214420 | 0.29+0.06 | 31.2+79
fa 12.1+1.7 207+1.6 | 0.31+£0.05 | 35.9+6.3
fs 10.5+1.9 225+23 | 0.27+£0.06 | 35.7+6.5
fs 10.2+2.2 226+3.3 | 0.26+0.07 | 35.7+6.8

Fabry-Pérot 23.1+£2.7 142+19 | 0.54+0.1

TABLE 5.3: Comparison of experimental performance metrics, for gratings
in Fig. 5.2, and unetched Fabry-Pérot cavities on the bars. Designed using

parameters in Tab. 5.2.
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5.3 Analysis

We divide the analysis into two parts. The first looks at the changes that can be made to
the Fourier calculation to improve the fit between the experimental and modelled data in
Fig. 5.6. The second makes a more general analysis of the device performance after the merit

of the Fourier calculation has been established.

The most notable difference between the modelled and experimental results in Fig. 5.6 is that
some modes appear to be suppressed or added when comparing the two data sets. We iden-
tify the main reason for this as the change in mode wavelength as the laser cavity changes
length with facet cleaving. We will model this effect and make a mathematical analysis of the
process. We will also see how changing the cavity refractive index in the Fourier model can

explain the offset in wavelength between the modelled and experimental device modes.

5.3.1 Fourier model fitting
5.3.1.1 Modal excitation and suppression from cavity resonances

As alaser cavity length varies with cleaving, the phase change for the cavity modes at the de-
vice facets causes a change in the mode wavelengths supported by the cavity. The slot spac-
ing in the gratings is designed for a specific wavelength, and this spacing does not change
with cleaving. There can then be a mismatch between the modes supported by the cavity

and those supported by the grating.

Here we will use the Fourier method to model this effect and overlay it on the experimental

data. Take for example, an additional f—g error to the end of the cavity

Ao
Lerr=L+—. (5.6)
4n
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We calculate a fractional error, F,;,,, of this new erroneous cavity length, L., to the ideal

cavity length

L
Fery = ﬂ- (5.7
We then apply this fractional error to the chosen wavelength
}Lerr = AOFerr- (5.8)

Device design calculations are made for the erroneous wavelength, A.,,, and cavity length,

L., before the erroneous slot positions, €., are then re-aligned to the ideal Ao mode

€err

-, (5.9)
Fory

€pos =

to make the modal mirror loss calculation, using Eq. 3.23. This simulates the effect of hav-
ing an actual cavity length error, rather than simply moving the device gratings relative to
the facets, as we had done in Sec. 4.2.5. A demonstration of this calculation can be seen in

Ao Ao 3Ay

Fig. 5.8; with errors 72

aer 190 8, added to the cavity length of the f; grating device in Fig. 5.2.

The grating-facet phase change calculation is re-performed for each separate cavity length.
We chose a +£5 modal range, as modes outside this range are not likely to lase with the roll-off
in spectral gain. We can see how f; goes from selecting mostly three modes in the ideal case
to selecting four modes when the cavity is not perfectly half-wave resonant. The mode hop-
ping around the 0.17 um grating shift position is as a result of the deviation from the ideal

grating, i.e., third-order Bragg reflection slots and the compressed grating.

In Fig. 5.9 we overlay the experimental data with the modelled cavity length change for f
data, using the SMSR conversion in Sec. 5.2.1. In Fig. 5.6 we see that there are four prominent
lasing modes, where only three are predicted by the model when the cavity is the correct
number of half-wavelengths. We can then see in Fig. 5.9 how a fourth mode is selected as the
cavity moves away from the ideal resonance. We can see that the g—;’l modal distribution is

most similar to the experimental data.
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FIGURE 5.8: Modelled change in mode selection with facet position and
cavity length error for the fj (€)=1 grating in Fig. 5.2, modelled using
parameters in Tab. 5.2.
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We will now look at the suppression of a mode in the distribution due to this effect. In
Fig. 5.10 we have calculated how the selected mode changed with the grating-facet phase

3/10

for f5, in the 5 mode range for b Mo gng

B ar cavity length errors. We can see how five

modes being selected in the ideal case can be reduced to four. For f5 in Fig. 5.6, we see that a
mode is predicted near 1548 nm in the modelled data, but is not present in the experimental
results. This is not due to a lack of spectral gain, as f; in Fig. 5.6 has a significant number
of lasing devices around 1548 nm. In Fig. 5.11 we can see how the fifth mode is reduced in
the distribution as the cavity resonances change. For the = and 2 cavity errors, this is for
highest mode number, which should result in the lowest wavelength mode being suppressed.
This is consistent with what is observed in Fig. 5.11, although we note that a small decrease

in refractive index can also move the pattern to longer wavelengths.
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FIGURE 5.10: Modelled change in mode selection with facet position and
cavity length error for the f;(€) = sin? (%ne) grating in Fig. 5.2, using the
parameters in Tab. 5.2.
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When designing an index-patterned laser, a fixed cavity length and refractive index is as-

sumed, and the laser is designed to operate on mode my of the cavity, where

my = 2L_n’ (5.10)
Ao

for a laser without perturbations. The wavelength is then adjusted to take into account the

change in the cavity effective refractive index after grating introduction. To date, all analysis

of index-patterned lasers has assumed that when the laser facets are formed, the cavity is of

a specific length where the ratio ZAL—O” is an integer, m. However, the likelihood that this is the

case is minimal. We therefore now extend the previous Fourier analysis to take account of

the situation where the design as implemented selects a non-integer real number

B 2Ln

M=—-, 5.11
A (5.11)

as the target mode number. We can expand sin (271 me) = sin (2nmge + 2rAme) asin Sec. 3.2.4

sin (2w moe + 2mAme) = sin (2w mge) cos (2w Ame) + cos (2 mye) sin (2w Ame). (5.12)

When the slots are all placed so that the "Left facet" is a whole number of half-wavelengths
from the left face of each slot, then cos (27me€) = 0; the second term disappears on the right-
hand side of Eq. 5.12 and we find that the mode selectivity is given by the weighted Fourier

transform (cos (2mAme)) of the slot positions. Consider now the case where all slots are po-

2Ln

sitioned so that for wavelength 1 = =%, the left face of each slot has the same phase with

respect to the "Left facet” of the laser. It is then advantageous to rewrite m as

m=M+(m-M). (5.13)

In this case we expand sin (27 me) = sin 2n Me + 21 (m — M)e) as

sin(2nMe+2n(m— M)e) =

sin (2m Me) cos (2 (m — M)e) + cos 2nMe)sin 2x(m — M)e). (5.14)
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When all slots are placed so that their left face is a whole number of half-wavelengths, A =
ZLT”, from the "Left facet" of the cavity, then cos(27 Me) = 0. The second term disappears on
the right-hand side of Eq. 5.14, and we find that the selectivity of the mode is given by the
weighted Fourier transform (cos (27(m — M)e) of the slot positions. Inserting the changes
between Eq. 5.14 and Eq. 5.12 into Eq. 5.13, and replacing cos (mgr)cos (Amm) by cos (m)
then gives the expression of how the change in mirror loss, Aa,—5;, depends on the differ-

ence between the mode number m and the design value, M

2An
AAAm— M = — cos (mir) x
Ln
N
Z sinh (are;L) [sin (2 Me) cos (2 (m — M)e) + cos 2n Me) sin 2 (m — M)e)]. (5.15)

j=1

If we take the example of the distribution function f(¢) = 1, for which the ideal change in mir-

sin (m(m—my))

Tim—mmy) where my is an

ror loss for mode m is proportional to the sinc function, f (k) =
integer (and where in implementation we note that, in addition, every second term changes
sign). In the case of real M, we now have the change in the threshold gain proportional to

the values of the sinc function at points displaced from the values pn, where p is an integer

to the points (p + (), where 0 < { < 1, as can be seen in Fig. 5.12.
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FIGURE 5.12: f(e)=1 mirror loss modulation spectrum when the cavity is
my resonant (Black points); and the cavity is m0+% resonant (blue points).

For an ideal (d = ﬁ) twenty slot grating, modelled using the
parameters in Tab. 4.2.
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5.3.1.2 Variation in cavity refractive index

We can see in Fig. 5.6 and Sec. 5.3.1.1 that the modal pattern can be largely predicted by the
Fourier model but not necessarily the wavelength position of the modes. The wavelength of
a mode is based on its effective refractive index in the cavity of the device. In Fig. 5.13 we
can see that a change in the refractive index of —0.108% or An = —3.4 x 1072 can shift the
mode pattern by one whole mode spacing to longer wavelengths. We note that experimen-
tal devices are subject to varying cavity refractive index as a result of variation in the current
density in the cavity and changing temperature during operation. A refractive index change
of 0.108% is well within the limits of what is possible in terms of varying carrier concentra-
tion [115]; and temperature, with Z—;ﬁ ~2x107*K"! for indium phosphide devices [116, 117].
Both of these factors can explain the offset in the mode positions in the experimental data in
Fig. 5.6. Note that changing cavity resonances can also affect the wavelength position of the
modes, but to a smaller extent. Changing the temperature of the cavity will also change the
gain-bandwidth peak position and cavity length, which we do not consider here. We are only

modelling changing cavity refractive index. This does occur with temperature tuning.
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FIGURE 5.13: SMSR versus wavelength fitting for f; with a —0.108%
refractive index change. For grating in Fig. 5.2, using the parameters Tab. 5.2.
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5.3.2 General performance analysis
5.3.2.1 Mode selectivity

In Tab. 5.3 we can see the median SMSR for each of the design functions. Note that fi, f5
and fs have similar median SMSR values and the f; value is lower. This is in agreement with
the assumption from the Fourier model that slots near the cavity centre have minimal im-
pact on mode selection. Although the f; device has four less slots, this was modelled not
to have a significant impact on my selectivity; as the slots that were removed were close to
the centre of the cavity. Although this is a circular argument, we can see from Sec. 5.2.1 and
Sec. 5.3.1 that there is good agreement between the selectivity calculated by the first-order
Fourier method and the SMSR of the experimental devices with uncoated facets. We have
also seen in Sec. 4.2.4 that the Fourier model agrees well with the separate SMM calculation,
and in Ref. [25] the importance of slot position in the cavity on modal selection is also estab-

lished.

5.3.2.2 Loss

We see from the median results in the first and second columns of Tab. 5.3 that f; has 1.9 mW
or ~ 20% more optical power than fg at a forward current of 100 mA, and a 1.9 mA or ~ 10%

lower threshold current. To calculate the gratingloss, ag, we use [118, 9]

hfn;a
Og = f:;{; _f_af—(xp, (5.16)

where £ is Plank’s constant, f is the lasing-mode frequency, g is the elementary charge, and
n; is the current injection efficiency and is assumed to be one. a, was calculated for these
devices by adding unetched Fabry-Pérot structures to the bars, and calculating the propaga-

tion loss for these cavities using Eq. 5.17 and setting a¢ equal to zero

_ hf’?iaf —a
nq

ap (5.17)
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a r was taken to be 47.3 cm™!. The unetched Fabry-Pérot device had a median single-facet
output power of 23.1 + 2.7 mW and a median threshold current of 14.2 + 1.9 mA. We then
calculated a slope efficiency of 0.54 + 0.1 W/A and a waveguide background propagation loss
of 23.0 cm™!, using Eq. 5.17. In columns two and five of Tab. 5.4, we show the calculated loss
of each grating and the total propagation loss of the cavity. In the third column, we ratio the

loss to the number of slots in each grating. In the fourth column, we include the median slot

gap for each grating.
Function ag (cm™) | Loss per slot (cm™1) | Median slot gap (um) | ap
f 61.3 3.8 5.1 84.3
fi 53.7 2.7 3.9 76.7
fs 69.4 3.5 4.6 92.4
fs 73.3 3.7 4.4 96.3
Fabry-Pérot 23.0

TABLE 5.4: Comparison of calculated grating losses (Eq. 5.17), loss per slot,
and median slot gap. For gratings in Fig. 5.2, designed using the parameters
in Tab. 5.2.

The function f, experiences the lowest loss per slot. We can see in Tab. 5.4 that the grating
loss between f5 and f3 has been reduced by 15.7 cm™!. This shows the range of modulation
of loss that is possible by changing the slot pattern. We did not use fg for this comparison,
as these devices are potentially damaged, but note that their median performance values are

similar to f5.

We see a general trend of increasing grating loss with an increasing median gap between
slots. A similar result was obtained theoretically in Ref. [9]. Here, devices with different grat-
ing order, i.e., the gap between the slots, are modelled using a 2D SMM and experimentally
compared. A 2D SMM includes the vertical scattering of light out of the slots, which should

be the most significant path of optical loss out of the grating.
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5.3.2.3 Grating-facet phase and yield

The lasing-mode distributions are in broad agreement with our assertion that the span of
possible mode threshold spectra for a given design function and grating-facet phase can be
calculated by taking a linear combination of the sine and cosine transforms of our design
function for a full phase-cycle. This demonstrates the out-of-phase capabilities of the Fourier
method and the ability to design functions resistant to facet position errors. As an example
of the improvement in experimental device yield; in Tab. 5.5, we see that if we take a baseline

specification for SMSR of 35 dB, f; would have a yield of 29.8%, while f; would have a yield

0f 56.1%.
Function | % > 35 dB
fi 29.8
fa 56.1
fs 54.2
e 53.3

TABLE 5.5: Experimental yield comparison for uncoated facet devices. For
gratings in Fig. 5.2, designed using the parameters in Tab. 5.2. The
wavelength selected is not necessarily Ao.
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5.4 Discussion

We used the first-order Fourier method to design device grating patterns. The devices were
manufactured and tested by Eblana Photonics Ltd.. The experimental results are in general in
agreement with the predictions of the first-order Fourier method. We see evidence to support
our assumption that gratings with a weighted-average slot position further from the "Left
facet" and not near the centre of the cavity select the lasing mode more strongly; and the
cosine and sine transforms of the grating pattern can be used to calculate the lasing threshold
for any facet position along the cavity. The experimental results also provide us with further
insight into the operation of index-patterned devices, i.e., changing resonances with cavity

length can suppress or select lasing modes.

Although the function f; was modelled then chosen to have the best SMSR metrics, the fact
that the gratings had to be fitted to € = 0 — 0.43 instead of € = 0 — 0.5, converged the Fourier
transforms and therefore the spectra for f4, f5 and fs, resulting in no significant SMSR dif-
ference between these three functions. We did see a performance boost in terms of excess
grating loss, and this parameter is modulatable with grating design. Grating loss appears to
be more sensitive to the design of the grating than SMSR, and it is possible to increase both
simultaneously [9, 119]. Reducing the optical loss experienced by a device cavity may in-
crease the operating lifetime of the device, as it will require less drive current to meet a set

output power. Reducing loss will also reduce the linewidth of the device [120].

This chapter analyses how effectively the Fourier design method [24, 26, 86] translates into
real device performance for devices with uncoated facets and serves as a stand-alone exper-
imental analysis of the effects of changing perturbation distributions on device behaviour.
We have seen devices with an SMSR median below 40 dB (Fig. 5.7 a)). To consistently de-
liver devices with SMSRs > 40 dB, a HR coating is applied, which typically improves each of
the cavity selection factors; Aa,;,, 20A«, and a f-In the next chapter, we will explore both
theoretically and experimentally the implications of applying a HR coating to each of these

design functions.



Chapter 6

High-reflectivity facet index-patterned

devices

6.1 Introduction

This chapter will analyse the effect of applying a high-reflectivity (HR) coating to the "Left
facet" of an index-patterned laser. In Sec. 3.2.3 we discussed the weighting of the grating
design function to account for the change in the amplitude of the E-field along the cavity —
this chapter looks at the effect a HR coating has on an index-patterned laser, largely from
the point of view of the cavity weighting effect. Three sets of experimental data are reported,
using the same four experimental design functions as in the previous chapter. One set of
L =275 pm devices with uncoated facets. One set with the same L = 275 pym devices after
a HR coating is applied — these device gratings do not have the optimal weighting for the
change in E-field amplitude along the cavity. There is then a separate set of devices with
longer cavities, L = 350 pm, with gratings ideally weighted for a HR coating. Comparing the
three data sets will give us insight into the operation of index-patterned lasers in the HR

regime.

126
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In Sec. 6.1.1 we will theoretically analyse how the design function weighting and modal mir-
ror loss spectra change when the "Left facet" of an index-patterned device is HR coated.
Sec. 6.1.2 will mathematically analyse how HR coating affects my mode selectivity against
cavity threshold, Aa,,. Sec. 6.1.3 will detail the experimental approach used in this chapter.
Sec. 6.2.1 will compare the modelled and experimental SMSR versus wavelength distribu-
tions for the three data sets. In Sec. 6.2.2 we will compare the general performance of the
different device designs. Sec. 6.3.1 analyses loss from the cavity gratings. Sec. 6.3.3 will anal-
yse how my selectivity changed experimentally with HR coating. Sec. 6.3.2 will look at the
effect of the slot reflectivity on SMSR. Finally, Sec. 6.3.4 will analyse yield changes with HR

coating.

A HR coating is typically applied to one side of an edge-emitting laser to ensure that the ma-
jority of the optical power is emitted from the opposite facet, increasing power coupling from
the device. In index-patterned devices, it has the additional benefit of improving SMSR by
increasing mode selectivity, Sec. 6.1.1, and reducing the mirror loss of the cavity. The specific
effects of applying a HR coating to an index-patterned laser have not been analysed before,
particularly using our first-order Fourier method. In the Fourier approach, a change in cav-
ity facet reflectivity changes the weighting of the design function and the selectivity of the
modes in the spectrum. Applying a cavity-specific weighting is an important step in the de-
sign process to ensure that the desired Fourier transform of the design function is recreated
in the mirror threshold spectrum of the laser. Although this step is important for the devel-
opment of high-performance devices, we will see that, for most devices, not having the ideal

weighting can still result in SMSR > 40 dB.
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6.1.1 Change in weighting and design function after HR coating

For unequal facet reflectivities we can revert to using the full design function weighting ex-

pression

1 { [T [Ty }
we) =— —exp(ael) -/ —exp(—ael) ¢, (6.1)
2 Ty T

rather than the reduced version w(e) = sinh (aeL), when r; = r,.. w(e) is the change in the
mode selectivity that a slot has at position € in the cavity. w(e) ! is how much a grating design
function must be weighted at a point € to maintain the integrity of its Fourier transform. In
Figs. 6.1 a) and b) we can see how w(e) and w(e)™! change, respectively, between when a
device is uncoated (UC, R; ~ 30%, R, ~ 30%) and when a HR coating is applied to the "Left

facet" (R; ~95%, R, ~ 30%).

a) 0.6 W)

FIGURE 6.1: a) w(e) weighting function, and b) its inverse w(e) ! in the
range e=—0.5—0.5 for the 275 pm device parameters in Tab. 6.3. For UC:
R; =30%,R; = 30%, and HR: R; = 95%,R, = 30%.

In Fig. 6.1 a), we see that the shape of w(e) remains largely unchanged after HR coating.
However, we see that the function has shifted upward, moving the zero of w(e) near € = —0.5.
This means that there is no longer a region of low slot impact near to where the slots are
placed in the cavity. We can see how, for a slot at € = 0, w(e) increases from 0 to ~ 0.3. We can
also see that w(e) remains the same at ~ 0.65 for a slot at € = 0.5. Slots near the cavity centre

increase in selectivity, but slots near the facet do not with HR coating.
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In Fig. 6.1 b), we can see how the weighting w(e) ™! changes after HR coating. The region of
diverging weighting has moved to beside the "Left facet", away from the slots. The profile of
region e = 0 — 0.15 in Fig. 6.1 b) changes significantly from a decreasing % shape for uncoated
facets to a gentle negative slope in the HR regime. Functions with most of their slots in this
region will be distorted in terms of their spectra after the HR coating. The region ¢ = 0.15 —
0.5 remains relatively unchanged in terms of amplitude and shape for w~!(e) after coating.
Functions with most of their slots in this region will have largely unchanged spectra after

facet coating.

In Fig. 6.2 we can see how the design weighting function, h(e), changes after HR coating for
our experimental designs. The biggest change is for fi, which is expected due to the change
in the weighting function close to € = 0. f; now consists of an approximately linear gentle
negative slope, as opposed to a % steep decay prior to coating. For f5 and fs we can see that
the peak in &(e) has moved closer to the "Right facet". For f;, the general parabolic shape
of the function remains similar. We can see the reduction in the maximum of % (e) for each
function going from uncoated to coated, which will result in a larger spacing between the
slots in the gratings. We can see in general that applying a HR coating tends to move slots

closer to the right facet in this design approach.

In the HR regime, the penalty for having slots near the centre in terms of my selectivity is
significantly less, which means that there is a much larger space of functions to search to
maximise SMSR. The minimum offset for the grating positions for fj(¢) = 1 is also no longer

required, since w~!(€) no longer goes to infinity at € = 0.

No. Function

h fleo=1

fa | fle)= esin? (27€)
fs | fle)=sin?(3me)
fs fle) = sin? (7€)

TABLE 6.1: Design functions used in this chapter.
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FIGURE 6.2: Change in weighted design function, %(e), for functions in
Tab. 6.1, modelled using the 275 um parameters in Tab. 6.3. Solid lines show
h(e) with a 30% power reflectance on both facets. The dashed lines show
h(e) after a 95% power reflectance coating the "Left facet". f; for
€ =0.0125 — 0.5 uncoated and the remaining functions and coatings in the
range € = 0.0 — 0.5.
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6.1.2 Chosen mode selectivity after HR coating

If we assume fy;(€) as the real-space Fourier transform for a given uncoated laser, then the

fule) .

slot distribution is designed to approximate the weighted function, h(e) = W@

where wy(€) =
sinh (ayelL) is the cavity weighting function, and ay is the mirror loss per unit length for the

uncoated device.

When one facet is coated, we still have the same weighted design function, h(e), but now

h(e) = [1©) \here fu(e) is the real-space Fourier transform for the coated laser, and wg(€)

wy(€)’
_ fule

is the weighting function for the coated device. We therefore have f;(e) iG]

wpy(€). We can
then calculate Aa,;,, when a HR coating is applied to an uncoated device which was originally

designed to have fy;(€) as its real-space Fourier transform by modifying our previous Eq. 4.5

A NAn Ol/zh(e){\/;ifexp(aHeL)—\/:i;exp(—aHeL)}de
Amy =
™ Ln S he)de

) (6.2)

where the factor two is omitted since the term in parentheses reduces to 2 sinh (ayeL) when
r; = 1, and ay is the mirror loss per unit length of the coated device. We can use Eq. 6.2
to estimate Aa,,, for any input design function, with any facet reflectivity. In Tab. 6.2 we
compare our analysis with Eq. 4.1 where we explicitly take into account the position of the
slots. We make the calculations for the 275 um gratings in Fig. 6.3 using the HR parameters

in Tab 6.3. We can see a good convergence between the values.

Function | Aay,, Eq. 6.2 (cm_l) A, Eq. 4.1 (Cm_l)
h 2.9 3.0
fa 4.5 4.5
fs 4.5 4.4
fs 4.6 4.6

TABLE 6.2: Comparison of mode selectivity of the Fourier calculation,
Eq. 4.1, and integral approximation, Eq. 6.2. For functions in Tab. 6.1,
modelled using 275 um HR parameters in Tab. 6.3. f; for € =0.0125 — 0.43
and fj, f5 and f5 fore =0.0 — 0.43.
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6.1.3 Design of experiment

In this chapter, we conduct two experiments. First, where the 275 um UC devices were tested,
then a HR coating was applied to the "Left facet", R; =~ 30% — 95%, and the devices re-
tested. Second, where the grating is correctly weighted for a HR coating. The device design
parameters for each set of devices are compared in Tab. 6.3. We can see how cavity mirror loss
approximately halves with HR coating. Fig. 6.3 shows a comparison of the grating designs
between the two different lengths of the cavity. The gratings are only sampled up to ¢ ~ 0.43 to
avoid having slots too close to the "Right facet" (~ 20 um) — to potentially be removed during
facet cleaving. The slot spacing for the 275 um devices is smaller compared to the 350 pm
devices. For fj this was mainly due to the change in the design function after weighting due

to the change in facet reflectivities, and for the remaining functions, the change in the cavity

length of the devices.
Device set 275um UC 275pm HR | 350 um HR
L (um) 275 275 350
Ao (nm) 1550 1550 1650
my 1129 1129 1343
N 20 or 16 for f; | 20 or 16 for f; 20
R;,% power ~ 30 95 97
R;, % power ~30 ~30 ~30
Slot r, % amplitude 1.2 1.2 1.2
ar(cm™) 47.3 24.6 19.1
d (um) ~0.9 ~0.9 ~0.9

TABLE 6.3: Design parameters for the three sets of devices modelled and
experimentally compared in this chapter.
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FIGURE 6.3: Slot positions for functions in Tab. 6.1, for the three different
data sets; 275 um (UC and HR), and 350 um HR. Slots have not been placed
within 20 pm of the "Right facet". Designed using parameters in Tab. 6.3.
Minimum gap between slots included, with the 275 um values being the

same as in Fig. 5.2
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The shape of the modelled modal mirror loss function does not change significantly between

having uncoated and coated facets, and different cavity lengths for f;, f5 and f;. These grat-

ings are short and most of their slots are near € = 0.75. We have seen in Sec. 6.1.1 that weight-

ing in this region of the cavity does not change significantly after HR coating. We can see that

f1 changes noticeably. This is a result of f; producing a longer grating for the 350 um HR cav-

ity, and the function places slots at positions that change significantly in terms of weighting

after coating.
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FIGURE 6.4: Fourier calculated mirror loss threshold, for gratings in Fig. 6.3
and HR parameters in Tab. 6.3. 275 pm HR devices in the left column and
the 350 um HR devices on the right.
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Tab. 6.4 shows the relevant Fourier-calculated mode selection metrics for the 275 um HR and
the 350 um HR devices. These values can also be compared with the metrics of the 275 pm
UC devices in Tab. 5.1. It can be seen in Tab. 6.4 that many of the best Fourier-calculated
mode selection parameters are for shorter cavity lengths. This is a result of the % dependence

of the mode selectivity in Eq. 4.1. The change in my selectivity scales with cavity length, i.e.,

275 pm

3507m- For example fyis 4.5 cm™!'x0.8=3.6cm ! andfor fs4.6cm™'x0.8=3.7cm™},

Ay, %
going from 275 — 350 um. The values are not exact, as we must account for the fact that the
slots are not optimally placed in the two cavities due to incorrect weighting and reduction

in grating length. The L = 275 pum devices will also have a higher mirror loss, limiting their

SMSR improvement in a real device.

Comparing the 275 um UC devices in Tab. 5.1 with the 275 um HR devices in Tab. 6.4, we
can see that the mode selection metrics improve with HR facet application separately from
the reduction in cavity mirror loss, despite the weighting not being optimised to generate the

desired Fourier threshold spectrum. This is expected considering our analysis in Sec. 6.1.1.

275um HR 350 um HR
No. | Aap, (cm™) | Aap, (em™) | 20Aa (cm™) | Aay, em™) | Aay, (em™) | 20Aa (cm™)
fi 3.0 4.2 2.3 3.3 3.6 3.2
fa 4.5 4.1 4.1 3.7 2.9 2.9
fs 4.4 4.1 4.1 3.8 2.7 2.7
fs 4.6 3.6 3.6 3.9 2.3 2.3

TABLE 6.4: Fourier calculated selectivity performance for gratings in Fig. 6.3
and parameters in Tab. 6.3. Unshaded cells on the left are for the 95% HR
275 um devices. Shaded cells on the right are for the 97% HR 350 pm
devices.
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In Fig. 6.5 a) and b), and Fig. 5.4, we can see that there is a significant improvement in the
modelled yield characteristics with the application of a HR coating. Increasing the maxi-
mum 20 Aa selectivity means that more devices are likely to meet the minimum selectivity

required to reach an SMSR of 40 dB as the grating-facet phase changes. There is also the

Aamo

added benefit of reducing the cavity mirror loss a, increasing the a

and the % fac-
tors. Comparing the 275 pm HR devices in Fig. 6.5 a) and b), and the 350 um HR devices
in Fig. 6.5 ¢) and d), we can see that most of the improved performance is again with shorter
cavity length devices. The % mode selectivity dependence also means a shorter cavity is more
likely to produce a greater cavity threshold selectivity as the grating-facet phase changes. The
Fourier method tends to have high selectivity over a fixed number of modes, proportional to
the number of slots, this then tends to give mode high selectivity over a wider wavelength

range in a shorter cavity.
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FIGURE 6.5: Fourier modelled mode selectivity and change in mode
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and HR parameters in Tab. 6.3. Calculations are made over a twenty-mode
bandwidth. a) and b) is for the 275 ym HR devices and c¢) and d) are for the
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6.2 Results

The devices in this section were manufactured and tested by Eblana Photonics Ltd., Dublin
— with the results forwarded for analysis in this thesis. The devices were tested at bar-level
for SMSR, single-facet output power, and threshold current. The 275 um devices were tested
at 100 mA, which means that after HR coating, the devices are operating further above the
threshold current. The 350 um devices were tested at 50 mA (~ 3 x I, Tab. 6.7) forward
current. The 275 pm devices in this chapter are from the same process run but a different
wafer as the 275 ym devices in Ch. 5. Approximately one hundred and sixty devices for each

275 pum pattern and approximately one hundred for each 350 um pattern are presented.

6.2.1 SMSR versus wavelength distribution

This section looks at the overlaid experimental and modelled SMSR versus wavelength dis-
tributions. The first part analyses how distributions change before and after a HR coating is

applied. The second part will look at the HR-weighted grating patterns.

6.2.1.1 275umUC — HR

In Fig. 6.6 we can see a general increase in SMSR for each function after coating. The patterns
of modes do not change significantly after coating but they do shift to longer wavelengths.
As the "Left facet" power reflectance has changed significantly from 30% — 95% we can say
that the spectral properties of index-patterned lasers are largely insensitive to changes in the
"Left facet" reflectance. We can still see modes being added and removed from the distribu-
tions with changing cavity resonances after HR coating, as in Sec. 5.3.1.1. The SMSR for the
uncoated f; devices was ~ 4 dB less than the Ch. 5 devices, indicating a processing variation

between the wafers in this run.
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FIGURE 6.6: SMSR versus wavelength at 100 mA for the 275 pm gratings in
Fig. 6.3, parameters in Tab. 6.3. Left column before and right after coating.
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6.2.1.2 350 ym HR

In Fig. 6.7 we can see, as an example, the spectrum for the device with the highest SMSR for
each function in the 350 um HR data set. In Fig. 6.8 we can see the overlaid experimental and
modelled SMSR versus wavelength distributions. We can see that the SMSR is significantly
higher than what the Fourier model predicts, particularly for f;. We also see a large increase
in SMSR compared to the 275 um HR devices, in Fig. 6.6. This is the opposite trend to what the
Fourier model predicts. The selected modes are predicted by the Fourier model and remain
similar to the L = 275 um devices. However, the breadth of wavelengths for each selected

mode is wider, and the range of SMSR values is smaller.

A (nm) A (nm)
20 1645 1650 1655 1645 1650 1655 20
- T T [ T T I -
—h |
|
—40 | . H 1-40
z z
2 ‘\ g
= 60| = \‘ 1—60 =
A ‘\‘ A
|
80| ’\H\p/\A/\Q/\Awﬂ\/&ﬂ/\/ﬁ 80
) MW WAY VI \“ W
M\/ \ f/ \\‘ Y \M \W i W Y W WJ W’i/ A/ W W/ m.w
~20 | | | — | | -20
f ]
—40 | : 1 -40
E E
5 g
= _60| f 1—60 =
A A
-80 - -1 —80
| | | | | |
1645 1650 1655 1645 1650 1655
A (nm) A (nm)

FIGURE 6.7: Experimental spectra with the device with the highest SMSR in
the data at 50 mA forward current. For the 350 um HR gratings in Fig. 6.3,
designed using parameters in Tab. 6.3.
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FIGURE 6.8: SMSR versus wavelength at 50 mA for the 350 um HR gratings

in Fig. 6.3, parameters in Tab. 6.3.
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6.2.2 General performance

6.2.2.1 275umUC — HR

Comparing the box plots of the performance parameters for the uncoated to coated 275 pm
devices in Fig. 6.9; the SMSR and the single-facet output power at 100 mA, and the threshold
current all improve with HR coating. Each of these factors is related to the mirror loss thresh-
old. The improvement is expected for the output power and threshold current; however, as
a change in mirror loss changes the shape of the modal mirror loss function and the spectral
gain peak position, this improvement was not predicted for SMSR. The inter-quartile range
of most of the performance metrics is reduced, meaning device performance is more pre-
dictable after HR coating, and HR coating can improve the yield for other performance met-
rics as well as SMSR. There tend to be more inter-quartile range outliers (large black dots)
after HR coating. Testing devices, then applying a HR coating at a later date and re-testing, is

more likely to result in damage to the device causing performance issues.

Tab. 6.5 and Tab. 6.6 compare the median performance values uncoated to coated devices for
each function, with a slope efficiency calculated using the procedure in Sec. 5.2.2. However,
for the HR coated devices, we had to account for the difference in output power (P, P;) from
the "Left" and "Right" due to the difference in power reflectance (R;, R;) of the two facets

[121]

b R (1-R
=Py = . (6.3)
R \1-R,



Chapter 6. High-reflectivity facet index-patterned devices

SMSR (dB)

Function

/s

Function

P @ e

® & e

DU NPT ) '..

)
z
o
N
=
0

10

0

FIGURE 6.9: Box plots: SMSR (a) and b)) and power output (c) and d)) at
100 mA, and threshold currents (e) and f)) for the 275 pm gratings in Fig. 6.3,
design parameters in Tab. 6.3. Left column is before and right is after

coating. Large black dots are data points outside the inter-quartile range.

)
{10
H 15
25
f)
o 120
s . <
® :
' Y . 115 E
) 3 U
3 =
r ., 110
[ N S [ S S
1 4 5 6 1 4 5 6
Function Function



Chapter 6. High-reflectivity facet index-patterned devices

Function P (mW) @100 mA | I;; (mA) n (W/A) SMSR @ 100 mA (dB)
fi 14.6+3.0 18.4+3.4 | 0.36+0.1 30.3+7.6
fa 16.0+1.2 17.5+0.8 | 0.39+0.03 32.3+6.7
f 146+1.4 18.2+1.2 | 0.36+0.04 35.4+6.8
fe 14.4+2.0 18.4+1.8 | 0.35+0.06 35.7+4.3
Fabry-Pérot 21.8+4.0 14.5+3.1 | 0.51+0.14

TABLE 6.5: 275 um UC experimental median device performance
comparison. For 275 um gratings in Fig. 6.3, including a Fabry-Pérot cavity,
designed using parameters in Tab. 6.3.

Function | P (mW) @ 100 mA | I;; (mA) 1 (W/A) SMSR @ 100 mA (dB)
fi 26.2+3.3 11.8+2.1 | 0.31+£0.07 34.1+£11.0
fa 27.8+£2.6 11.4+0.6 | 0.33+£0.03 36.4+8.8
f5 25.7+£2.5 11.6+1.0 | 0.3+£0.04 39.8+8.0
fs 25.6+£3.0 11.6+3.0 | 0.3+£0.09 40.1+£8.9

TABLE 6.6: 275 um HR coated experimental median device performance
comparison. For 275 um gratings in Fig. 6.3, designed using parameters in

Tab. 6.3.
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6.2.2.2 350 um HR

The median performance values for the 350 um HR devices are listed in Tab. 6.7, with slope
efficiency calculated as in the previous section, accounting for the two different facet reflec-
tivities. Going from 275 — 350 um cavity length HR devices, Fig. 6.9—Fig. 6.10; the median
SMSR and threshold current have both increased and the single-facet output power has de-
creased. The median values for SMSR and output power between data sets cannot be com-
pared as the 350 um HR devices are biased at a lower current. The threshold current is de-
pendent on the cavity length, the wavelength of the device, and the cavity material, so these

median values cannot be compared either.

The spread in values is similar for SMSR but increases for the threshold current and output
power from 275 pm HR to 350 um HR. The spread in these values can be related to grating
effects, and are a meaningful comparison. We can also see that the number of outliers has

reduced for the 350 pum HR compared to the 275 pm HR devices.
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FIGURE 6.10: Box plots: a) SMSR and b) power output at 50 mA, and c)
threshold current for the 350 um HR gratings in Fig. 6.3 and design
parameters in Tab. 6.3. Large black dots are data points outside the

inter-quartile range.

Function P (mW) @50mA | I, (mA) n (W/A) SMSR @ 50 mA (dB)
N 45+£0.5 18.5+1.2 0.15+0.02 46.8+4.6
fa 5.6+0.3 17.1£0.7 0.17+0.01 40.7+8.2
5 5.1+0.5 17.3+1.6 0.16+0.02 43.8+5.2
fe 5.4+0.5 16.9+1.5 0.17+0.02 43.5+5.5
Fabry-Pérot 11.4£0.2 13.54+0.1 | 0.32+6x1073

TABLE 6.7: 350 um HR coated experimental median device performance
comparison. For 350 um HR gratings in Fig. 6.3, including a Fabry-Pérot
cavity, designed using parameters in Tab. 6.3.
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6.3 Analysis

Here we will analyse the effect of HR coating the "Left facet" on optical grating loss, mode
selectivity, and SMSR yield. The most striking aspect of the comparison of the SMSR versus
wavelength distributions in Sec. 6.2.1 is the > 10 dB underestimation of SMSR by the Fourier
model for the 350 um HR devices; we will investigate the impact of slot over etching on this

result.

6.3.1 Loss

We performed the same loss calculations as in Sec. 5.3.2.2, for the three data sets in this chap-
ter. For the 275 um devices we used the Fabry-Pérot structures dispersed along the bars of
devices to calculate a background waveguide propagation loss of 26.9 cm™! for a median
single-facet output power of 21.8 + 4.0 mW and a median threshold current of 14.5 + 3.1 mA.

This is 3.9 cm™! higher than the devices in Sec. 5.3.2.2.

Function | ag(cm™) | Loss perslot (cm™!) | Median slot gap (um) | ap (cm™)
fi 31.6 2.0 5.6 58.5
fa 234 1.2 4.1 50.3
s 31.8 1.6 5.4 58.7
fs 33.0 1.7 5.4 59.9
Fabry-Pérot 26.9

TABLE 6.8: 275 um UC function comparison for calculated grating loss, loss
per slot, median slot gap, and total propagation loss for cavity. For the
275 um gratings in Fig. 6.3, designed using parameters in Tab. 6.3. Loss was
calculated using median values in Tab. 6.5.
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For the 275 um HR devices, the mirror loss value decreased from 47.3 cm ! to24.6 cm™!. We
used the same waveguide propagation loss as the uncoated devices, 26.9 cm™!, as the coated
Fabry-Pérot cavity results were not available. In Tab. 6.9 we can see that the slot loss has
approximately halved for each function. A loss change on this scale cannot be explained by
experimental variation. This indicates that the slot loss decreases after HR coating the "Left
facet" for index-patterned devices. Comparing the grating loss for 275 um UC devices in this
chapter with the 275 um UC devices in the previous chapter, we can see that this value has

also approximately halved.

Function | ag (cm™!) | Loss per slot (cm™!) | Median slot gap (um) ap (cm™)
il 12.4 0.8 5.1 39.3
fa 9.0 0.5 3.9 35.9
fs 13.8 0.7 4.6 40.7
fe 14.1 0.7 4.4 41.0

TABLE 6.9: 275 um HR function comparison for calculated grating loss, loss
per slot, median slot gap, and total propagation loss for the cavity. For the
275 um gratings in Fig. 6.3, designed using parameters in Tab. 6.3. Loss was
calculated using the median values in Tab. 6.6.

For the 350 um HR devices, the background waveguide propagation loss of the Fabry-Pérot
structures was calculated to be 25.9 cm™! for a median single-facet power output of 11.4 +
0.2 mW, accounting for unequal facet reflectivity using Eq. 6.3, and a median threshold cur-
rent of 13.5 + 0.1 mA. The mirror loss was changed to 19.1 cm™!, and the frequency, f, was
changed to match the 1650 nm lasing wavelength of the device. We can see a significantly

higher grating loss for each of the gratings compared to the 275 pm HR devices.
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Function | ag(cm™') | Loss perslot (cm™!) | Median slot gap (um) | ap (cm™)
fi 53.4 2.7 7.6 79.3
fa 37.5 1.9 4.7 63.4
f 45.1 23 5.5 71
fe 41.1 2.1 5.0 67.0
Fabry-Pérot 25.9

TABLE 6.10: 350 um HR function comparison for calculated grating loss, loss
per slot, median slot gap, and total propagation loss for cavity. For gratings
in Fig. 6.3, designed using the 350 um HR parameters in Tab. 6.3. Loss was

calculated using the median values in Tab. 6.7.

Refs. [84, 122, 91] highlight that loss and reflectivity are sensitive to the etch depth at the slot
reflectivities for which our devices were designed, r = 1.2%. An increase in the depth of the
slot of ~ 0.1 um can double its loss and reflectivity. Given a typical range for InP etch rate,
dry or chemical, is 0.1 — 10 um/min [123, 124, 125] a variation of this magnitude is possible
when processing index-patterned gratings. We have seen how large increases in grating loss
do not necessarily have a detrimental effect on slope efficiency, i.e., in Ch. 5 we can see the
fi grating pattern with a median loss per slot of 3.8 cm™! and a median slope efficiency of
0.29 W/A. These devices could potentially pass a minimum specification yield test, making
them viable devices despite the cavity variation. We have also seen that loss is sensitive to
the grating design and to changes in facet reflectivity. More research on the loss processes in

index-patterned lasers is required, decoupling the effect of slot over etching.

6.3.2 SMSR sensitivity to slot depth

A doubling in slot reflectivity can be caused by a +0.1 pm increase in slot depth [91, 84]. In
Fig. 6.11 the effect this has on the mode selectivity is modelled using the same procedures
as in Sec. 5.2.1. To double the slot reflectivity we doubled its refractive index step reduction,
Eq. 2.8; along with the necessary phase adjustments for the cavity modes to account for the
decreased cavity effective refractive index, as in Eq. 3.19, causing the wavelength of the my
mode to change. The SMSR is calculated for the f; function at a 50 mA forward current and

a threshold current value of 18.5 mA, since it is the median threshold current for this design.
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We see a > 3 dB increase in SMSR for a doubling of slot reflectivity. Reflectivity increases
in this range are possible, as although loss scales with reflectivity, loss increases of the mag-
nitude required to double slot reflectivity may not have a detrimental effect on the device’s
operating parameters. Although an etch discrepancy could account for ~ 5 dB of additional
SMSR, a ~ 0.35 um over-etch to generate an additional ~ 10 dB SMSR is unlikely. However,
doubling the mode selectivity would potentially mean that the device begins to operate dif-
ferently from the perturbation grating regime. This requires further research. Although the
threshold current is likely to increase with the depth of the slot, small variations do not sig-
nificantly affect SMSR, given its logarithmic relationship with the threshold current, as can
be seen in Eq. 5.2 and Eq. 5.4. For example, for a my selectivity against the cavity threshold
of3.3cm™!, /f1 350 ym HR in Tab. 6.4, the SMSR for I = 50 mA and I;;, = 18.5 mA is calculated
to be 37.5 dB. If we decrease I to 15.5 mA, the SMSR increases to 38.7 dB or +1.2 dB. An
I,;, = 15.5 mA is lower than the lowest observed I;;, but is a useful extreme value to demon-
strate the maximum error. Although the varying threshold current contributes to a measur-

able change in SMSR, this effect is not large enough to account for the > 10 dB discrepancy.

am (cm™)
SMSR (dB)

-o-1=12% |- e r=12%
—o—1r=2.4% b | o r=2.4% |0
12 | | | | | | |
1645 1650 1655 1645 1650 1655
A (nm) A (nm)

FIGURE 6.11: Comparison of a) the modal mirror loss, b) SMSR for the
350 um HR f; grating in Fig. 6.3, with a doubling of slot refractive index step
to double reflectivity. The rest of the parameters remain the same as in
Tab. 5.2.



Chapter 6. High-reflectivity facet index-patterned devices 151

6.3.3 275um UC — HR mode selectivity

In Sec. 6.2.2.1 we can see that the experimental SMSR parameters improve with HR coating
the "Left facet", even when the grating does not have its weighting adjusted for the facet
reflectivity, see Tab. 5.1 and Tab. 6.4. This is happening for three reasons. One, in Sec. 6.1.1
we saw how my selectivity increases for a grating with HR facet application. Two, we saw in
Sec. 6.1.1 that the Fourier weighting does not change significantly if the grating slots are not
near the centre of the cavity, i.e., if a grating is clearly selecting a mode against competing

modes (20Aa) before applying the HR coating, then the selectivity is likely to increase after

the HR coating. Three, there is a decrease in a r that increases the selectivity ratios % and
Aamo
ap °

6.3.4 Yield

In Tab. 6.11 we have calculated the yield for the three data sets for a 40 dB SMSR minimum
specification. For the 275 pm devices, we can see the importance of HR coating, with signifi-
cantly more devices achieving 40 dB SMSR, despite the fact that the grating was not adjusted
for the reflectivity of the facet. Further research is required on the cause of the high SMSR
350 um HR devices, as this effect appears to contribute significantly to the SMSR yield of the
device. Note for Tab. 6.11, this is only focusing on SMSR vyield; a manufactured device will

have to meet additional specifications, e.g., output power.

275um UC % >40dB | 275 um HR % >40dB | 350 um HR % > 40 dB
Function
@ 100 mA @ 100 mA @ 50 mA
il 0.0 10.4 88.7
fa 1.9 5.3 59.8
fs 13.2 48.2 73.1
fs 9.5 51.3 78.2

TABLE 6.11: Experimental SMSR yield comparison for gratings in Fig. 6.3,
designed using parameters in Tab. 6.3. The wavelength selected is not

necessarily Ag.




Chapter 6. High-reflectivity facet index-patterned devices 152

6.4 Discussion

This chapter used our Fourier-based approach to analyse the behaviour of index-patterned
lasers with a HR coating applied to the "Left facet". The device manufacture and experimen-

tal measurements were performed by Eblana Photonics Ltd..

Fourier modelling had shown that applying a HR coating to an unoptimised grating still re-
sulted in devices with high SMSR (> 40 dB). We were able to confirm this experimentally and
to analyse the reasons for it. We also saw how the grating loss decreased after HR coating.
SMSR improved between the 350 um HR and the 275 um HR devices, in contrast to what
the first-order Fourier method predicted. Although the Fourier method has predicted many
of the device phenomena in this thesis, it is only modelling reflections from the slots to the
cavity facets, i.e., one specific mode selection process. We used a 1D SMM semi-analytical
code to assist in grating design and cavity analysis. Although useful, it only additionally cap-
tures reflections between the slots, and not other possible mode selection processes. More
complete laser models including higher-dimensions (2D/3D SMM) and/or travelling waves
are necessary to explore these other possible processes. The Fourier method can be accurate
in the HR regime, but the accuracy of the Fourier method depends on its input parameters,

which can vary significantly.

The spectrum of the index-patterned grating is relatively insensitive to changes in facet re-
flectivity and remains mostly unchanged after HR coating application if the grating does not
have many slots near € = 0. We saw an increase in the impact of the slots near € = 0 with HR
coating. We saw that this increase gets smaller the closer we get to the "Right facet", but slots
near the "Right facet" still have a greater impact on mode selectivity. Overall, having a HR

"Left facet" increases the number of possible high-SMSR slot patterns that can be generated.

The next chapter will demonstrate some of the ways we can take the learnings from this chap-
ter and this thesis and apply them to maximise the performance and yield of index-patterned

lasers.
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Conclusions & outlook

7.1 Introduction

This thesis has sought to increase the understanding of index-patterned Fabry-Pérot lasers
using a Fourier-based approach to model the device cavities. We found many useful insights
that can be used to improve index-patterned laser design. In Sec. 7.2 we will summarise
this thesis, distil the main outcomes, and compare them to our research goals. Sec. 7.3 will
discuss the paths to applying this research to maximising the performance and yield of index-
patterned devices. Sec. 7.4 will explore some of the avenues for future research of index-

patterned lasers, particularly from the point of view of device modelling.
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Several grating designs were examined theoretically and implemented experimentally in this
thesis. Based on theoretical analysis, the design function fs(€) = sin? (7€) appeared to offer
the best characteristics. However, in our actual implementation of each design we were ad-
vised not to include slots within 20 um of the end facets. In addition, it has previously been
shown [9] that scattering losses from slots are reduced when slots are placed closer together.
Based on these considerations, our thesis highlights a useful function, f;(€) = esin? (27¢€), to
implement for index-patterned lasers. It demonstrates: strong m cavity threshold selection
and selection against a wide bandwidth of surrounding modes, it maintains good selection
for a wide range of grating-phase angles, and has low grating loss. It has good all-round per-
formance as opposed usefulness for a very specific design case. We note also that although
the function f; (¢) = 1 performed least well in the case of uncoated facets, it had the best over-
all SMSR performance when a HR coating was applied, but at the expense of an increased
threshold current and reduced output power, reflecting the wider separation of slots when

function fj is implemented.
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7.2 Summary and research outcomes

Ch. 1 started the thesis with a topical description of the index-patterned laser and a view
of how it could develop with further research in the next few years. We wanted to highlight
how useful the index-patterned laser is and how useful it could be in the many advancing
areas of optoelectronics. We particularly mentioned silicon photonics, as this is the fastest
growing area of the technology, and the index-patterned laser has many useful properties for

this application.

Ch. 2 described the optical physics involved in a Fabry-Pérot laser, building up to a 1D model
of a cavity and the related transfer matrix of an optical element. The goal of this chapter was
essentially to describe what happens to light when it is confined in a dielectric waveguide

structure, and how it can be approximated as 1D plane waves.

In Ch. 3 we discussed the development of single-wavelength lasers using the physics de-
scribed in Ch. 2; including an analysis of the competing single-mode lasers, the Bragg-based
DFB and DBR lasers. This chapter also explained the Fourier method that we used for index-
patterned laser analysis and the SMM that we used as a general cavity analysis tool, with both

being based on 1D plane wave calculations.
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In Ch. 4 we saw the initial Fourier modelled results of the index-patterned cavities, where
we changed the grating pattern to see how that changed the modal mirror loss spectrum
of the device. This chapter mathematically proved our initial research idea of increasing
the weighted-average perturbation position to increase the single-mode selectivity. We also
demonstrated how a combination of sine and cosine Fourier transforms of the device grat-
ing could be used to model the mirror loss spectrum for any arbitrary perturbation position
in the cavity. This is an important aspect of the research, as currently one of the greatest
challenges with index-patterned lasers is the reduction in yield as a result of the random
grating-facet phase from facet formation. Although we are not providing a full solution to
this problem, this mathematical framework allows for this issue to be studied and potentially
mitigated in the future. We also used the semi-analytical SMM to benchmark the Fourier cal-
culation method; theoretically showing that the first-order approximation is sufficient in de-

scribing intra-cavity reflections for the perturbation grating in devices with uncoated facets.

In Ch. 5 we saw the experimental device data that supported the results of our Fourier cavity
modelling. The data in this chapter also revealed some further aspects of index-patterned
lasers. The most significant result was how the differences in the wavelength resonances
between the grating and the cavity led to additional mode suppression and excitation. This
chapter demonstrated experimentally the effectiveness of the Fourier method for modelling

index-patterned devices.

Ch. 6 looked at the effect of applying a HR coating to the "Left facet" of an index-patterned
laser. We saw how SMSR could be improved for an index-patterned device with HR coating
even if its grating is not correctly weighted for a HR coating. We saw how a device spectrum
will not change significantly after HR coating if it does not have slots near the centre of the
cavity. We also saw reduced threshold current and increased "Right facet" output power as
expected. For the f; 350 um HR devices, we saw very high SMSR (> 50 dB), beyond what the
1D Fourier method predicted. The other design functions in this set also had high SMSRs
(~ 45 dB) compared to the 275 um HR devices (~ 40 dB). We looked at the possibility of
slot over-etching causing this effect, and a comparison of loss between the uncoated and HR

devices revealed that the grating loss increased with HR coating.



Chapter 7. Conclusions & outlook 157

7.3 Maximising performance and yield

7.3.1 Performance

We have seen experimentally how changing the design function can modulate SMSR and
optical loss in the cavity. It is therefore important to select a design function that balances
these two factors, including the particular weighting for the cavity the grating is being im-
plemented on, i.e., facet reflectivity and cavity length. As an example, for SMSR, f; went
from the worst performing function in the 275 pm UC regime to the best for the 350 pum HR
regime, since the cavity weighting changed the spectral properties of the function between
the two designs. In the uncoated facet regime, not having slots near the centre of the cavity
is an important factor for high SMSR. This becomes less important for coated facets when
the selective impact of slots near the centre of the cavity increases from near zero. However,
slots near the "Right facet" will still have ~ 30—40% more selectivity. This means that it is still

valuable to have a high density of slots near the "Right facet".

The slot number and the slot size have a maximum ceiling, so as not to incur an excessive
propagation loss in the cavity and to be able to dimensionally fit in the cavity. Reducing mir-
ror loss can increase SMSR, given the SMSR « log;, (%) relationship, in Sec. 5.2.1. Mirror
loss can be tailored with cavity length and facet reflectivity, as seen in Eq. 2.9. Increasing
the length of the cavity reduces mirror loss; however, this reduces the mode selectivity of the
grating as mode selectivity has an inverse relationship with the cavity length, % in Sec. 6.1.3.
Changing the cavity length will also have design trade-offs in terms of threshold current and
output power [126], making it a difficult design parameter to change in terms of maximising
the SMSR of the device. Increasing the reflectivity of the "Right facet" also reduces mirror
loss, Eq. 2.9, while simultaneously increasing mode selectivity. To maximise SMSR, maximis-

ing the "Back facet" reflectivity is vital.
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When the device mirror threshold decreases after facet application, the ratio of mode selec-
tion to cavity mirror loss increases (%), which means that the mirror spectral function has
a greater impact on device SMSR than purely my selectivity. This means that selecting the op-

timal grating pattern becomes more important in the HR regime. We can also conclude that
AamO

a and % are more important numbers to consider when designing high-SMSR lasers

than purely Aa,;, and 20Aa.

Reducing the cavity length also increases the mode spacing, as expressed in Eq. 2.23. As our
method fundamentally controls the mode number, increasing the mode spacing will increase
the bandwidth of modal control of our grating. In short-cavity devices, when the mode spac-
ing is large, the mode-suppression bandwidth is not as important a factor. The high mirror

loss with short cavity length decreases the ratio of modal threshold selectivity to mirror loss,

Aay, . . . . . . .
%. This means having a function with a narrow selectivity bandwidth, but strong m se-
lectivity is required. For devices with long cavities, the opposite becomes true. The devices

A

mg

will naturally have higher Z factors, but since the mode spacing is small, functions with
wider modal control bandwidths are required. The gain-bandwidth is therefore also an im-
portant factor to consider when designing the device grating, as suppressing modes more
than five modes away from the m( device may not be of great importance if there is a steep
roll-off in the spectral gain-bandwidth and the laser is operating in a thermally stable envi-
ronment. More of the spectral content of the design function could be applied to suppress

modes within a narrow bandwidth around m to further improve performance.

We have seen how f(€) =1 is the best performing function for the HR facet 350 um devices,
beyond what our Fourier model can predict. More research is required on the effectiveness

of this grating pattern.
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7.3.2 Yield

In terms of device yield, functions with greater my+ selectivity in both the in-phase and anti-
phase grating positions will have a higher SMSR vyield, as well as more uniform threshold
current and power output parameters. Modes selected closer to ni will be closer in spectral
gain, dispersion, and cavity loss compared to the modes at the gain-bandwidth edges. HR
application increases the lasing mode selectivity across the grating-facet phase cycle, and
therefore also increases the uniformity and minimum in the range of the performance factors

which are related to these factors (SMSR, threshold current, and power output).

It has been shown for slots designed to have a reflectivity of about 1.2% that minor changes
in slot depth can result in significant variation in terms of modal selectivity, wavelength se-
lected, and grating loss. This is due to the strong dependence of a slot reflectivity/loss on slot
depth, Fig. 3 in Ref. [84] and Fig. 2 a) in Ref. [91]. For a predictable manufacturing process,
this is not an ideal regime to operate in. Having more predictable reflectivity/loss means
more predictable device behaviour, benefitting device yield. There are two potential routes
to overcome this. One is increasing the number of slots but making them shallower, which
places the device in a more linear section of the reflectivity/loss versus slot depth curve. The
other possibility is to use deep holes/pits etched through the device waveguide [127, 32],
where the reflectivity and loss are saturated and relatively small changes to the depth of the
etch (+0.2 um) will no longer change reflectivity/loss [15]. Although the depth of etch does
not have to be tightly controlled for these index steps, they also show a high optical loss [127,

32].

In addition, the HR 350 um f; function shows a high yield, further research into this device

could also significantly improve yield.
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7.4 Future modelling paths

We have mentioned several times in the thesis the possibility of using higher-dimensional
models to analyse index-patterned lasers, i.e., 2D SMMs [84]. The 1D Fourier and SMM
models we used were able to accurately predict many behaviours of index-patterned lasers,
but they are heavily prescribed and require the index-patterned cavity to operate within the
bounds of the design parameters. 2D SMMs can more naturally incorporate cavity variations,

such as grating loss from slot etch depth.

The most pressing effect for higher-dimensional modelling is the behaviour of the mode in
the vertical extent, y in Fig. 2.3, i.e., the effects of the mode interacting with the ridge slot.
Analysis on the vertical, y in Fig. 2.3, effects of a single slot in isolation has been done [84, 91].
A 2D SMM including the vertical and longitudinal planes, Z and j in Fig. 2.3, of the complete
cavity structure is required. In addition, a combined horizontal and longitudinal model, %
and 2 in Fig. 2.3, would be useful to analyse the effect of changes in the distribution of the
lateral E-field. 2D SMMs are more than a one-order-of-magnitude increase in computational
workload; however, these calculations are relatively easy to parallelise [128]. The availability
of commercial graphics processing units has increased significantly in recent years, which
means that this type of modelling is possible on personal computers and does not require

large and expensive computational clusters [129].

In terms of grating design specifically, the Fourier method is a good starting point given how
quick it is to make spectral calculations and how accurate it can be to predict the mirror
loss threshold spectrum. Higher-dimensional numerical optimisation routines could be ap-
plied to the Fourier-designed pattern with smaller movements of the slot position and size
to maximise performance [22, 23]. Many grating structures could be quickly modelled with
the Fourier method, and the best performing ones could be chosen for further numerical

optimisation.
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Time-based modelling of the cavity would be particularly useful, as index-patterned lasers
are beginning to be exploited for their linewidth properties, which is related to temporal of
frequency and power in the steady-state. A time-based SMM could be used [130, 131]. An
interesting combination could be the approach used in Ref. [89] with our research approach
that compares different design functions. In Ref. [89], the authors changed the slot number
and refractive index step for the f(e) = 1 function and studied how this affected the cavity
E-field over time. The various functions in this thesis could be applied to this modelling
approach to see how changing the density of the slots along the cavity affects active device
performance. Grating design functions could be optimised to maximise parameters such as
linewidth and direct modulation frequency of the cavity [11, 55]. A time-based calculation
could potentially capture more accurately the fields that oscillate in the cavity approaching
threshold gain. The SMM calculation we used is based on performing exponential calcula-
tions of large numbers for each section of the waveguide. A time-based SMM could break
these calculations into smaller steps, putting smaller values into the exponent each time,

reducing the risk of an error.

We also highlighted in the thesis the possibility of using other types of refractive index per-
turbations instead of slots in the ridge. Some of this research will occur naturally, since III-V
gain material blended with silicon waveguides for laser sections on a silicon PIC will have a
significant deviation from the assumed TE plane wave interacting with a perfect 1D virtual
layer that we assume [36]. There are two possible interesting developments from this strand
of modelling. One, is the potential reduced cost in manufacturing of index-patterned devices
from using different perturbations. Two, is how the active and spectral properties of a device

would change as the type of perturbation changes.
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