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Abstract

Optical frequency combs (OFCs) were first developed in the 1990s, initially as
a means to count the cycles from atomic clocks. They have since proved very
useful as a tool for metrology, sensing and frequency synthesis. John L. Hall
and Theodor W. Hänsch would go on to be awarded the 2005 Nobel Prize in
Physics for their contributions to the development of OFCs. These first combs
were generated in optical fibre by a train of pulses from mode-locked fem-
tosecond lasers. These systems were initially quite bulky, often taking up the
entirety of a lab bench, and were therefore unsuitable for practical applica-
tions. Further research was therefore necessary in order to miniaturise these
systems such that the light source as well as the medium for comb generation
could be integrated together on a single chip. An important advancement in
this regard has been the generation of OFCs in microresonators. These are
structures which have dimensions on the micrometre scale, which is a step
towards chip-scale operation.

Our research group has designed and tested microring resonators of vary-
ing geometries and made from different materials such as AlN and Si3N4 in
order to generate OFCs. We have successfully generated octave-spanning
frequency combs as well as Kerr-soliton frequency combs within these mi-
croresonators. A tunable semiconductor laser (TSL) amplified by an erbium-
doped fibre amplifier (EDFA), is used as a pump source. Both of these are
bench-top pieces of equipment and are quite bulky, so our attention has now
turned towards miniaturising this setup. Another project that is being re-
searched in our group is the slotted lasers project. This is where we have de-
veloped arrays of semiconductor lasers that are tunable over the C-band and
O-band for use in optical communications, particularly dense wavelength
division multiplexing (DWDM). These lasers have micrometre dimensions
which are fabricated with surface slots for wavelength discrimination rather
than a buried heterostructure. This makes the fabrication process much sim-
pler and efficient. They are perfect for photonic integration but have signif-
icantly broader linewidths than the lasers typically used to pump microres-
onators as well as lower output power. If it can be shown that soliton comb
generation is possible using such devices, they would present excellent can-
didates as an alternative pump source for our microresonators that would
aid in development of a chip scale system.

This work brings together both of these projects and demonstrates a path
towards integrating a microresonator with one of our slotted lasers on the
same chip. Firstly, three slotted laser arrays are characterised with each array
having a different slot design. The wavelength tunability, side-mode sup-
pression ratio (SMSR), linewidth and output power are all investigated in
order to determine which slot design results in a performance best suited
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for use as a pump source. A slotted laser with wavelength near one of the
resonance modes of a microresonator was then selected as a pump source.
Despite the broader linewidth of the slotted laser compared with the TSL, it
was shown that an octave-spanning Kerr soliton microcomb could be gen-
erated using the slotted laser by sweeping the current supplied in order to
red-shift the wavelength. Turn-key generation of the soliton microcomb was
then demonstrated by increasing the current supplied to the slotted laser in
a single step. The soliton comb was reliably produced using both methods,
however the soliton existence range was found to be narrower for the slotted
laser compared with the TSL and the overall noise was found to be greater
when the slotted laser was used. Finally, to demonstrate the generation of
microwave frequencies from an OFC, a commercial packaged device based
on slots was used to generate a dual comb consisting of a soliton comb and
a primary comb. By beating the primary comb lines with the soliton comb
lines, microwave frequencies were generated. Once again, the noise of the
signals generated by the laser was considerably greater than that of signals
produced with the TSL.

Successfully generating soliton microcombs with a slotted laser is a promis-
ing step for miniaturising the system. However, the EDFA was still found to
be necessary when pumping with the slot laser. Future work will need to
be done in both improving the output power and linewidth of the slotted
lasers. Improving the quality (Q) factor of the resonators would also reduce
the required input power from the pump laser.
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Chapter 1

Introduction

1.1 Optical Frequency Combs

The 2005 Nobel Prize in Physics was awarded for contributions to the field of
optics. Half of the prize was awarded to Roy J. Glauber for his "contribution
to the quantum theory of optical coherence". The second half of the prize
was shared between John L. Hall and Theodor W. Hänsch for their "contri-
butions to the development of laser-based precision spectroscopy, including
the optical frequency comb technique". These combs were achieved using
mode-locked femtosecond lasers in optical fibre [1] [2]. A train of pulses
from the laser which are periodic in the time domain can be represented in
the frequency domain as a series of equally spaced modes. This is an optical
frequency comb.

FIGURE 1.1: a) pulse train in mode-locked laser. b) Optical spectrum
in frequency domain.

The pulses from the laser can be described as a quickly oscillating carrier
wave and a more slowly varying envelope function. The relative position
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between the carrier wave and the envelope changes due to effects such as
dispersion, and this phase difference between the carrier wave and envelope
is known as the carrier-envelope offset (CEO). Therefore, the spacing of the
"teeth" of the comb generated in this way is given by:

fn = fceo + n frep (1.1)

where frep is the repetition rate, n is an integer and fceo is the carrier-envelope
offset frequency. If both the repetition rate and the CEO frequency are known,
then the frequency of every mode in the comb is then known. The repe-
tition rate is easily determined from the optical spectrum in the frequency
domain. However an octave-spanning comb, covering the spectrum of comb
lines from n to 2n, is required to accurately measure the carrier offset fre-
quency. Once an octave spanning comb is achieved, the self-referencing f-2f
scheme [3] [4] can be used. This is where fn = fceo + n frep is the comb line
at the short end of the spectrum and f2n = fceo + 2n frep is the line at the long
end of the spectrum as illustrated in 1.2.

FIGURE 1.2: Schematic illustration of f-2f self-reference scheme in an
octave-spanning spectrum.

fn can be doubled by making use of the χ2 non-linearity to produce the sec-
ond harmonic, 2 fn. By beating 2 fn with f2n, the resulting beat note can be
used to determine fceo as:

fceo = 2 fn − f2n (1.2)

1.2 Applications of Frequency Combs

Once all the mode frequencies are known, the comb can then be used as a
reference to determine any unknown optical frequency within its span. This
has many applications such as:
Low-noise microwave generation. Stabilised OFCs have been used to syn-
thesise low noise, microwave signals with a hundredfold improvement in
stability when compared with the highest performing electronic oscillators
at room temperature [5].
Distance measurements and laser ranging. OFCs have been utilised in light
detection and ranging (LIDAR) systems to great effect. OFC-based distance
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measurements have been demonstrated at kHz measurement rates and mi-
cron ranging position while allowing for range measurements to objects at
kilometre distances [6].
Spectroscopy. OFCs offer broad spectral bandwidth and high spatial coher-
ence. This makes them ideal for use in a range of spectroscopic applications.
These have included time-resolved spectroscopy [7] and high-precision molec-
ular spectroscopy [8].
Other applications include optical frequency synthesizers [9], metrology [3]
and optical clocks [10]. The majority of these applications are currently labo-
ratory based and involve large systems which consume significant amounts
of power. In order to expand the possible real-world applications for OFCs,
such as integration with measurement devices on satellites where small size
and efficiency is required, there is a strong motivation to miniaturise the sys-
tems required for OFC generation.

1.3 Microresonators

Previously developed systems for self-referenced optical frequency combs
have been bulky, bench-top sized and sensitive to environmental change. For
example, the first self-referenced frequency comb developed by Hänsch et al.
at the Max-Planck Institute for Quantum Optics [11] is shown in Figure 1.3.

FIGURE 1.3: The first self-referenced optical frequency comb at the
Max-Planck Institute for Quantum Optics in 1998.

The goal is therefore to develop a system whereby the light source as well
as the medium for comb generation is reduced to chip-scale while still be-
ing able to operate with stability and to achieve an octave spanning comb
for self-referencing. Microresonators are structures on the micron scale in
which light can be confined and optical modes which satisfy some resonance
condition can be generated. There have been many recent advances in OFC
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generation using microresonators that have made chip-scale comb genera-
tion a feasible goal.
The generation of octave-spanning frequency combs in microresonators has
been demonstrated for microring resonators, a microresonator in the shape
of a ring which has micron dimensions, made from optically nonlinear ma-
terial such as silicon nitride (Si3N4) or aluminium nitride (AlN) using a tun-
able laser whose power is amplified through an erbium-doped fibre ampli-
fier (EDFA) [12] [13]. Another milestone was the demonstration that a soliton
could be reliably generated by continuous-wave (CW) pumping of microres-
onators [14]. Solitons occur where the effects of optical nonlinearity and
dispersion are in balance and the pulses can propagate through the waveg-
uide without distortion [15]. The soliton state, when achieved, is highly sta-
ble. Our own group has demonstrated octave-spanning soliton frequency
combs in AlN [16] and Si3N4 [17] microring resonators. The ability to pro-
duce stable, octave-spanning combs using a microring is an important step.
However, the optical power and coherence required necessitates the use of
a narrow linewidth tunable laser with its output boosted by an EDFA. To
achieve on-chip operation, the pump source must also be miniaturised and
integrated with the microresonator. Tunable diode lasers are ideal sources
for this pump source and will be explored in this thesis.

1.4 Photonic Integration

The quality (Q) factor of a microresonator is a measure of the ability of the res-
onator to store energy and can be improved using methods such as mode de-
localisation, incorporating a multimode structure and fabrication optimiza-
tion to reduce sidewall roughness [18]. A higher Q resonator requires less in-
put power for comb generation than a resonator with a poorer Q. A resonator
with a sufficiently high Q and a diode laser with sufficient output power
would eliminate the need for an EDFA, paving the way for both the microres-
onator and pump source to be integrated on-chip. Bowers et al. have demon-
strated soliton comb generation using a low-noise external-cavity diode laser
(ECDL) as a pump laser for a silica (SiO2) microresonator with a Q factor [19].
With a linewidth as low as 63 Hz, they were able to generate a soliton comb
with 70 mW of output power. The Bowers group has also demonstrated
an integrated system of a commercial distributed-feedback (DFB) laser butt-
coupled to a microresonator [20].
The lasers developed in our group’s semiconductor laser project consist of
surface-slotted single mode lasers designed for simple, monolithic photonic
integration [21]. We have demonstrated arrays of such devices operating in
the C-band a wide tuning range, high SMSR and relatively low linewidth
[22], [23]. A semiconductor optical amplifier (SOA) has also been integrated
to amplify the output power of the lasers [24]. We have also characterised
such arrays designed for O-band operation [25] which is outlined in this the-
sis. The various designs are investigated and compared to determine their
suitability for a pump source for comb generation in optical resonators.
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1.5 Thesis Scope and Structure

The research work presented in this thesis is part of a funded project to de-
velop chip-scale optical microresonators based on AlN and SiN materials. A
key aspect of this work was the lasers to pump the resonators. As mentioned,
our group has extensive experience in diode laser development based on
surface-etched slots to form a high order grating. The initial plan was to use
two diode lasers to pump the resonators, one centred near 1550 nm, the other
near 1310 nm as we had suitable devices available. Chapter 2 of this thesis
therefore deals with the background of semiconductor lasers. It is discussed
how these devices are designed by our group to provide wavelength-stable
and coherent CW operation while the simplicity of the design allows for easy
fabrication and integration with other photonic systems. Chapter 3 then de-
tails the characterisation of several arrays of these lasers with a wavelength
centred around 1310 nm. These arrays were originally designed with appli-
cations in optical communications such as dense wavelength-division multi-
plexing (DWDM). However the characterisation and contrasting of the differ-
ent designs also gives insight into how future designs of these devices could
be altered to improve their suitability as an integrated pump source for the
microresonators, particularly the output power and the spectral linewidth.
Our group has focused also on what we term dual-mode resonators. These
are resonators where two modes are very close to one to one another from dif-
ferent mode families. We also investigate several hybrid square-rectangular
lasers (HSRLs) which exhibit dual-lasing in order to determine whether these
would work as a pump source to couple to the dual modes.

Chapters 4 and 5 detail the background theory behind the microring res-
onators used in our group as well as our experiments with using the slot-
ted lasers as a pump source. The resonators obtained at the beginning of
this project had a Q-factor of about 0.5 million. It was anticipated that the
Q-factor would reach 5 x 106 or even 107 within a short time. While such
values have been achieved [18], they are not easily achievable. To pump the
resonators with Q-factor of about 1 million needs a few 100 mW power on
chip. Such power levels are not available in the laser arrays we have in our
group. We therefore need to combine these lasers with an EDFA to boost the
power to the required level. We therefore used both a tunable external cav-
ity commercial source and some lasers from our 1.5 micron arrays to act as
pump sources in conjunction with the EDFA.
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Chapter 2

Semiconductor Lasers

2.1 Energy Bands in Semiconductors

A single atom has discrete energy levels which electrons can occupy. When
multiple atoms come into close proximity, the resulting perturbations cause
the energy levels to split. As the number of atoms increases, so does the split-
ting of the energy levels. In a semiconductor material with a large number of
atoms, these energy levels are close enough together to be considered a con-
tinuous band. Electrons will fill the lowest available energy level. The lower
energy band is known as the valence band while the higher energy band is
the conduction band. At T = 0K, the valence band is completely full while
the conduction band is empty. The highest energy level which an electron
can occupy at this temperature is known as the Fermi level (EF) which lies
between the valence and conduction bands. There is a gap between the high-
est level of the valence band and lowest level of the conductance band where
no states exist which electrons can occupy. This difference in energy is the
band gap energy (Eg). If sufficient energy is added to the system, electrons
can be excited from the valence band to the conduction band provided they
can overcome the band gap energy.

FIGURE 2.1: Energy bands in solids.

This ’band gap’ (Eg) allows three main optical processes to occur: absorp-
tion, spontaneous emission and stimulated emission, which are illustrated in
Figure 2.2.
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(a) Absorption (b) Spontaneous Emission (c) Stimulated Emission

FIGURE 2.2: Optical processes in semiconductor materials.

Absorption occurs when an incident photon with energy (hν) equal to or
greater than the band gap energy is absorbed by an electron and is excited
into the conduction band. This results in a positively charged quasiparticle
called a ’hole’ in the valence band.
Spontaneous emission occurs when an electron in the conduction band re-
combines with a hole in the valence band, resulting in the emission of a pho-
ton with an energy equivalent to energy difference between two states. This
is a spontaneous process and the resulting photon will have a random phase
and wavevector k. The rate of such an event occurring Rsp is proportional to
the number of electron - hole pairs present. Therefore, Rsp = BN2 where N
is the carrier density and B is the bimolecular recombination coefficient.
Stimulated emission Rstim is when an incident photon induces an electron-
hole recombination. The resulting photon will have the same phase and
wavevector as the incident photon. It is this process that is vital to a laser’s
operation.
There can also be non-radiative recombination such as carrier leakage Rl
through defects in the material, such a process is proportional to N. Auger
recombination RA occurs when a conduction band electron decays to fill a
valence band hole, transferring kinetic energy to another conduction band
electron. As there are two electrons and one hole involved, this process is
proportional to N3.

The band structure of a semiconductor is obtained by plotting the energy E
of the valence and conduction bands against the corresponding wavevector.
A material can be characterised as either ’direct’ band-gap or ’indirect’ band-
gap as shown in Figure 2.3.
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FIGURE 2.3: Schematic of a direct and indirect band-gap.

In an indirect band-gap material such as Si, the minimum conduction band
energy and the maximum valence band energy occur at different wavevec-
tors. Therefore, a change in momentum is required before an electron can
transition between bands, which is an inefficient process requiring the par-
ticipation of phonons. A direct band-gap is where the minimum conduction
band energy and the maximum valence band energy coincide at the same
wavevector. The transition then only involves energy transfer and is much
more efficient. For this reason, direct band gap semiconductors such as GaAs,
InP and GaN are used as the gain material in the active region of semicon-
ductor lasers.
Semiconductor lasers are based on the principle of the double heterostruc-
ture, consisting of an undoped (intrinsic) active region sandwiched between
an n-doped and p-doped region with a larger band gap An example of a
double-heterostructure can be seen in Figure 2.4.
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FIGURE 2.4: An illustration of the band structure of a double-
heterostructure with the active region sandwiched between a p-doped

and n-doped region [26].

Under forward bias, electrons from the n-doped region and holes from the
p-doped region are injected into the active region. The high band gap on
either side confines the carriers to the active region and forces electron-hole
recombinations to occur in this region. Photons are therefore generated in
this region at the band gap energy. A quantum well (QW) can be achieved by
narrowing the width of this active region near to the de Broglie wavelength
so that quantum confinement occurs. Since optical confinement results from
the higher refractive index n of the active region relative to the surrounding
doped regions, the narrowing of the active region to form a quantum well
and improve carrier confinement results in decreased optical confinement.
To maximise both carrier and optical confinement, a separate confinement
heterostructure quantum well (SCH-QW) is utilised [27]. This consists of an
additional cladding layer around the quantum well in order to improve the
optical confinement. By alternating multiple active and cladding layers, a
multiple quantum well (MQW) structure is obtained, which increases optical
gain.

2.2 Optical Gain and the Fabry-Pérot Cavity

The simplest example of a laser is the Fabry-Pérot (FP) cavity, shown in Fig-
ure 2.5, and consists of a gain medium, energy source and feedback system.
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FIGURE 2.5: Structure of a Fabry-Pérot cavity[28].

The feedback system in an FP laser consists of two mirrors with reflectivities
r1 and r2, respectively. In a semiconductor laser, the difference in refractive
index between the semiconductor material and the surrounding air is suf-
ficient to allow the cleaved facets to act as the partially reflected mirrors,
allowing some of the light to transmit through and exit the cavity while con-
fining the rest in the gain medium.
Light propagating through the cavity can be described by the propagation
constant β [29]:

β = k0ne f f + i
gnet

2
(2.1)

gnet = gΓ− αi (2.2)

where k0 is the free-space wavenumber, ne f f is the effective refractive index
of the waveguide, gnet is the net modal gain, Γ is the confinement factor and
αi is the waveguide loss.
The lasing threshold is reached when the net gain over a round trip is equal
to the losses over the same round-trip such that the wave replicates itself in
one round-trip. This occurs when:

r1r2e−2iβL = 1 (2.3)

where r1 and r2 are the reflectivities of the front and back mirrors and L is the
cavity length. The wavelengths at which lasing can occur are dependent on
the optical path length of the cavity as they must have a constant phase after
each round trip to add constructively. The longitudinal modes satisfying the
resonance condition are given by:

λm =
2n′e f f L

m
(2.4)
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and the spacing of the longitudinal modes in the Fabry-Pérot cavity is:

∆λFP = λm − λm+1 =
λ2

m
2ngL

(2.5)

where ng is the group refractive index.

Figure 2.6 shows the experimentally measured output spectrum of a Fabry-
Pérot cavity along with the longitudinal modes that satisfy Equation 2.4. The
wavelength relative to the modal gain curve determines the relative ampli-
tude of the lasing modes.

FIGURE 2.6: Fabry-Pérot cavity’s possible longitudinal modes and
gain curve (top). Measured 400 µm Fabry-Pérot lasing spectrum at

60 mA (bottom). Data recorded by Dr Michael Wallace.

The longitudinal cavity modes can be seen as well as the shape of the gain
curve. The shape of the gain curve near threshold can be approximated as a
parabola whose shape and peak position is determined by the carrier density
and temperature in the active region [30]. The wavelength of a longitudinal
mode relative to the gain curve determines the optical power of that mode.
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2.3 Rate Equations and Lasing Threshold

In order for lasing to occur in a semiconductor diode, the number of con-
duction band electrons must be greater than the number of valence band
electrons. This state is known as population inversion. Electrons are elec-
tronically pumped from the valence band to the conduction band to achieve
a population inversion by applying a current to the active region. This in-
creases the carrier density until the gain sufficient for one or more cavity
modes to satisfy Equation 2.3 at which point threshold is reached. The in-
jected current at this point is the ’threshold current’ Ith. The increase in carrier
density is given by:

Ggen =
νi I
qV

(2.6)

where Ggen is the rate of carrier generation, I is the applied current, νi is the
injection efficiency (the fraction of the applied current that enters the active
region) and V is the volume of the active region.
While carrier density is being increased due to the injected current, density
is also lost due to the previously described recombination events. The total
rate of recombination Rrec is given by:

Rrec = Rl + Rsp + RA + Rstim (2.7)

or in terms of the carrier density:

Rrec = AN + BN2 + CN3 + Rstim (2.8)

where A and C are the coefficients related to the leakage and Auger recom-
bination, respectively. The net rate of change of carrier density dN

dt is then the
generation rate minus the recombination rate:

dN
dt

=
νi I
qV
− AN − BN2 − CN3 − Rstim (2.9)

At steady state operation, the system will reach an equilibrium where the
carrier density does not change. i.e. dN

dt = 0. Figure 2.7 shows a schematic
of the behaviour of a laser diode as the injected current is increased. The
graph of the output power Pout of the light versus the current I is also known
as the light-current or LI characteristic. The slope of the linear section after
threshold has been reached (∆P

∆I ) is known as the slope efficiency and is a
measure of the performance of the laser.
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FIGURE 2.7: a) Schematic of output power vs injected current. b)
Schematic of corresponding carrier density vs injected current.

Below the lasing threshold, spontaneous emission is the dominant photon
generating process. The carrier density within the active region increases
with the current injected into the cavity. Once the threshold is reached, the
carrier density becomes fixed at the threshold density Nth and the output
power begins to increase linearly as further carriers injected into the device
will result in stimulated emission.

2.4 Semiconductor Lasers Based on Slots

2.4.1 Gratings

The spacing of cavity modes in a 400 µm Fabry-Pérot laser cavity is approxi-
mately 1 nm, with longer cavities resulting in an even smaller mode spacing.
The gain spectrum of the materials used in these devices is on the order of
100 nm, therefore many cavity modes can attain threshold at once.
To achieve single-mode operation, one of these modes must be selected above
all others. To accomplish this, a system of wavelength dependent reflectivity
is incorporated. A grating is a periodic structure which is made up of a se-
ries of refractive index variations. The reflections from the grating. add up
constructively for certain wavelengths defined by the Bragg condition:

λBragg =
2ne f f Λ

m
(2.10)

where λBragg is the Bragg wavelength, Λ is the grating period and m is the
grating order (an integer). When the Bragg condition is achieved, the cavity
will undergo lasing at the Bragg wavelength.

Examples of grating structures are illustrated in Figure 2.8.



2.4. Semiconductor Lasers Based on Slots 15

FIGURE 2.8: Longitudinal cross-section of: a) Distributed feedback
laser. b) Distributed Bragg reflector laser.

A distributed feedback laser (DFB) is comprised of a grating which spans
the entire active region, allowing only the wavelength which satisfies the
Bragg condition to reach threshold. A distributed Bragg reflector (DBR) laser
utilises a grating as one of the mirrors, resulting in maximum reflection of the
wavelength that satisfies the Bragg condition. Both of these designs involve
a grating section of low order (m = 1 or m = 2) which is buried within
the structure. This requires precise, high-resolution lithography to create the
grating followed by multiple regrowth steps. This is both difficult and costly
to fabricate. The lasers used in our group instead consist of high-order (m»1)
surface-etched slots which are much easier and less costly to fabricate.
A 2-dimensional cross-section of the ridge waveguide structure of a surface-
slotted laser is shown in Fig. 2.9.

FIGURE 2.9: 2-D waveguide structure featuring slots used to form
the laser grating.

The width of each slot is approximately 1.1 µm, therefore standard pho-
tolithography can potentially be used for fabrication and, as the slots are
etched into the surface of the device, there is no need for a regrowth step.
This reduces the complexity of manufacture and increases the device yield.
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2.4.2 Slot Parameters

In order to achieve the best performance from each device, the slot parame-
ters such as the slot width (dw), slot spacing (ds), slot depth and the number
of slots must be optimised to provide sufficient reflection. The grating period
Λ is given by:

Λ = Λw + Λs (2.11)

where Λw is the slot width and Λs is the slot spacing. The width and spacing
are chosen to satisfy:

Λw = (mw)
λBragg

2nw
Λs = (ms)

λBragg

2ns
(2.12)

where mw and ms are the slot width order and slot spacing order, respectively
and are given by multiples of half-integers. mw and ms are the refractive
indices of the slotted and unslotted waveguide, respectively. Higher-order
periods result in a narrowing of the free spectral range (FSR), which is the
difference between successive wavelengths that satisfy the Bragg condition
for a given grating. The FSR ∆λ is given by:

∆λ =
λ2

2ngΛ
(2.13)

where ng is the group refractive index. For a grating order of 37, the FSR
is approximately 40 nm. This means that there are three Bragg wavelength
peaks that overlap with the gain curve of the material. This could result in
a wavelength peak other than the one intended reaching threshold as the
temperature changes and the gain curve shifts. This is known as a mode-hop
and the gratings parameters are carefully chosen to minimise this issue.
The 2-dimensional scattering matrix method (2D-SMM) is employed to model
the effect of a specific grating geometry on the reflectivity and transmission
of the slots [31]. The optimum parameters were determined by analysing the
grating using the 2D-SMM with varying slot parameters and the simulations
were performed using the time-domain transfer matrix method (TDTMM)
outlined in [32]. An open source python library called CAvity Modelling
FRamework (CAMFR) was used to implement the 2D-SMM.
This method is based on eigenmode expansion and the use of scattering ma-
trices to relate the inward a and outward b propagating waves. A represen-
tation of a scattering matrix is given in 2.10.
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FIGURE 2.10: Representation of a scattering matrix junction with
inward and outward propagating waves.

The outward propagating field can be related to the inward propagating field
via a scattering matrix: [

b1
b2

]
=

[
S11 S12
S21 S22

] [
a1
a2

]
(2.14)

where Sij are the scattering coefficients. Their physical significance is that S11
and S22 represent reflection while S12 and S21 represent transmission. The
2-dimensional electric field can be expressed as the sum of eigenmode solu-
tions:

E(y, z) = E(y)eiβ̃z =
∞

∑
k
(akeiβ̃kz + (bke−iβ̃kz)E(y) (2.15)

where β̃ is the complex propagation constant. This technique is outlined in
[33]. A genetic algorithm has been developed in our group to improve the
optimisation process [34]. The slot parameters are varied and the modelled
output is evaluated to determine the best grating design. Using this data,
the arrays are designed such that they span a broad range of wavelengths
within the O-band and C-band, with a typical difference of 3 nm between
neighbouring devices on the array. This is achieved by varying the period-
icity of the slots in the grating section in order to change the centre wave-
length. This optimisation work has been performed with WDM applications
in mind. As such, parameters which are less relevant to comb generation
such as the wavelength tunability range were prioritised. Future optimisa-
tion work for laser arrays designed as pump sources will therefore focus on
parameters such as noise and wavelength stability which are vital for ensur-
ing stable and reliable generation of frequency combs.

2.4.3 Device Structure

A schematic of a semiconductor laser based on slots is shown in Figure 2.11.



18 Chapter 2. Semiconductor Lasers

FIGURE 2.11: Schematic structure of the slotted single-mode laser.

The active layer consists of five compressively strained AlGaInAs quantum
wells with a well thickness of 0.006 µm. Each laser consists of a 2.0 µm-wide
surface ridge waveguide with three electrically isolated sections: the front
SOA section, the middle grating section consists of a number of etched slots
and the back gain section consisting of an active waveguide. Figure 2.12
shows a fabricated array of 12 such lasers with a 200 µm long SOA section
(which is curved at a 7o angle to reduce reflections from the front facet), and a
gain and grating section with a combined length of 400 µm. An anti-reflection
(AR) coating and high reflection (HR) coating are applied on the front and
back facets, respectively.

FIGURE 2.12: 12-channel slotted laser array.

E-beam lithography was used to pattern the slots for this fabrication run
due to limitations in the external foundry. Two steps of inductively coupled
plasma (ICP) based dry etching with Cl2 /N2 gas combinations were used to
form the ridge and the slots. First a shallow ridge was formed with the slot
area being protected by SiO2 during the dry etching. Afterwards the protec-
tion layer was removed and a second dry etching was used to form the slots
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and also to etch the ridge to a depth of 1.3 µm. The ridge was then passivated
and metal contacted to finish the laser structure. Finally, the laser bars were
cleaved and mounted on aluminium nitride carriers.

2.5 Wavelength Tuning of Semiconductor Lasers

The output wavelength can be tuned by a controlled change in the refractive
index of the laser. We can see from Equation 2.10 that the selected wavelength
is dependent on the effective index. The wavelength change is described by:

∆λ = ∆n
λ

ng,e f f
(2.16)

where ng,e f f is the effective group index [35]. This change in index is achieved
by applying current to different sections of the device. Their tuning mecha-
nism depends on whether the section of the laser provides optical gain (active
tuning) or does not provide optical gain (passive tuning).

The free-carrier plasma effect changes the refractive index due to the injec-
tion of electron-hole plasma into the semiconductor material. This reduces
the refractive index due to the polarization of the free carriers [36]. The index
is reduced proportionally to the carrier density, blue-shifting the wavelength.
A disadvantage of this is the Joule heating as a result of carrier injection,
which limits the change in refractive index. The maximum refractive index
change for this type of tuning is -0.04 [37].

The thermal tuning effect is widely used for single-mode lasers. This changes
the refractive index of the material, but also the band gap energy and Fermi
distribution is dependent on temperature. Therefore, a change in tempera-
ture changes the gain peak of the active medium. An increase in the device
temperature using a heating block will red-shift the gain spectrum, thereby
red-shifting the output wavelength. When current is supplied, the temper-
ature is increased due to Joule heating though the temperature can also be
controlled using a cooling block or heating element. The change in refrac-
tive index with temperature, known as the thermo-optic coefficient, is deter-
mined by the linear thermal expansion coefficient as well as the change in
band-gap energy [38]. This can be expressed as:

dn
dT

=
n2 − 1

2n

[
−3α− 1

Eg

dEg

dT

]
(2.17)

where α is the linear thermal expansion coefficient. For single-mode DFB
and DBR lasers, an increase in temperature of 1 oC will result in a 0.1 nm
red-shift in the wavelength of the cavity and Bragg modes [39]. Wavelength
tuning is essential for use of these lasers as pump sources for comb genera-
tion in microresonators where we need to precisely tune the wavelength onto



20 Chapter 2. Semiconductor Lasers

the cavity resonance and to maintain the pumping process as the power in-
creases within the microresonator.

There are three main schemes for wavelength tuning illustrated in Figure
2.13, continuous, discontinuous and quasi-continuous.

FIGURE 2.13: Wavelength tuning schemes: a) continuous tuning, b)
discontinuous tuning, c) quasi-continuous tuning.

Continuous tuning (Figure 2.13 a)) is where the tuning current is swept
and the wavelength is tuned continuously. There are no interruptions and
every wavelength value in the interval between the starting and stopping
wavelength is attainable. As the longitudinal modes occur at discrete wave-
lengths, this scheme is typically only possible over small ranges. Discontinu-
ous tuning (Figure 2.13 b)) occurs when there discontinuities over the tuning
range, this often results in gaps where certain wavelength values are not at-
tainable. Each segment of this tuning range corresponds to a different cavity
mode and this is therefore referred to as mode-hopping. Quasi-continuous
tuning (Figure 2.13 c)) is a special case of discontinuous tuning where there is
mode-hopping between cavity modes but there is overlap in the wavelengths
covered by these cavity modes. As a result, every value of wavelength in the
range is accessible.

2.6 Hybrid Square-Rectangular Lasers (HSRLs)

The Hybrid Square-Rectangular Lasers (HSRLs) consist of a square microcav-
ity that is butt-coupled to a linear output waveguide. A Fabry-Pérot cavity is
formed by cleaving the waveguide at a length of 300 µm, much longer than
the side length of the microsquare. A schematic is seen in Figure 2.14.
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FIGURE 2.14: Schematic and microscopic image of an HSRL [40].
Square and rectangular sections are electrically isolated by a 20 µm

isolation trench.

Mode coupling between the whispering-gallery modes (WGM) in the square
microcavity and the longitudinal modes in the FP cavity allows for dual -
mode lasing. The high Q-factor and compact size of WGM microcavity lasers
such as these makes them highly suitable for use in photonic integrated cir-
cuits. Dual-mode lasers in particular are useful for photonic generation of
microwaves using heterodyne mixing due to the advantage of their higher
signal frequency, compact structure, and being free of electromagnetic inter-
ference.

2.7 Noise in Semiconductor Lasers

The Schawlow-Townes equation was developed even before a laser was ex-
perimentally demonstrated and calculates the fundament limit of the linewidth
of a laser [41]:

∆νlaser =
4πhν(ν0)

2

Pout
(2.18)

where ∆νlaser is the Schawlow-Townes linewidth, hν is the photon energy, ν0
is the half-width of the resonance at half-maximum intensity, and Pout is the
output power.
This was later modified by Lax [42] and verified for the He-Ne laser [43].
However, the linewidth measured for semiconductor lasers is many times
greater than that predicted by the Schawlow-Townes equation.

The width of spectral lines is due to phase fluctuations in the optical field,
caused by spontaneous emission events. These events alter the phase and
intensity of the optical field as shown in the phasor model in Figure 2.15.
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FIGURE 2.15: Phasor model demonstrating effect of spontaneous
emission on optical field.

In addition to the instantaneous phase change brought about by spontaneous
emission, a delayed phase change occurs as the laser undergoes relaxation os-
cillations to restore the steady-state field intensity. A change in carrier den-
sity results in a deviation of the imaginary and real refractive indices from
their steady-state value. A change in the refractive index results in addi-
tional phase shifts in the optical field and causes line broadening.
Henry [44] considered the ratio of the deviation of the real refractive index
(n′) and the deviation of the imaginary refractive index (n′′):

α =
∆n′

∆n′′
(2.19)

and went on to show that the coupling of phase noise to intensity fluctua-
tions leads to an increase in the laser linewidth by a factor of (1+α2), where
α is referred to as the ’linewidth enhancement factor. The laser linewidth,
defined as the full width at half maximum (FWHM) of the optical spectral
line, is an important parameter as it is a measure of the coherence of the laser
light. Therefore, a narrow linewidth is desirable for many applications in
optical communications. More relevant to this work, it has been found that
reliable soliton generation in microresonators requires the linewidth of the
pump laser to be narrower than the microresonator mode bandwidth [45]
and also that the soliton comb lines inherit the linewidth of the pump laser
[46].
The linewidth of semiconductor lasers is inversely proportional to the cav-
ity length [47]. This is because as the cavity length increases, the threshold
carrier density decreases. This reduces the spontaneous emission rate and,
therefore, the linewidth. Our group has previously demonstrated a signifi-
cant reduction in the linewidth of our slotted lasers by increasing the cavity
length, with a 1 mm long device being recorded with a linewidth of less than
1 MHz [48].
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Chapter 3

Characterisation of Semiconductor
Lasers

3.1 Slotted Laser Arrays

Semiconductor laser arrays consist of a number of individual devices electri-
cally isolated from each other on the same chip. Our group has previously
designed and characterised arrays consisting of 9 devices [49], 10 devices
[50] and 12 devices [23] with wavelengths in the C-band. Such arrays are
designed for optical communications, particularly wavelength division mul-
tiplexing (WDM), which is illustrated in Figure 3.1.

FIGURE 3.1: Schematic demonstrating the principal of wavelength
division multiplexing.

WDM allows for high-speed data transfer as multiple signals at differing
wavelengths can be sent simultaneously through a single fibre and then sep-
arated out at the receiver. An array of lasers can transmit through multi-
ple wavelength channels at once, and the wide tunability of semiconductor
lasers means that a wide range of WDM wavelength channels can be ac-
cessed. Arrays are therefore designed such that the possible output wave-
lengths of each device of the array yield a continuous tuning spectrum over
a wide wavelength range.
Three 12-channel arrays with wavelengths covering the O-band were char-
acterised. The centre wavelengths of the devices are determined by the slot
parameters and are designed with the aid of simulations to be linearly spaced
across the O-band. The arrays are all from the same fabrication run but differ
in the number and period of their slots. Array 1 consists of slots of a sin-
gle period and there are many slots (between 47 and 90) while Array 3 also
consists of slots of a single period but with fewer slots (between 16 and 33).
Array 2 consists of ten slots of three different periods for a total of 30 slots. It
was previously shown in our characterisation of the nine-channel array [49]
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that temperature tuning caused mode competition, reducing SMSR. With a
FSR of 37 nm, there were 3 reflection peaks in the range of 1500 nm to 1600
nm, and the shifting of the gain peak with temperature led to other modes
experiencing gain. To counteract this effect, arrays based on non-uniformly
spaced slots, outlined in [23], were developed. The different slot periods
each have their own associated FSR and it is therefore possible to choose
these periods such that the reflection peaks associated with each period add
up constructively at the desired wavelength while interfering destructively
elsewhere. The optimal parameters are chosen by simulating the reflection
spectra using SMM and choosing the parameters that best suppress the un-
desired peaks. Figure 3.2 shows such a simulation previously performed by
our group to illustrate this concept [51].

FIGURE 3.2: Simulated reflection spectrum of one, two and three
period grating structures.

The reflection spectra of a single-period grating shows three clear peaks sepa-
rated by one FSR. The incorporation of a two-period and three-period grating
is seen to reinforce the central reflection peak while suppressing the adjacent
reflection peaks. Though the reduction of the side-peaks is only by a factor of
two, the resulting characterisation of these devices showed an improvement
in SMSR and a reduction in mode-hopping while the device was thermally
tuned.
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The period, number of slots and design wavelength for each device is shown
in 3.1. The total length of the grating plus gain section of each device is 400
µm and the SOA section is 200 µm long.

TABLE 3.1: Parameters of the 12-channel arrays.

The devices were mounted on a copper heat sink and the temperature was
controlled using a thermo-electric cooler (TEC). A current of 10 mA was in-
jected into the SOA to ensure the section is biased at transparency. This is
the current density where the net gain provided by that section is equal to
zero and becomes "transparent". The devices were fibre-coupled to an Ag-
ilent 86140B optical spectrum analyser (OSA) with a resolution of 0.06 nm
and a sensitivity of -70 dBm. A diagram of this setup is seen in Figure 3.3.

FIGURE 3.3: Experimental setup for characterisation of laser arrays.
The ambient temperature of the laser under investigation is controlled
by a thermo-electric cooler while the injected current is supplied by a
current source. The output light is collected by a lensed fibre and 10%
of the light is sent to a photodiode in order to aid with coupling. The

remaining 90% is analysed with an optical spectrum analyser.

3.1.1 L-I Characteristic

The L-I (Light-Current) characteristic was performed by sweeping the cur-
rent and measuring the output power using a bare photodiode, rather than
the fibre, connected directly to the picoammeter. The photodiode response is
calibrated with a tunable laser of known output power in order to determine
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the optical power from the recorded photocurrent. The L-I characteristic for
each of the arrays is shown in 3.4.

(a) Array 1 L-I characteristic. (b) Array 2 L-I characteristic.

(c) Array 3 L-I characteristic.

FIGURE 3.4: L-I characterisation of the arrays at 20 oC with 10
mA injected into the SOA section.

The threshold current was found to vary from 16 mA to 25 mA for all devices.
Device 9 on Array 1 and Array 2, and Device 4 of Array 3 array were found
to emit significantly lower output power than the rest of the devices on that
array. This is likely due to damage such as defects on the facets when cleav-
ing or an error during fabrication. Apart from these outliers, the devices an
Arrays 2 and 3, where the number of slots does not vary significantly, show
a generally consistent behaviour. Array 1, where the number of slots very
significantly between devices, has much less consistent behaviour.
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3.1.2 Output Spectra

The output spectra of all devices in each array at 20 oC is presented in Figure
3.5.

(a) Array 1 output spectrum. (b) Array 2 output spectrum.

(c) Array 3 output spectrum.

FIGURE 3.5: Output spectrum recorded at 20 oC with 100 mA injec-
tion current, SOA = 10 mA.

The average spacing between modes is approximately 3.3 nm in each array.
It was noticed that Devices 1 and 2 of Array 3 emit in the region of 1324 nm
and 1327 nm, which is not the intended wavelength. These devices were
designed to emit a wavelength of approximately 1280 nm and 1283 nm, re-
spectively. The free spectral range (FSR) of a high-order grating with a slot
spacing of 5.15 µm is approximately 47 nm, thus these devices are lasing
at a mode one FSR away from the intended wavelength. The three-period
devices of Array 2 emit at a wavelength close to the designed wavelength,
though blue-shifted by approximately 3 nm from their design. As this was
the first generation of 1.3 µm devices which have been designed and fabri-
cated by our group, the gain and refractive index data were not precisely
known at the beginning of this work and were therefore estimated from the
1550 nm devices. There is clearly room for improvement in future fabrication
runs.
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3.1.3 Thermal Tuning

Thermal wavelength tuning was accomplished by injecting a constant cur-
rent of 100 mA split across the gain and grating sections such that the current
density is equal in both sections, while increasing the temperature from 15 oC
- 60 oC in 5 degree increments using the TEC. The output spectrum of each
device on the arrays recorded at 5 degree increments over the temperature
range are plotted together (3.6) to illustrate the wavelength tuning.

(a) Array 1. (b) Array 2.

(c) Array 3.

FIGURE 3.6: Thermal tuning spectra showing a continuous tuning
range for Arrays 1 and 2. There are several clear discontinuities in
the thermal tuning spectrum of Array 3 where FSR mode hopping

occurred.

The thermal tuning demonstrates a wavelength tuning range of ∼40 nm for
both Array 1 and Array 2. However, there are clear discontinuities in the
thermal tuning spectrum of Array 3 (Fig. 3.6c) although the range here is up
to 60 nm. The plot of wavelength vs temperature for the three-period array
(Fig. 3.7b) demonstrates a generally linear red-shift in wavelength of approx-
imately 0.09 nm/oC increase in temperature. In some cases, the wavelength
blue-shifts with a temperature increase, due to crossing a mode boundary
during tuning. Such mode hops are common in many DBR-type lasers [52].
As temperature increased, it was noticed that the wavelength of the devices
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on the blue end of the array would reach a point where the emitted wave-
length jumped by approximately one FSR, this occurred with 7 devices up to
60 oC. The jumps in wavelength can clearly be seen in Fig. 3.7c. Thus, there
is not a continuous tuning range for the single-period array. For a majority
of the devices, the SMSR is high over this tuning range, above 35 dB as seen
in Fig. 3.8b. Devices 1 and 2 of this array have comparatively lower SMSR
due to the competition from FSR modes in the region of 1320 nm - 1325 nm.
We do not observe any jumps to the next FSR due to the suppression of these
modes from the use of non-uniformly spaced slots.

(a) Array 1. (b) Array 2.

(c) Array 3.

FIGURE 3.7: Wavelength vs temperature.
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(a) Array 1. (b) Array 2.

(c) Array 3.

FIGURE 3.8: SMSR vs wavelength.
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(a) Array 1. (b) Array 2.

(c) Array 3.

FIGURE 3.9: Power vs wavelength.

The output power of each device generally decreased as temperature was
increased (Figure 3.9). This is because non-radiative recombination and car-
rier leakage increase with temperature, reducing internal efficiency. Device 9
on both Array 1 and Array 2 produced noticeably lower output power com-
pared to the rest of the devices on their respective arrays. There was no ob-
vious damage on visual inspection so this may be a result of damage during
fabrication.

3.1.4 SOA Characterisation

With a constant injection current of 100 mA at 20 oC, the SOA current was
increased from 0 mA to 60 mA in increments of 2.5 mA. Figures 3.10, 3.12 and
3.13 show the recorded peak wavelength, SMSR and output power measured
for all devices as SOA current was increased.
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(a) Array 1. (b) Array 2.

(c) Array 3.

FIGURE 3.10: Wavelength vs SOA current.

A slight red-shifting of the peak wavelength is observed with increasing SOA
current and this is especially noticeable at higher SOA currents. Figure 3.11
shows the peak wavelength and SMSR recorded for Device 1 on each array as
the SOA current is increased. The red-shifting of the wavelength varied be-
tween devices from a minimum of 0.15 nm to a maximum of 0.6 nm over the
current range. Meaning a maximum of 0.01 nm/mA change in SOA current.

(a) Array 2, Device 1. (b) Array 3, Device 1.

FIGURE 3.11: SOA characterisation of single devices.
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(a) Array 1. (b) Array 2.

(c) Array 3.

FIGURE 3.12: SMSR vs SOA current.

SMSR generally remains high for most devices though it can be seen to drop
sharply if a mode-hop is approached. With the exception of Device 9 of Array
1, which was damaged during the measurements when a probe destroyed
the ridge, the increase in output power with SOA current is consistent for
devices on the same array.
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(a) Array 1 (b) Array 2

(c) Array 3.

FIGURE 3.13: Output power vs SOA current.

Output powers up to 35 mW are obtained for these devices with this simple
SOA section, sufficient for applications in the O-band. An output power of
at least 25 mW is achieved for many of these devices with a modest injection
current into the SOA section almost double the power in some cases when
compared with the values seen in the LI curves (Figure 3.4) where the SOA is
only injected with enough current to bring the section to transparency. The
highest output power was 38 mW for Device 10 on Array 2. These powers
are still not sufficient for pumping the microresonators, which is the topic of
the next two chapters, however further improvements to the integrated SOA
may eliminate the need for an EDFA when pumping. Also, improving the Q
factor of our resonators would allow for a pump laser with power in the tens
of milliwatts to be effective in the future.

3.2 Noise Characterisation of Semiconductor Lasers

3.2.1 Laser Linewidth

As the resolution of the OSA is not sufficient to accurately determine the
width of spectral lines, the spectral linewidth was measured using the de-
layed self-heterodyne (DS-H) method [53] as shown in Figure 3.14. The op-
tical signal is converted to an electrical signal by splitting the beam, sending
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one branch through a fibre spool to decorrelate the branches and the other
branch is phase modulated. The beams are then recombined and the beat
note is detected by a photodiode and then analysed with an ESA. As men-
tioned previously, low-noise lasers are desirable for both optical communica-
tions and pumping microresonators. It is therefore important to characterise
the noise of these device to assess their suitability.

FIGURE 3.14: Delayed self-heterodyne setup.

Figure 3.15 shows the linewidth spectrum obtained for Device 6 of Array 2.
The intrinsic linewidth of a spectral line is Lorentzian in profile while noise
from equipment adds a Gaussian component to the overall shape. This re-
sults in a convolution of the Lorentzian and Gaussian shapes, known as a
Voigt profile. The data was therefore fitted to a Voigt profile and a deconvo-
lution was performed to obtain the Lorentzian full-width at half-maximum
(FWHM), which corresponds to the 3 dB linewidth. The result must then be
divided by a factor of 2 due to the nature of the DS-H method. The FWHM
was determined to be 12.6 MHz, indicating a linewidth of 6.3 MHz.

FIGURE 3.15: Example linewidth spectrum of Array 2, Device 6.
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FIGURE 3.16: Linewidth as a function of wavelength.

We see the measured linewidth as a function of wavelength in Fig. 3.16.
The linewidth enhancement factor increases as the gain peak wavelength is
approached, thus we expect the devices lasing at the red end of the array
to have the greatest linewidth. This is seen in Fig. 3.16 though we also see
relatively large linewidth values at the blue end of the array also. There is no
clear correlation between the grating design and the measured linewidth
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FIGURE 3.17: (a) Optical spectrum of Device 3 of the three-period
array. (b) Optical spectrum of Device 6 of the three-period array

Figure 3.17 shows the output spectrum of Device 3, at the blue end of Array
2, compared to Device 6 which is in the centre of the same array. It can be
seen that there is a significant amount of noise from 1325 nm to 1330 nm in
the spectrum of Device 3 whereas this is much less prevalent in the spectrum
of Device 6. This may explain why, even though the peak wavelength of De-
vice 6 is red-shifted relative to Device 3, the measured linewidth is narrower.
This trend was also observed for the linewidth of the 400 µm long devices
measured in [23]. It was also shown that devices with longer cavity lengths
(700 µm and 1 mm) had an overall narrower linewidth.

3.2.2 Phase Noise Measurement

The linewidth is a useful metric but does not tell the full story of the noise
in the system. Low frequency or 1/ f noise associated with the electronics as
well as instantaneous fluctuations means that the intrinsic linewidth is ob-
scured in the measured data. The measurement of the phase noise, outlined



38 Chapter 3. Characterisation of Semiconductor Lasers

in [54], is a much more robust measurement where the frequency modulated
(FM) noise spectrum is recorded. This fully captures the noise processes con-
tributing to the overall phase noise. This is measured using a similar DS-H
setup as the linewidth measurement but the data is collected with a real-time
oscilloscope (RTO) rather than an ESA (Figure 3.18. The signal was sampled
at a rate of 5 Gs/s.

FIGURE 3.18: Delayed self-heterodyne setup for phase noise charac-
terisation.

The electrical field of the light from a CW laser is given by:

E(t) =
√

P0 + ∆P(t)× ei[ω0t+φn(t)] (3.1)

where P0 + ∆P(t) is the output power at time t, ω0 is the angular optical
frequency and φn(t) is the phase noise. The light is split in the DS-H system
with one branch undergoing a time-delay and the other branch being phase-
modulated. Figure 3.19 illustrates how this alters the field in both branches.

FIGURE 3.19: Time delayed and phase-modulated branches.

The field delayed by the fibre spool can be expressed as:

γE(t− T) (3.2)

where T is the time-delay caused by the fibre spool and γ is the ratio of the
amplitude of optical power of each branch. The field that is phase modulated
can be expressed as:

ei[bsin(ωct+φc)] (3.3)
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where b is the modulation index (a measure of the extent of modulation of
the signal by the phase modulator), ωc and φc are the modulation carrier
frequency and phase of the driving signal at the modulator input.
When these two branches are recombined at the photodiode, the overall in-
cident electrical field is given by:

Ei (t) =
1
2
[γ E(t− T)− E(t) × ei[bsin(ωct+φc)]] (3.4)

The current that results when this field is incident on a photodiode with re-
sponsivityR is given by:

ipd(t) = −
γR[P0 + ∆P(t)]

2
cos(∆φn(t) + ω0T)× cos[bsin(ωct + φc)]

+
γR[P0 + ∆P(t)]

2
sin(∆φn(t) + ω0T)× sin[bsin(ωct + φc)]

(3.5)

where ∆φn(t) is the differential phase noise. Applying Bessel coefficient ex-
pansion, the in-phase I(t) and quadrature Q(t) of the differential phase noise
are given by:

I(t) = cos[∆φn(t) + ω0T] (3.6)

Q(t) = sin[∆φn(t) + ω0T] (3.7)

These can be found at even and odd harmonics of the photo-detected signal.
By offline processing of the RTO signal and analysing the first and second
harmonics, an FM-noise spectrum can be obtained. As we are analysing both
of these harmonics to extract the phase noise, it is necessary to ensure that the
amplitudes of the harmonics are approximately equal. Figure 3.20 shows a
signal from a 1550 nm device that has been sufficiently modulated such that
the signals at 400 MHz and 800 MHz are equal. We modulated at 400 MHz
as the bandwidth of our RTO is 1 GHz.

FIGURE 3.20: Collected ESA spectrum of the first and second har-
monic of a signal modulated at 400 MHz.
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The 1310 nm phase modulator proved to be insufficient to achieve parity be-
tween these harmonics and so only the simple linewidth measurement data
was successfully recorded for the arrays. It was possible to record the phase
noise for devices with a wavelength centred around 1550 nm. An example
is shown in Figure 3.21 where a single-period device with a cavity length of
400 µm was characterised.

FIGURE 3.21: a) FM-noise spectra of a 400 µm device with dif-
ferent injection current. b) The linewidth calculated from the flat,
low-frequency region of the FM-noise spectra compared with the
Lorentzian linewidth determined from the simple linewidth measure-

ment.

The Lorentzian linewidth can be extracted from the flat region of the FM-
noise spectra [53]. The linewidth calculated from the phase noise measure-
ment is larger than that of the simple linewidth method, though it follows
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the expected trend of a decrease in linewidth with an increase in injected cur-
rent. The noise of three 1550 nm devices with differing cavity lengths was
also recorded 3.22.

FIGURE 3.22: FM-Noise spectra of 1550 nm devices with cavity
lengths of 400, 700 and 1000 µm.

This also follows the expected trend where the the longer cavity length cor-
responds to less noise. The measurement of the phase noise is important to
the work on frequency combs because it gives us a full picture of the noise
in our pump laser, which limits the quality of the comb and it is also a stan-
dard measurement for demonstrating the noise reduction before and after
self-injection locking in a microresonator system [55].

3.3 Hybrid Square-Rectangular Lasers

The motivation for investigating the HSRLs is that the dual-lasing would
allow the pumping of multiple microresonator resonances simultaneously
from a single device. They are therefore characterised to determine the spac-
ing of the dual modes, their tunability and the output power.

3.3.1 Dual-Lasing Measurements

Two arrays, each containing 15 HSRLs, were investigated. LI curves were
obtained for each device by injecting a constant current of 10 mA into the
square microcavity and sweeping the current of the Fabry-Pérot (FP current)
while measuring the output power with a bare photodiode. The LI curves
for both arrays are seen in Figure 3.23.
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(a) (b)

FIGURE 3.23: LI curves for two arrays (A and B) of HSRLs where
FP current is swept while square current is kept constant at 10 mA

The threshold FP current varied between 13 mA and 30 mA. Of the 30 de-
vices tested, 12 produced very little output power and were disregarded for
further measurements. The functioning devices were then examined to see if
dual lasing could be observed.
As shown in Figure 3.24, the FP current was swept while the square current
was kept constant, and vice versa, and spectral map of each was produced.

(a) Spectral map where square current is kept
constant at 8 mA while FP current is swept.

(b) Spectral map where FP current is kept
constant at 32 mA while FP current is swept.

FIGURE 3.24: Spectral data for device A14 (14th device on array A),
amplitude recorded over 100 nm span of wavelengths for a range of

FP and square currents.

This allowed the lasers which showed dual lasing to be distinguished from
those in which only single-mode lasing was present. Of the functioning de-
vices, 6 showed instances of dual lasing. It was found that the device ’A14’
showed the best dual lasing behaviour and this device was focussed on. Fig-
ure 3.25 shows a spectrum obtained from this device corresponding to the
black line in Figure 3.24a. The mode lasing at the shorter wavelength is re-
ferred to as the ’blue’ wavelength and the mode lasing at the longer wave-
length is referred to as the ’red’ wavelength. The SMSR of both of these peaks
is calculated relative to the peak with the third highest amplitude in the spec-
tra.
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FIGURE 3.25: Dual-lasing spectrum of a HSRL device

In order to investigate the dual lasing behaviour, maps were generated
that plot wavelength and power at various combinations of FP current and
square current. In Figure 3.26, the FP current was swept between 15 mA and
70 mA in steps of 1 mA while the square current was swept between 5 mA
and 40 mA in steps of 0.5 mA. An algorithm was developed to search through
this data to identify points at which dual lasing is occurring. The wavelength
and amplitude of the 3 peaks in the spectrum with the highest amplitudes
were recorded from the OSA. The algorithm determines at which points there
exists two lasing modes with amplitude greater than 20 dB more than the
third peak and are separated by greater than 1.5 nm (the longitudinal mode-
spacing of the 300 µm FP cavity is 1.2 nm) and these points were recorded
as exhibiting dual lasing. The data is separated into data for the ’blue’ mode
and the ’red’ mode. Figure 3.26 shows the SMSR map for both modes. White
space on the map indicates that no dual lasing behaviour is present at these
points.
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(a) SMSR map for blue lasing mode. (b) SMSR map for red lasing mode.

FIGURE 3.26: SMSR maps for HSRL device, showing only regions
where dual lasing is present.

High SMSR for both modes is apparent in the region where the FP current is
between approximately 48 mA and 57 mA and the square current is between
5 mA and 25 mA. Another scan was performed in this region, this time with
the FP current swept in steps of 0.5 mA and the square current was swept in
steps of 0.25 mA and the resulting maps are shown in Figure 3.27.
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(a) Blue Wavelength (b) Red Wavelength

(c) Blue SMSR (d) Red SMSR

(e) Mode Separation (f) Mode Amplitude Difference

FIGURE 3.27: Maps taken of dual-lasing region with high SMSR as
seen in Figure 3.26

As seen in Figure 3.27e, the mode separation is not tunable. The separation
of 4.35 nm, which is constant for most of the regions where dual lasing is
achieved corresponds to approximately 540 GHz, which is much greater than
FSR of our microresonators.

3.3.2 Dual Wavelength Tuning

The wavelength maps show that, by varying the FP and square currents, the
wavelength of both modes can be varied over a range of 2 nm, approximately
between 1575 nm - 1577 nm for the blue mode and between 1579 nm - 1581
nm for the red mode. Figure 3.27e is a map of the wavelength separation
between the blue and red mode. This separation is relatively constant at
approximately 4.3 nm, corresponding to a frequency difference of approxi-
mately 0.5 THz. Figure 3.27f is a map of the difference in amplitude between
the blue mode and the red mode. It is important for practical applications
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that the intensity of both modes is approximately equal. By combining the
data from SMSR, mode separation and intensity difference maps, the wave-
length of the dual lasing modes can be tuned over a certain range such that
the SMSR remains >30 dB, the separation remains constant and the intensity
of the modes are equal.
A current path was selected using the data from Figure 3.27 and the spec-
tral data was recorded as the FP and square currents were incrementally in-
creased resulting in Figure 3.28a.

(a) Spectral map showing tuning range of de-
vice A14.

(b) Current path used for wavelength tuning
of device A14.

FIGURE 3.28: Continuous wavelength tuning of device A14 over a
range of 1.44 nm.

The blue mode was tuned continuously from 1575.62 nm to 1577.05 nm while
the red mode was tuned from 1579.96 nm to 1581.41. A tuning range of ap-
proximately 1.44 nm where the separation had a maximum deviation of 0.04
nm over this range.
The graphs in Figure 3.29 show the SMSR for each mode, mode separation
and amplitude difference at each point in the current path shown in Figure
3.28b.

(a) SMSR for each step in current path (b) Mode separation and amplitude difference for
each step in current path.

FIGURE 3.29: Mode information for each step of current path
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The SMSR for the blue mode is noticeably quite poor at the beginning and
end of the current path. A current path that yields better overall SMSR and
mode amplitude difference can possibly be attained although this will likely
come at the cost of the wavelength range.

3.4 Conclusion

The arrays designed to operate near 1300 nm show a consistent L-I charac-
teristic and output power across all devices, with the exception of Device 9
of Array 2. A continuous thermal tuning range of around 40 nm was ob-
tained for the Array 2 with good SMSR (> 35 dB) over the majority of the
temperature range. However, SMSR is poorer at the blue end of our arrays
where there is significant competition from the next FSR modes and SMSR
drops below 30. This will be improved in future designs by incorporating
more slots on the blue end of the array and through the use of the genetic al-
gorithm code to optimize the designs [34]. The output power is shown to be
in excess of 25 mW at 100 mA injection current and biasing the SOA section
at a modest current. The Array 3 devices, with a lower number of slots and
a single period, were insufficient to suppress the FSR modes adequately. As
a result, devices on the blue end of the array lase at these FSR modes instead
of the intended wavelength, and more of the devices make this wavelength
jump as the temperature is increased. This resulted in a discontinuous wave-
length tuning range. Linewidth was found to vary from 2 MHz for devices
in the centre of each array to up to 12 MHz for devices at either end of the
array. The overall linewidth can be improved by increasing the cavity length
of the device but also with designs that suppress the FSR modes. In applica-
tions where linewidth is not a major consideration, the FSR mode hops could
be exploited to increase the tuning range of the array. Overall these results
indicate the laser array based on non-uniformly spaced etched slots has great
potential for use as a source in O-band DWDM applications due to the tuning
range of 40 nm with high SMSR. With a judicious choice of grating designs,
it may be possible to use the FSR jumps in a positive fashion to produce a
much wider tuning range of 60 nm or more.
Multiple-channel laser arrays such as these show promise as a pump source
for microresonators as multiple resonances can be pumped simultaneously.
For example, a multi-mode interference coupler such as the one shown in
Figure 3.30 allows light from several devices to be combined and to pump
the resonator simultaneously and with a much higher input power than a
single device on its own.
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FIGURE 3.30: Schematic structure of 12-channel laser array inte-
grated with multi-mode interference coupler.

This scheme is more suitable for DWDM applications rather than for comb
generation as the noise from multiple lasers will be transferred to the noise
of the comb.It is therefore vital to characterise and understand the behaviour
of each device on the array so that the correct wavelength can be generated
and the input power to the resonator controlled to ensure stability.
While dual-lasing was observed and shown to be tunable over a range while
maintaining both modes, there is little tunability in the mode separation of
the dual-modes. Since the separation of these modes does not match the res-
onance spacing in the dual-mode microresonators, we could not use these
for pumping experiments. It was subsequently found, however, that only a
single pump laser is required to excite the dual mode system and generate
soliton microcombs. It was therefore decided to focus on using the slotted
laser arrays as a pump source instead. In the next chapter, it is demonstrated
how even a single device from one of these array can successfully generate a
soliton from microresonator pumping with its power boosted by an EDFA.
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Chapter 4

Octave-Spanning Frequency
Combs in AlN Microresonators

Microresonators, using CW lasers as a pump source, can be used to generate
an optical frequency comb (OFC) with relatively low input power and a high
pump-conversion efficiency [9]. If the optical path length of the microring is
an integer multiple of the wavelength of the incident light, then constructive
interference can occur through multiple round-trips, building the intensity
of the light.

Nonlinear optical effects can be seen when a microresonator is pumped by
CW light [56]. In particular, the four-wave mixing (FWM) that occurs in
whispering-gallery mode (WGM) microresonators can be used to generate
OFCs. Beginning with light at two or more equally spaced frequencies, the
process of FWM can generate light at more frequencies with equal spacing
[57].

4.1 Optical Non-linearity and the Kerr Effect

At low intensity, the response of a material to light is expected to scale lin-
early with the amplitude of the electric field. If there is a high intensity of
light incident upon the material, such as from a continuous-wave (CW) laser,
"non-linear" effects can be observed. In this case, the polarisation density of
the material has a non-linear response to the electric field of the incident light.
This is expressed as a Taylor series expansion of the polarisation density P(t)
in terms of the electric field E(t). [58]

P(t) = ε0(χ
1E(t) + χ2E(t)2 + χ3E(t)3 + ...) (4.1)

where χn is the nth-order optical susceptibility, which represent the nature of
the interaction between the light and the material.

χ2 interactions result in the generation of light at frequencies not present in
the incident beam and include:
Sum/difference frequency generation (SFG/DFG), where two photons of
frequencies, ω1 and ω2, from the pump source interact within the non-linear
material to generate a single photon of frequency, ω3. The frequency of the
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generated photon is equal to the sum/difference of the frequencies of the in-
cident photons. i.e. ω3 = ω1 ±ω2
Second harmonic generation (SHG), this is a special case of SFG/DFG where
the incident photons have the same frequency, ω1 = ω2. The frequency of
the photon generated in the non-linear material, ω3 from the two incident
photons is then double the initial frequency, or ω3 = 2ω1.
Each of these χ2 are illustrated in Figure 4.1.

FIGURE 4.1: Second-order non-linear processes. a) sum frequency
generation. b) difference frequency generation. c) second harmonic

generation.

The χ3 processes occur due to the optical Kerr effect where the refractive in-
dex of a material changes in the presence of an applied electric field. The
change in index is proportional to the square of the electric field strength.
χ3 non-linearities include:
Third harmonic generation (THG), where three photons of the same fre-
quency, ω1 = ω2 = ω3, from the pump source interact to generate a single
photon with frequency, ω4. The frequency of the generated photon is equal
triple the frequency of the incident photons. i.e. ω4 = 3ω1
Self-phase modulation (SPM), where the optical intensity of the light in-
duces a non-linear refractive index change in the medium, causing a delay in
the phase of the beam.
Cross-phase modulation (XPM), where the phase of a light beam is changed
due to the interaction with another beam of light in the medium.
Four-wave mixing (FWM), where three photons of any frequencies inter-
act to generate a photon of a new in the non-linear medium. i.e. ω4 =
ω1 + ω2 + ω3. This can be degenerate, where the frequencies of two of the
incident photons are equal. The process can also be non-degenerate, where
all frequencies are different.
These χ3 processes are illustrated in Figure 4.2.
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FIGURE 4.2: Third-order non-linear processes. a) third harmonic
generation. b) degenerate four-wave mixing. c) non-degenerate four-

wave mixing.

4.2 Comb Generation in Microresonators

In microresonator-based combs, the four-wave mixing process due to the
χ3 Kerr non-linearity is the mechanism which initiates the comb genera-
tion. They are therefore referred to as Kerr frequency combs. The first side-
bands are generated via a degenerate FWM, where two pump photons with
the same angular frequencies are annihilated and create two new photons
on the side-bands with the frequency upshift known as signal ω3 and fre-
quency downshift known as idler ω4. The signal and idler side bands can
enhance the process of creation by the multiple side-band generation if their
modes coincide with microresonator modes. For a cascaded process, non-
degenerate FWM processes are significant in achieving the broadband fre-
quency comb with the discrete and equidistant spectral lines in the frequency
domain. In the non-degenerate process, two idler and/or signal photons
serve as pump photons and produce two new photons of different frequen-
cies. The process is termed non-degenerate as the frequencies of all four
photons are different. Both degenerate and non-degenerate FWM leads to
cascaded FWM and the comb spectrum contains discrete, equidistant comb
lines. The broadening of the comb is limited by the microresonator disper-
sion.
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FIGURE 4.3: Microresonator-based optical frequency comb spectrum
via cascaded FWM.

4.2.1 Octave Spanning Microcombs

An octave-spanning comb covers the spectrum of comb lines from n to 2n
and the carrier envelope offset (CEO) frequency can be detected using the
self-referencing f-2f scheme [3] [4]. This is where fn = fceo + n frep is the
comb line at the short end of the spectrum and f2n = fceo + 2n frep is the line
at the long end of the spectrum as illustrated in Figure 4.4. fn can be doubled
by making use of the χ2 non-linearity to produce the second harmonic, 2 fn.

FIGURE 4.4: Schematic illustration of f-2f self-reference scheme in an
octave-spanning spectrum.

By beating 2 fn with f2n, the resulting beat note can be used to determine fceo
as:

fceo = 2 fn − f2n (4.2)

4.3 Ring Microresonators

An all-pass microresonator consists of an optical waveguide in the shape of a
closed loop which forms a resonant cavity which is evanescently coupled to
a lateral, straight waveguide. An example of an all-pass microring resonator
used in this work is seen in Figure 4.5.
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FIGURE 4.5: Microscope image of AlN microresonator. Note
on left side of image, the waveguide is tapered to allow easier

coupling with the pump laser.

Light from a continuous wave laser is injected into the input of the straight
waveguide and then enters the microring through evanescent coupling in the
region where the straight waveguide and microring are in close proximity.
The light is confined within the waveguide due to total internal reflection
(TIR) arising from the refractive index of the waveguide material (n2) being
greater than that of the cladding material (n1). For TIR to occur, the angle
of incidence of the incident light must be greater than the critical angle (θc)
which is defined as:

θc = sin−1(
n1

n2
) (4.3)

Figure 4.6 shows the waveguide structure, an AlN ridge on a sapphire sub-
strate with SiO2 substrate.

(a) (b)

FIGURE 4.6: a) cross-section of AlN waveguide on a sapphire sub-
strate with SiO2 cladding. b) illustration of total internal reflection.

The phase of the light changes as it propagates through the waveguide. To
minimise loss, the incident light must remain in phase with itself to achieve
constructive interference. Light propagating with a particular angle in the
waveguide corresponds to a waveguide mode with distinct phase veloc-
ity and therefore have a distinct refractive index. Furthermore, the optical
waveguide modes have a definite electromagnetic field of propagation and
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modes can be divided into the transverse electric (TE) and transverse mag-
netic (TM) fields. The TE and TM modes have transverse fields perpendicular
to the plane of incidence.
The optical path length in a microresonator is a function of the dimensions
of the microring and of the effective index of the waveguide. Constructive
interference will occur when this optical path length is an integer multiple
of the input light wavelength λ. The optical path length is the distance trav-
elled by the light times the refractive index of the material. The condition is
therefore:

ne f f L = mλ (4.4)

where ne f f is the effective index, L is the effective cavity length and m is an
integer. The light is injected into the input end of the straight waveguide
and the constructive interference occurs at the region where the microring
and straight waveguide are at close proximity. This is known as the coupling
region and is where evanescent coupling. The evanescent field is an electric
field that does not propagate as a wave, but instead is outside the waveguide
and decays with distance from the surface. If another waveguide is within
close proximity then the field can couple to the second waveguide and prop-
agate. The coupling efficiency depends on the distance between the waveg-
uides. This therefore allows the light to couple from the waveguide into the
microring and vice versa, and the coupling can be optimised by narrowing
the distance between the microring and waveguide.

FIGURE 4.7: Illustration of coupling constants in an all-pass mi-
croresonator.

The input laser results in an electric field Ein = Eine−iωt where ω is the angu-
lar frequency. Some amount of this light is then coupled into the ring in the
coupling region, which is denoted by Ec2. This light then circulates in the ring
and a certain amount, Ec1, is coupled back into the straight waveguide when
it reaches the coupling region. The amplitude is reduced each cycle due to in-
trinsic losses in the ring such as material absorption, scattering and sidewall
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roughness. The amplitude reduction is given by a = e−αringL/2 where αring is
the intrinsic propagation loss in the ring per round-trip. The light coupled
from the ring back into the straight waveguide is then collected at the output
as Eout, which can be collected by an optical fibre and analysed.

4.3.1 Transmission, Enhancement and Quality Factors

Important factors in the resonator performance are the transition coefficient t
through the coupler, which is the ratio of the input and output fields on each
pass, as well as the cross-coupling coefficient k which compares the fields be-
fore and after the coupling region (Ec2 and Ec1). In order for lossless coupling
to occur, the following condition must be satisfied:

|k|2 + |t|2 = 1 (4.5)

The performance is dependant on t and the intrinsic round-trip loss a. The
desired coupling state is the critical coupling state, where the external cou-
pling and intrinsic cavity losses are equal (t = a) and the intracavity power
is at a maximum. If the gap between the microring and waveguide is too
large, the coupling will be weak, a condition known as "under-coupling".
This is where the cavity loss is greater than the coupling strength (t < a).
Conversely, the system can be over-coupled, where the cavity loss is less
than the external coupling strength (t > a), which can occur if the gap be-
tween the microring and waveguide is too narrow. An optical microresonator
is characterized by measuring some of the following significant parameters
such as transmission spectrum T, enhancement factor B and quality factor Q.
The transmission spectrum is the ratio of the transmitted power to the input
power at a particular frequency.

Transmission and Enhancement

The output field of the microresonator can be written in matrix form [59] [60]
as: [

Ec2
Eout

]
=

[
t ke

iπ
2

ke
iπ
2 t

] [
Ec1
Ein

]
(4.6)

After a single cycle around the cavity, the field undergoes a phase change φ,
which can be expressed as:

φ = βL =
2πne f f

L
(4.7)

Accounting for this phase shift and the cavity losses through the ring, the
field coupled back into the straight waveguide when it reaches the coupling
region, Ec1, can be expressed as:

Ec1 = e−αringLeiβLEc2 = aeiφEc2 (4.8)

the field coupled into the ring from the waveguide, Ec2 can be expressed as:
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Ec2 = tEc1 + ke
iπ
2 Ein (4.9)

and the field at the output of the waveguide, Eout is given by:

Eout = ke
iπ
2 Ec1 + tEin (4.10)

From equations 4.8, 4.9 and 4.10 we obtain:

Ec2 = ke
iπ
2 Ein + taeiφEc2 (4.11)

Eout = tEin + kaeiφe
iπ
2 Ec2 (4.12)

equation 4.11 can be rearranged as:

Ein =
Ec2 − taeiφEc2

ke
iπ
2

(4.13)

Combining equations 4.12 and 4.13:

Eout =
tEc2 − t2aeiφEc2

ke
iπ
2

+ aeiφe
iπ
2 kEc2 (4.14)

Eout =
tEc2 − t2aeiφEc2 − ak2eiφEc2

ke
iπ
2

(4.15)

Eout =
tEc2 − aeiφEc2

ke
iπ
2

(4.16)

From equations 4.13 and 4.16 we can obtain the ratio between the output and
input electrical fields:

Eout

Ein
=

t− aeiφ

1− ateiφ (4.17)

The transmission T can therefore be expressed as:

T = |Eout

Ein
|2 =

t2 + a2 − 2atcosφ

1 + a2t2 − 2atcosφ
(4.18)

An enhancement or build-up factor, B can also be expressed as the ratio be-
tween the optical field circulating in the ring to the input field:

Ec1

Ein
=

akeiφ

1− ateiφ (4.19)

and so:

B = |Ec1

Ein
|2 =

(1− t2)a2

1 + a2t2 − 2atcosφ
(4.20)

At the critical coupling condition (t = a), the transmission is near zero and
the enhancement factor is at a maximum. This can be seen in Figure 4.8.
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FIGURE 4.8: Calculation of transmission and enhancement fac-
tors vs t/a ratio for AlN microresonator. Modelling by Dr Ad-

nan Afridi.

For the best operation of the microresonator, it is therefore necessary to opti-
mise these parameters. t can be optimised by carefully choosing the length of
the gap between the microring and the waveguide, while a can be improved
by using fabrication techniques to limit cavity losses.

4.3.2 Free Spectral Range and Full Width at Half Maximum

The free spectral range (FSR) in microresonators refers to the separation be-
tween adjacent resonance modes, which is related to the effective cavity length.
The FSR can be defined by the frequency spacing between modes as:

FSR = ∆ f = fm+1 − fm (4.21)

where

∆ f =
c

ngL
(4.22)

or in terms of wavelength as:

FSR = ∆λ ≈ λ2

ngL
(4.23)

where the dominator is the group index, ng, rather than the effective index.
The group index takes dispersion effects into account [60] and is defined as:

ng = ne f f − λ0
dne f f

dλ
(4.24)

The group index and the corresponding group velocity vg = c
ng

describes the
velocity of the pulse envelope travelling in a dispersive medium.
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The optical path length L for a ring resonator is given by the circumference
of a resonator of radius r. The path length is therefore L = 2πr and we can
express the FSR for a microring resonator as:

FSR =
λ2

2πngr
(4.25)

Therefore, a decrease in the ring radius will result in a larger FSR as shown
in Figure 4.9

FIGURE 4.9: a) Simulated transmission versus wavelength for
60 µm radius AlN microresonator. b) Simulated free spectral

range vs ring radius. Modelling by Dr Adnan Afridi.

The FWHM is a measure of the broadness of spectral peaks and is defined by
the width of the peak at a the point that it as half of the maximum amplitude.
The FWHM, ∆λFWHM can be expressed as [60]:

∆λFWHM =
(1− at)λ2

res

πngL
√

at
(4.26)

or, in terms of the FSR

∆λFWHM =
FSRλ(1− at)

π
√

at
(4.27)
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Quality Factor

The quality factor Q is a measure of how well the microresonator confines the
incident light. When light is coupled into a microresonator, there is loss asso-
ciated with the propagation of the light through the cavity through absorp-
tion, scattering etc. and these intrinsic losses are associated with an intrinsic
quality factor Qint. There is also loss as a result of the coupling between the
microresonator and the waveguide, denoted by the coupling quality factor
Qc. The overall loss is referred to as the loaded quality factor QL and is re-
lated to the intrinsic and coupling factors as:

1
QL

=
1

Qint
+

1
Qc

(4.28)

QL can be defined as the ratio of the energy stored by the resonator to the
energy lost per round trip. This parameter also determines the sharpness of
resonance modes and can be measured experimentally as:

QL =
λres

∆λ

1
Qc

(4.29)

where ∆λ is the FWHM of the resonant mode. From 4.27, we can write this
as:

QL =
πLng

λ

√
at

1− at
(4.30)

As the intrinsic quality factor describes only the energy in the resonator it-
self, ignoring the coupling from the waveguide, an expression for Qint can be
obtained by setting t = 1.

Qint =
πLng

λ

√
a

1− a
(4.31)

as a = e−iαringL, we can therefore approximate 4.31 as

Qint =
2πng

λαring
(4.32)

The intrinsic and coupling quality factors are related to the loaded quality
factor and the transmission [61] and can be expressed as:

Qc =


2QL

1+
√

T
, if a > t

2QL
1−
√

T
, if a < t

(4.33)

Qint =


2QL

1−
√

T
, if a > t

2QL
1+
√

T
, if a < t

(4.34)
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Figure 4.10 shows the calculated variation of each Q factor versus the internal
cavity loss of the microring for each coupling condition. It was noticed that
at the critical coupling condition, (Qint = Qc) and the loaded Q factor could
be obtained as 2QL = Qint + Qc. In the case of over-coupling, Qint > Qc
whereas in the under-coupled regime, Qint < Qc. The coupling quality factor
is therefore something we can optimise to achieve our desired, overall QL.

FIGURE 4.10: Simulated intrinsic, coupling and loaded Q fac-
tors as a function of internal cavity losses for each coupling con-

dition. Modelling by Dr Adnan Afridi.

Another parameter is the ratio between the maximum and minimum trans-
mission (Tmax and Tmin), known as the extinction ratio (ER). This can be
expressed mathematically as:

ER =
Tmax

Tmin
=

(
Qint −Qc

Qint + Qc

)2

(4.35)

The extinction ratio is at a maximum at the critical coupling condition, which
can be seen in 4.11 where the calculated ER is plotted against Qc/Qint, which
is equal to 1 at the critical coupling condition.
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FIGURE 4.11: Simulated extinction ratio versus the ratio of the
coupling quality factor to the intrinsic quality factor. Modelling

by Dr Adnan Afridi.

The extinction ratio can also be expressed as the logarithm of the ratio of the
maximum and minimum transmissions.

ER = 10 log10

(
Tmax

Tmin

)
(4.36)

4.3.3 Dispersion in Microresonators

In a medium, the refractive index is generally a function of the frequency,
and therefore wavelength. i.e. n = n( f ) or n = n(λ) This results in a
process called dispersion, where the waves propagating through a medium
will travel with different speeds depending on their frequency. In an optical
waveguide, there is additional dispersion due to boundary conditions which
depend on the waveguide’s geometry. This geometric dispersion is depen-
dent of factors such as the width, height and angle of the waveguide. The
parameter known as the effective index, ne f f is used to account for both the
refractive index of the waveguide material and the geometry of the waveg-
uide [58] and is given by:

ne f f =
β

k0
(4.37)

where k0 = 2π
λ is the wavevector in free space. As light propagates through

a dispersive medium, each component of the input field experiences a phase
shift due to the frequency dependence of the propagation constant [62]. An
exact expression is difficult to obtain, but it can be expanded as a Taylor series
around the carrier frequency ω0:
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βw = β0 + β1 (ω−ω0) +
1
2!

(ω−ω0)
2 + ... (4.38)

The zero-order term, β0 describes a common phase shift. The first order term,
β1, is related to the inverse of the group velocity vg and describes a time delay
of the pulse envelope. The second-order term, β2 is related to the group ve-
locity dispersion (GVD) and is given by the derivative of the inverse group
velocity with respect to the frequency. The GVD is represented by the dis-
persion parameter D, which is dependent on how the refractive index varies
with the frequency.

D = −λ

c
∂2ne f f

∂λ2 (4.39)

Depending on the sign of D, the dispersion can be classified as either anoma-
lous or normal. If D < 0, the dispersion is normal, and the refractive in-
dex generally increases with an increase in the frequency of the light. In the
case that D > 0, the dispersion is anomalous. This means that, at certain
frequency ranges, the refractive index can actually decrease with increasing
frequency.
Anomalous dispersion is required for the generation of broadband frequency
combs due to modulational instability and high four-wave mixing efficiency
[63].
Due to dispersion, comb lines may not be equidistant as modes at different
frequencies experience dispersion differently. The result is that the FSR in-
creases with increasing frequency. As illustrated in Figure 4.12, the spacing
between modes becomes larger for modes at higher frequencies.

FIGURE 4.12: Schematic showing the non-equidistant comb
lines as a result of dispersion effects.
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To avoid this, it is necessary to engineer the geometry of the resonator such
that there is near-zero anomalous dispersion (D ≈ 0) over the required range.
The resonance frequencies of a microresonator can be Taylor-expanded around
a central pump frequency ω0, using the relative mode number µ [64]:

ωµ = ω0 + D1µ +
1
2!

D2µ2 +
1
3!

D3µ3 + ... (4.40)

where D1/2π is the FSR in the range around the pump frequency and D2
and D3 are the second and third order dispersion terms, respectively.
The deviation of the resonance frequencies and dispersion terms when com-
pared to a comb of fully equidistant frequency modes is defined as the inte-
grated dispersion (Dint) [65] and can be expressed as:

Dint = ωµ − (ω0 + D1µ) (4.41)

The microresonators used in our group were therefore designed with ge-
ometries to achieve this near-zero anomalous dispersion in order to gener-
ate broad frequency combs with equally spaced modes. This was achieved
using the COMSOL software in order to simulate the material and geomet-
ric dispersion resulting from various resonator geometries. It had previously
been shown that the wave-optics module in COMSOL could be configured
to accurately model the effective index and field distribution [66].

4.4 Generation of Dissipative Kerr Soliton Micro-
combs

A soliton is a waveform that preserves its shape as it propagates in a disper-
sive medium. Dissipative solitons achieve this by balancing the optical losses
and gain in the resonator cavity as well as balancing the nonlinear effects of
the material with dispersion. This "double-balance is represented in Figure
4.13. Dissipative Kerr solitons (DKSs) are so named because the source of the
parametric gain in the resonator is the four-wave mixing which arises due to
the Kerr non-linearity.
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FIGURE 4.13: a) Sketch of effects, such as dispersion balanced
by Kerr non-linearity and loss balanced by the gain to maintain
the single soliton state. (b) Single soliton in the microresonator

cavity and the obtained spectrum at the output.

Soliton microcombs are highly desirable as they are compact, low-noise, re-
quire low input power and can operate with gigahertz to terahertz line-spacing
[67]. However, accessing the soliton state is difficult due to the fine balancing
of parameters. To generate and maintain a soliton requires the minimisa-
tion of the thermo-optic effects which occur as the resonator heats up while
pumping, resulting in instability. Methods have been developed to over-
come this problem such as power-kicking [68], thermal cavity tuning [69],
single-sideband modulation [70] and the use of an auxiliary pump laser [71].
Many of these methods are highly effective, though they require additional
equipment and their complexity makes them unsuitable for many practical
applications.
A dual-mode scheme, where dual resonance modes are used to compensate
for the thermal effects in order to generate DKSs, with a mixed polarisation
has been shown to aid in stabilising the soliton state [72], however this is a
complex method due to the requirement of very precise polarisation control.
We utilise a relatively simpler method. A CW laser is used to pump two close
resonances with the same polarisation. This method of a single pump, two
resonances and the same polarisation is referred to as the one pump, two
resonance, one polarisation (1P2R-1P) scheme [73]. In this scheme, the fun-
damental transverse electric (TE00) resonance mode is pumped by the CW
laser at the same wavelength, initiating the FWM process while the higher-
order TE10 mode is used as an auxiliary mode to offset thermal effects and
stabilise the soliton. The stages of this process are illustrated in Figure 4.14.
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(a)

(b)

FIGURE 4.14: a) Schematic of intracavity power vs wavelength
of the pump resonance, auxiliary resonance and the combina-
tion of both resonance as the wavelength is swept. b) Schematic

of the process of using dual-modes for soliton stabilisation.

In stage i), the TE00 pump mode begins at the blue-detuned region away from
the cavity resonance (C-resonance) at λp1. The wavelength is then swept such
that it red-shifts towards the C-resonance, this is known as forward-tuning.
As the C-resonance is approached, a primary comb forms with line-spacings
equivalent to multiples of the FSR. Continuing to sweep the wavelength
such that power is injected into both the TE00 and TE10 resonance modes
causes both resonances to red-shift due to thermal effects (stage ii)). The
wavelength λp2 is still blue-shifted relative to the TE00 mode and microcomb
with modulation instability (MI) is observed. Further forward-tuning of the
pump wavelength will eventually result in soliton generation at λp3 and cor-
responds to a sudden drop in the intracavity power, causing a blueshift in the
resonance modes. The pump wavelength is now red-shifted relative to the
TE00 mode and most of the pump power is now injected into the TE10 mode
and so the presence of this auxiliary mode has stabilised the soliton state by
compensating for the sudden change in intracavity power. In this stable soli-
ton state (stage iii)), the pump resonance has been split into the C-resonance
and soliton resonance (S-resonance). The optimal separation between the
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TE00 and the TE10 resonances can be engineered through the design of the
resonator geometry and through careful fabrication.

4.5 Microresonator Characterisation

A dual-mode AlN microring resonator with a radius of 60 µm and a cross sec-
tion of 2.29 µm × 1.2 µm was used for DKS generation. The device was first
characterised using a Santec tunable semiconductor laser as a pump source.
Figure 4.15 shows the experimental setup for characterisation.

FIGURE 4.15: Experimental setup used for device characteriza-
tion.

Light from the TSL is injected into the input waveguide via lensed fibre and
is collected at the output by another tapered lensed fibre. A fibre polarization
controller (FPC) is used to select the desired input polarization. The beam is
then split by a fibre coupler with 99 % of he light being sent to the OSA to
detect the coupling signal. The remaining 1 % is sent to a power monitor to
obtain the transmission spectrum.
The transmission spectrum was measured for wavelength in the range 1544
nm to 1564 nm and is shown in Figure 4.16 a). The two transverse electric
(TE) modes, the fundamental TE00 and first order TE10 , are present and can
be distinguished from each other due to the differing FSR spacing (374 GHz
and 366 GHz, respectively).
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FIGURE 4.16: a) Transition spectrum of TE00 and TE10 modes
in an AlN microresonator. b) Zoomed in view of dual reso-
nances centred about 1550.6 nm. Data recorded by Dr Hai-

Zhong Weng.

A pair of closely adjacent resonances were found at approximately 1550.6
nm, the region highlighted by the blue rectangle. The TE00 mode (black)
was found to be centred at 1550.582 nm while the TE10 mode (red) was cen-
tred at 1550.617 nm. This corresponds to a separation of 35 pm or approx-
imately 4.37 GHz. The loaded quality factor QL, which was previously de-
fined as a measure of the sharpness of the resonances was obtained by fitting
a Lorentzian profile to each resonance mode to determine the FWHM. The
fitting is shown separately for each mode in Figure 4.17.
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(a) (b)

FIGURE 4.17: Determination of loaded quality factor for a) TE00
resonance and b) TE10 resonance

The loaded quality factor was determined to be 4.8×105 for the TE00 reso-
nance and 2.8×105 for the TE10 resonance.
The integrated dispersion Dint was also calculated and is shown in Figure
4.18.

FIGURE 4.18: Simulated integrated dispersal Dint for TE00 and
TE10 resonances with experimental results for 50 resonances.

Data recorded by Dr Hai-Zhong Weng.

The Dint was simulated over a wide frequency range, from 130 THz to 280
THz and plotted along with experimental results from 50 resonances, rep-
resented as circles in 4.18. The centre frequency of the TE00 and TE10 and
resonances are 193.292 THz and 193.289 THz, respectively and the D2/2π of
these resonances were calculated to be 4.8 MHz and 36.8 MHz, respectively
[16]. This means that the dispersion is anomalous, a necessity for broadband
comb generation and the TE00 resonance in particular has near-zero disper-
sion.
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4.6 Kerr Soliton Frequency Comb Generation.

The experimental setup for generating an octave-spanning soliton micro-
comb is shown in Figure 4.19.

FIGURE 4.19: Comb generation setup using TSL as pump source.

The output of a pump laser is amplified by an EDFA. The power required
is dependent on parameters such as the Q factor, extinction ratio, and mode
separation. This light is passed through a polarisation controller to obtain the
optimal polarisation before it is injected into the microresonator waveguide
using a lensed fibre. The pump wavelength is swept over a wavelength range
from the blue-detuned position of the TE00 resonance to the red-detuned po-
sition of the TE10 mode. A lensed fibre is also used to collect the output
from the microresonator. The light is then split with 10% sent to an OSA
to record the comb spectrum. The remaining 90% is further split, with one
branch going through a fibre Bragg grating (FBG) which suppresses wave-
lengths around the pump wavelength, removing the pump power and al-
lowing the accurate measurement of the comb power. The other branch is
then passed through a tunable band-pass filter (BPF) in order to isolate sin-
gle comb lines, which is combined with light from another TSL at the same
wavelength. The resultant beat note is then recorded on an ESA after the
light is incident on a photodiode, allowing noise characterisation to be per-
formed. An octave-spanning microcomb has been achieved in our group
with this method in an AlN ring resonator [73] using a Santec TSL-710 tun-
able laser with a linewidth on the order of 100 kHz. This demonstrated the
reliability of the dual-mode scheme to generate and maintain stable soliton
microcombs. It was then investigated if these results could be replicated with
our group’s surface-slotted lasers.
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4.6.1 Comb Generation using Slotted Laser.

The same setup from Figure 4.19 was used but the TSL is replaced with a
surface-slotted semiconductor laser from an array of 1000 µm cavity length
devices centred around 1550 nm. Several devices were characterised in order
to satisfy the necessary conditions. The pump laser must be able to cover the
wavelength sweeping range with high SMSR and without mode-hopping,
while maintaining adequate output power to the EDFA. Figure 4.20 shows
the characterisation of the slotted laser that was chosen to be a pump source.

(a) Wavelength and SMSR vs injected current for 1000
µm slotted laser.

(b) Linewidth spectrum of slotted laser with gain cur-
rent at 160 mA.

FIGURE 4.20: Wavelength sweep and linewidth spectrum of
slotted laser.

By keeping the current to the gain section constant at 35 mA and the temper-
ature constant at 14 oC using a cooling block, the current to the gain section
of the laser could be increased using a current source controlled by a Python
programme. As seen in Figure 4.20a, the red-shift in wavelength is linearly
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proportional to the gain current. This allowed for the conversion between
the current applied into the wavelength using a linear equation. A change in
current of 1 mA was approximately equal to a change in wavelength of 0.009
nm. The linewidth of this device at a point towards the end of the tuning
range was found to be 1.74 MHz, seen in Figure 4.20b, which is an order of
magnitude greater than that of the TSL.
A slow sweeping method was employed where the gain current, and subse-
quently the wavelength, were increased over a timescale of several seconds.
This was necessary to record the transmitted comb power vs gain current
as this was limited by the speed of the Python programme used to collect
the data. The transmitted power vs wavelength trace proved to be of vital
importance when pumping with the slotted laser as it proved very difficult
to obtain the correct polarisation of light. In the event that the soliton was
not generated, it was necessary to adjust the paddles on the polarisation con-
troller and record a comb power trace in order to gauge adjustments. Figure
4.21 is the transmitted power trace of a sweep where the soliton was success-
fully generated. The pump wavelength was outside of the range of the FBG
and therefore the pump line and resulting power could not be removed from
these measurements.

FIGURE 4.21: Transmitted power vs pump wavelength on a sweep
where a soliton state was achieved.

Stage i) is the region where the primary comb is generated, corresponding to
the spectra seen in Figure 4.22b. In stage ii) the modulation instability (MI)
comb is generated, corresponding to the spectra seen in Figure 4.22c. In stage



72 Chapter 4. Octave-Spanning Frequency Combs in AlN Microresonators

iii), the soliton was generated at a wavelength of 1550.76 nm and remained
stable after further detuning of 0.13 nm before annihilation in stage iv). This
is the soliton existence range (SER).

(a) Pump laser spectrum.

(b) Primary comb.

(c) MI comb.

(d) Soliton.

FIGURE 4.22: Evolution of microcomb as wavelength is swept
from blue to red.
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Once the correct polarisation had been obtained, the soliton state was reli-
ably generated several times and proved to be relatively stable. The soliton
state remained for several minutes each time until perturbations around the
lab such as doors opening or heavy footsteps caused it to vanish. This is most
likely a result of the slotted laser being unpackaged and therefore more sus-
ceptible to perturbations in the environment. It was noted that movement
near the bench where the laser was operating would often result in the de-
struction of the soliton. These issues would be minimised if the device were
to be packaged or ultimately integrated onto the same chip as the resonator.
This is a very promising result as an octave spanning soliton microcomb has
been successfully generated with a chip-scale device that is highly suited for
photonic integration, although the EDFA remains a necessity for the required
power. Figure 4.23 shows that the comb spectrum is octave-spanning from
approximately 1100 nm to over 2300 nm. These figures are a composite of
spectra taken from two different OSAs as a single OSA was not available
capable of recording the full span.
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(a) Soliton generated by TSL.

(b) Soliton generated by slotted laser.

FIGURE 4.23

The spectra are almost identical, when overlayed as in Figure 4.24, the only
apparent difference is that the TSL spectrum has a lower noise floor. This is
to be expected as the TSL has a much narrower linewidth compared to the
slotted laser.
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FIGURE 4.24: Spectra of soliton generated using TSL and soli-
ton generated using a slotted laser zoomed in around the pump

wavelength, demonstrating the difference in noise floor.

This can also be seen from the recorded RF noise of the the slotted laser comb
vs the TSL comb. There is much higher low-frequency noise in the comb that
was generated by the slotted laser.

FIGURE 4.25: RF noise of soliton state.

The use of a simple single mode laser, albeit with an EDFA at present is
a great result for the potential to integrate a pump laser and resonator for
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broadband soliton comb generation. The demonstration of a very large soli-
ton existence range compared with literature values shows that the dual-
mode resonator scheme has much potential for applications. It is also pos-
sible to use a second pump laser such as those we developed at 1310 nm in
conjunction with those at 1550 nm. Now this adds some complexity to the
pumping arrangements but could also be investigated for further improve-
ments in the soliton existence range.
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Chapter 5

Turn-key Soliton Generation and
Tunable Microwave Synthesis in
Dual-Mode Microresonators

In this chapter, the results from pumping the microresonators with a Santec
tunable semiconductor laser (TSL), a commercial packaged device and one
of our unpackaged slotted lasers are presented. Previous work on microres-
onator pumping performed by our group [16], [17] has utilised a Santec TSL,
with its output power boosted by an erbium-doped fibre amplifier (EDFA) as
a pump source for microresonators. This system involves two bulky pieces
of equipment, and the ultimate goal is to produce an integrated on-chip de-
vice for comb generation. To that end, a packaged semiconductor laser and
one of our own slotted lasers are investigated as a pump source since these
devices could be easily integrated with a microresonator.

5.1 Turn-key Generation

In the previous chapter, a dual-mode scheme was employed to generate an
octave-spanning microcomb. This involved a linear sweep of the wavelength
from the blue-detuning region to the red-tuning region. This sweep takes
several seconds and the transmitted power is simultaneously recorded, al-
lowing us to identify the soliton generation wavelength and the soliton exis-
tence range. It also aids in adjusting the polarisation of the pump laser. How-
ever, for practical applications, it would be preferable to generate the soliton
microcomb quickly in a turn-key fashion. We therefore employ a step-tuning
method where the current of our slotted laser is increased from the starting
current to the stopping current in a single step. The tuning time is therefore
limited by the response of the laser wavelength to the applied current.

5.1.1 Device Characterisation

A Si3N4 dual-mode microresonator with a radius of 60 µm was used to in-
vestigate turn-key operation. The transverse magnetic (TM) polarised trans-
mission spectrum is shown in Figure 5.1 where the FSR of the fundamental
TM modes (TM00) is 384.62 and the FSR of the first-order TM modes (TM10)
is 378.89 GHz. There is a crossover of these modes, a result of the differing
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FSR of each mode family, occurring around 1570 nm (marked by the blue
rectangle). The resonator is pumped near this wavelength with TM00 being
the pump mode and the TM10 mode is the auxiliary mode which is on the
red-detuned side of the pump mode and is used for stabilisation of the soli-
ton.

FIGURE 5.1: Transmission spectrum of transverse magnetic modes
in a Si3N4 resonator. A blue rectangle highlights the dual-modes used

for pumping. Data recorded by Dr Hai-Zhong Weng.

A zoomed image of the dual-modes is shown in Figure 5.2 showing the spac-
ing of approximately 6.3 GHz and a linewidth of 0.29 GHz and 0.71 GHz of
the TM00 resonance and the TM10 resonance, respectively.
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FIGURE 5.2: Dual resonance modes near 1570 nm with a spacing of
0.053 nm or 6.3 GHz.

The simulated integrated dispersion Dint in Figure 5.3 shows good agreement
with the experimentally measured results obtained for 50 resonance modes
which were measured. The dispersion is plotted against the mode number
µ relative to the pump resonance. Meaning that µ = 0 corresponds to the
TM00 mode near 1570 nm and negative values are the modes which are blue-
shifted relative to this mode.
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FIGURE 5.3: Simulation of integrated dispersion and 50 experimen-
tally measured resonances versus mode number relative to the TM00
mode. The TM10 mode exhibits stronger anomalous dispersion that

then the TM00 case. Data recorded by Dr Hai-Zhong Weng.

The TM00 mode was shown to have near ideal anomalous dispersion with a
second-order dispersion coefficient of 5 MHz. The auxiliary TM10 was found
to have a dispersion coefficient of 33 MHz.

5.1.2 Turn-key Soliton Generation

The soliton was first generated using slow-tuning by tuning the wavelength
of the TSL was swept from 1570.00 nm to 1570.90 and the evolution of the
generated microcomb can be seen in Figure 5.4.
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(a) TM00 primary comb. λpump = 1570.15 nm

(b) TM00 MI comb. λpump = 1570.38 nm

(c) TM00 soliton. λpump = 1570.60 nm

FIGURE 5.4: Evolution of comb as TSL wavelength is swept.

This allowed us to determine the wavelength where the soliton step would
be generated. The comb power was recorded as the wavelength was swept
and is shown in Figure 5.5.
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FIGURE 5.5: Comb power trace while scanning wavelength of TSL
pump laser.

The soliton was generated at a wavelength of 1570.50 nm and remained sta-
ble as the wavelength was detuned until it disappeared at 1570.76 nm. This
corresponds to a soliton existence range of 0.26 nm or 32 GHz when using
the TSL.
A slotted laser was then used to pump the same resonator. A 1000 µm long,
two-section, single-period slotted laser was used and the wavelength was
tuned by increasing the gain current while the reflector current and temper-
ature remained constant. Slow-tuning was again used initially in order to
determine the soliton step wavelength as well as the correct polarisation for
the light. Figure 5.6a shows the linear relationship between the injected cur-
rent as it is swept and the resulting wavelength. This relationship was then
used to convert between the applied current and the laser wavelength.
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(a) . (b)

FIGURE 5.6: a) Output wavelength vs current injected into gain sec-
tion of slotted semiconductor laser at an ambient temperature of 31 oC
and a constant reflector current of 145 mA. b) Linewidth spectrum of

slotted pump laser when gain current is 220 mA.

Figure 5.7 shows the comb power trace when pumping with the slotted
laser and was recorded by the Python programme measuring the change in
comb power as more current was supplied to the gain section.

FIGURE 5.7: Comb power trace while scanning the wavelength of the
slotted pump laser.

The SER was found to be from 1570.47 nm to 1570.65 nm. A range of 0.18 nm
or 22 GHz. This is significantly less than the soliton generated using the TSL.
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Soliton generation was once gain found to be more difficult using a slotted
laser compared with the TSL, likely due to several factors. While the spectral
linewidth of the Santec TSL-710 is 100 kHz, the recorded linewidth of the slot-
ted laser as shown in Figure 5.6b is 2.71 MHz, twenty times broader. The slot-
ted laser also proved to have less wavelength stability and the polarisation
controllers had to be adjusted very finely to obtain the optimal polarisation
of the light injected into the resonator. Despite this, the soliton was shown
to be reliably generated once the polarisation was found and the system was
unperturbed.
Figure 5.8 shows the soliton generated in the same resonator by sweeping
the slotted laser wavelength from 1570.00 nm to 1570.83 nm over several sec-
onds.

FIGURE 5.8: TM00 soliton. λpump = 1570.60 nm with slotted laser
and EDFA.

It is clear that the noise floor near the pump wavelength of the slotted
laser soliton is much higher than that seen when the soliton is generated by
the TSL in Figure 5.4c. This is clearly illustrated when the spectra near the
pump are compared in Figure 5.9.
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FIGURE 5.9: Soliton spectra around the pump wavelength.

The noise floor of the slotted laser is almost 10 dB higher compared to the
TSL and there are several side modes visible in the slotted laser spectrum.
To demonstrate turn-key generation of the soliton state, the current into the
gain section is increased from the starting current to the stopping current in a
single step. In order to step-tune the slotted laser, the current source was con-
nected to an arbitrary waveform generator (AWG) in order to modulate the
current. Figure 5.10 shows the experimental setup for turn-key generation.
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FIGURE 5.10: Experimental setup for turn-key generation of
soliton microcomb using a slotted laser as a pump source.

Using the Python programming language, a programme was written to
construct an arbitrary waveform given the start current, stop current, time
scale and wave shape that was then transmitted to the AWG, which in turn
applied it to the current source. The AWG is also connected to an oscilloscope
so that the waveform and comb power trace can be recorded simultaneously.
The light from the laser facet is collected by a lensed fibre and is then passed
through a fibre polarisation controller (FPC). The light is then coupled into
the input waveguide of the microresonator with a lensed fibre while another
lensed fibre collects the light at the output. The beam is then split, with a
portion of the light collected by the OSA where the spectrum is recorded. The
rest passes through a fibre Bragg grating (FBG) which reflects wavelengths
around the pump wavelength, thus excluding the pump power and allowing
us to record the comb power. This comb power is incident upon a photodiode
allowing us to record the comb power trace on the oscilloscope along with
the the AWG waveform.
To determine the optimal stopping current Istop for soliton generation, 160
mA was chosen as a starting current and then multiple steps were initiated,
terminating at a range of stop currents. Figure 5.11 shows the evolution of
the soliton generation with the stop current.
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FIGURE 5.11: Comb power traces at different stopping currents.
Start current is 160 mA in each case.

We can see that for the lower stop currents an MI comb is first generated
and exists on the order of seconds before the soliton is formed. As the stop
current was increased, the existence time of the the MI comb stage began to
decrease until at higher stop currents the soliton was "annihilated". i.e. the
wavelength detuning was too great for soliton generation to occur. We be-
lieve this is related to the wavelength settling time and the size of the current
step. Although the wavelength settling time for a semiconductor laser is lim-
ited by thermal effects, these processes occur on the order of microseconds,
not seconds as witnessed here. It is likely that the system of an unpackaged
device where the ambient temperature is controlled by a TEC connected to a
large cooling block, the settling time is further limited by the response time
of the equipment. Figure 5.12 illustrates a potential explanation.
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FIGURE 5.12: Schematic indicating the proposed wavelength settling
behaviour depending on the current step size. The dashed line repre-
sents the ideal soliton generation wavelength. The red line represents
the proposed behaviour of a large current step, the green line is a mod-
erate current step, and the blue line is a low current step. The blue,
green and red shaded regions correspond to the MI comb state, soliton

existence range, and the annihilated state as in Figure 5.11.

When the current step size is large, Istop = 256 mA, the wavelength begins to
increase quickly, overshooting the soliton existence range before settling. The
soliton may be generated briefly but the detuning quickly becomes too large
and the soliton is annihilated. With a moderate step size, Istop = 244 mA, the
wavelength increase and settles well within the soliton existence range and
the soliton is generated in a turn-key fashion. For the smallest step sizes, Istop
= 230 mA, the wavelength increases relatively slowly, taking several seconds
before reaching the soliton existence range and explaining why the MI comb
state is so prolonged at these stopping currents. The shape of the current
modulation waveform can potentially be utilised to minimise the effects of
wavelength drift. More complex waveforms such as a three-segment current
ramp [74] and a double current-step [doublestep] have been utilised to great
effect in compensating for wavelength drift and thermal instability in order
to improve soliton generation. The Python code was developed to be able
to apply such waveforms in our pumping experiments, however we only
managed to successfully generate solitons with the simple step function.
Figure 5.13b shows an example of a simple step function generated by the
Python programme beginning at a current of 160 mA, stopping at 246 mA
and remaining at this current for 5 seconds before the waveform repeated
and Figure 5.13a shows the resulting trace recorded by the real-time oscillo-
scope.
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(a) (b)

FIGURE 5.13: a) Comb power trace and AWG signal during step
tuning from 160 mA to 246 mA. b) Step function generated from

Python programme.

The soliton step can be clearly seen shortly after the AWG signal is sent.
To show the reliability of the soliton generation, the step tuning was per-
formed twenty times in succession by allowing the waveform to repeat. This
is shown in Figure 5.14 where the soliton was successfully generated nine-
teen times in a row. It was separately found that the soliton state generated in
this way would last for several minutes after the waveform had terminated.

FIGURE 5.14: Repeated step tuning with successful soliton steps
highlighted in green.

It was separately found that the soliton state generated in this way would
remain stable for several minutes after the waveform had terminated.

5.2 Microwave Generation in Dual-Microcomb

Another application of soliton microcombs has been the generation of low-
noise microwaves [75]. The oscillation frequency of the wave is dependent
on the frep of the soliton, which is determined by the size of the resonator.
This would imply a relatively large resonator would be required to generate
signals of a frequency that is detectable by conventional electronics. Multi-
ple solitons can be excited in a resonator and their correlated beat note can
be obtained for sensing [76], however the repetition rate between coexisting
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solitons is quite small and this beat note is typically below 1 GHz, making it
unsuitable for microwave photonics. By generating a dual-comb consisting
of a single soliton and a primary comb, we can obtain beat notes in the range
of 20 GHz to 40 GHz.
A second resonator with the same dimensions used to demonstrate turn-key
operation was used for microwave generation. This resonator, however, fea-
tures dual TM00 and TM10 modes near 1567 nm with a smaller separation
of 4.9 GHz. This separation was found to be sufficient for generating dual-
combs and multiple-solitons (MS). By sweeping the TSL with a speed of 1
nm/s with various pump powers, the evolution of the resulting comb with
increasing power was demonstrated in Figure 5.15.
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FIGURE 5.15: Comb power trace and corresponding optical
spectra when the pump power is a) 240 mW. b) 300 mW. c) 400

mW. d) 500 mW

With a pump power of 240 mW, a single soliton (SS) is reliably generated.
When the power is increased between 300 mW and 500 mW, a dual comb is
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realised consisting of the SS and the primary comb of the TM10 mode. Once
the TM10 primary comb has been generated along with the SS, the pump
power was adjusted in order to tune the line spacing of the primary comb.
Figure 5.16 shows the dual-comb spectra around the pump wavelength over-
layed with the SS generated with a pump power of 240 mW. It is demon-
strated how the primary comb-line spacing can be tuned such that it lines
up with the modes of the SS beginning with the modes 4 FSR spacings away
from the pump wavelength, denoted by µ = 4, and increasing to µ = 5 and
µ = 6 at pump powers of 400 mW and 500 mW, respectively.
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FIGURE 5.16: Primary comb line-spacing adjusted to coincide with
soliton modes.

Figure 5.17 shows the experimental setup for microwave generation.
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FIGURE 5.17: Experimental setup for dual-comb generation
and microwave frequency generation.

A band-pass filter is used to isolate the comb lines belonging to the SS and
primary comb and the beat note is detected by a photodiode. The beat notes
obtained with the first sidebands of the primary comb from a dual-comb gen-
erated by a TSL as a pump for the modes at µ = 4, 5, 6 are shown in Figure
5.18.

FIGURE 5.18: Frequencies obtained from beating primary comb lines
with corresponding soliton modes.
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The signals generated from these beat notes are at 23.4 GHz, 28.9 GHz and
34.6 GHz. These fall within the K and Ka bands, which is the portion of
the electromagnetic spectrum which is used for uplinking to communication
satellites as well as high-resolution radar imaging. The harmonics of these
beat notes should also be detectable with a higher-speed photodiode than
we have available. Higher frequencies could also potentially be generated
using the second and third sidebands of the primary comb. The separation
between the second sideband modes and the corresponding soliton modes
(µ = 8, 10, 12) are 46.8 GHz, 57.8 GHz, and 69.2 GHz which have appli-
cations in wireless communication. Similarly, the third sideband modes cor-
responding to the soliton modes (µ = 12, 15, 18) would yield frequencies of
70 GHz - 100 GHz, meaning the system could operate as a discretely tunable
millimetre oscillator.

5.2.1 Commercial Semiconductor Laser

A commercial semiconductor laser in a butterfly package was used to gener-
ate the dual-comb. A single injection current was used for wavelength con-
trol and the temperature could also be varied by supplying current to the
pins connected to the in-built TEC. Figure 5.19a shows the wavelength tun-
ing range possible by varying both temperature and current. The SMSR was
above 40 dB for the entire tuning range and an example of the output spec-
trum is seen in Figure 5.19b.

(a) (b)

FIGURE 5.19: a) Wavelength tuning spectrum of packaged device.
Output spectrum of packaged device.

It was assumed that the packaged device would have greater wavelength
stability due to being wire-bonded and also having a much smaller TEC.
However, generating and maintaining the soliton state proved difficult just
as with the unpackaged slotted laser. The same procedure was followed as
with the TSL and a dual-comb was successfully generated and the frequen-
cies at 28.9 GHz and 34.6 GHz were successfully generated. A comparison
between the beat note produced with the TSL-generated comb and the beat
note produced with the packaged device-generated comb is seen in Figure
5.20.
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FIGURE 5.20: Beat note at 34 GHz from comb generated with a pack-
aged semiconductor laser and the max-hold of the beat note at 34 GHz

from the TSL comb.

There was significant jitter of the beat note generated using the TSL and
therefore the max-hold amplitude of the signal was recorded. We can see
that the beat note generated with the packaged device is much broader than
the beat note generated with the TSL. This demonstrates again that the coher-
ence of the pump source will have an effect on the coherence of the generated
signals.
The phase noise of the microwave signals generated using both the packaged
device and TSL were recorded using an in-built measurement system on the
ESA (R&S FSV3-K40) and is shown in Figure 5.21.
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FIGURE 5.21: Phase noise comparison between beat notes generated
by packaged semiconductor laser and beat notes generated by TSL.

The beat note from the TSL comb was found to have significant jitter, and
therefore the max-hold of the RF spectrum was recorded. Considering the
solitons are thermally locked and have a much lower noise [77], the jitter is
most likely mainly due to the primary comb. The beat note from the pack-
aged device comb is broader than even the max-hold of the TSL. The phase
noise also shows that the noise due to the packaged device is significantly
greater at offset frequencies above 100 kHz. Therefore, while the frequencies
were successfully generated with the packaged device, the result is much
noisier than the TSL. It is clear that the linewidth and noise of the pump laser
has a significant effect on the quality of the signals generated from the res-
onator. It is therefore necessary that the lasers we develop with the hopes
of future integration with microresonators for chip-scale frequency synthe-
sis must not only have sufficient power and wavelength tunability, but also
coherence.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The concept of optical frequency combs and their potential applications in
optical communications, sensing, metrology and frequency synthesis was
introduced. It was noted, though, due to the size and environmental sus-
ceptibility of current benchtop systems, this technology is not yet suitable
for practical applications. However, numerous recent advances in microres-
onator frequency combs has demonstrated great potential for miniaturising
the entire system. Recent work was discussed where microring resonators
were able to produce highly stable soliton frequency combs which span an
octave, allowing for the f − 2 f frequency self-referencing scheme to be em-
ployed. Previously in our group, we have demonstrated octave-spanning
soliton frequency combs using a commercial tunable semiconductor laser.
We suggest that this system can be further miniaturised down to chip-scale if
the TSL pump laser could be replaced with one of our surface-slotted semi-
conductor lasers.
In Chapter 2, the background theory of semiconductor lasers is explored as
well as the principals on which our group’s slotted lasers are based. The
design process for arrays of semiconductor lasers based on slots for optical
communication is outlined. The optimisation of the slot parameters to sup-
press side and FSR modes is discussed as well as the integration of semi-
conductor optical amplifiers in order to boost the output power. Hybrid
square-rectangular lasers (HSRLs) were also introduced, these demonstrate
dual-lasing and it was hoped that they could be used to successfully pump
two resonance modes simultaneously. The origin and importance of noise in
semiconductor lasers is also discussed.
In Chapter 3, a full array of slotted lasers is characterised. These arrays are
each based on a different set of slot parameters and are contrasted in or-
der to determine which design performs best and should be incorporated
into future fabrication runs. The wavelength tunability, SMSR, output power
and linewidth were all contrasted. The array based on non-uniform slots
performed the best as it most effectively suppressed FSR modes while still
yielding the most uniform performance between devices on the same array.
A thermal wavelength tuning range of over 40 nm across the 12 devices on
the non-uniform array, as well as output power of over 30 mW, was demon-
strated. This output power would not be enough to eliminate the need for the
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EDFA when pumping the resonators we can currently fabricate. The HSRLs
were characterised but were found to be unsuitable for the application as the
output power was very low and there was no tunability of the dual-mode
separation.
Chapter 4 covers the background behind ring microresonators and how they
are designed in our group in order to realise the dual-mode scheme. An
AlN resonator, in which our group has previously demonstrated octave-
spanning soliton comb generation, was characterised and this time a slotted
laser rather than a TSL was used as a pump source. Despite difficulty in ob-
taining the correct polarisation in order to generate the soliton state, it was
eventually shown that the soliton could be reliably generated using a slotted
laser as a pump source. The resulting comb was shown to have a higher level
of noise compared with the comb generated using the TSL, which is to be ex-
pected due to the broader linewidth of the slotted laser compared with the
TSL. This was an important result as it showed that a small semiconductor
laser which is well-suited to photonic integration has the ability to generate
octave spanning frequency combs. If these devices could have their power
amplified on chip, or if the Q factor of the microresonator is high enough (>
5×106) such that less power is required to pump, then the need for EDFA
would be eliminated, making way for complete chip-scale integration of the
resonator and pump source.
Chapter 5 shows the results of using the dual-mode scheme, this time in a
Si3N4 resonator for turn-key operation and microwave generation. These
results had previously been demonstrated using a TSL but now the same re-
sult is obtained using one of our slotted lasers as well as a commercial pack-
aged semiconductor laser. By quickly step-tuning the wavelength of a slotted
laser using a current source connected to an arbitrary waveform generator,
turn-key generation of the soliton state was repeatedly and reliably gener-
ated with a slotted laser. It was also shown that it is possible to generate a
dual-comb using a packaged device. Generating a stable dual-comb consist-
ing of a primary comb and a single soliton comb simultaneously allows for
the synthesis of beat notes at microwave frequency scale.

Ultimately, we demonstrated that the large tunable semiconductor laser used
in our work on comb generation could be replaced by a slotted semiconduc-
tor laser with only modest depreciation in parameters such as the soliton
existence range and the coherence of the generated signals. Considering the
ease of fabrication and potential for photonic integration of these devices,
this represents a significant step towards miniaturising the entire comb gen-
eration system to chip-scale and improving the viability of this technology
for practical applications.
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6.2 Future Work

Much work still needs to be done in optimising the designs of both the slot-
ted lasers as well as the microresonators themselves. The ultimate goal is to
be able to completely integrate both the resonator and the pump laser on the
same chip. Accomplishing this requires the elimination of the EDFA which
is currently necessary to produce adequate pump power. This could be ac-
complished through the improvement of the resonator quality factor. A Q
of 10 million for example would require optical power of tens of milliwatts
for comb generation, which is much more attainable for an integrable de-
vice with an SOA section to boost on-chip power. Further optimisation of
the SOA section could allow for the improvement of the optical power of the
lasers while the Q factor can be improved by refining of the microresonator
manufacturing process, or the investigation of new materials.
A phase noise measurement system has also been implemented in the lab.
However, due to the low power of the comb lines after passing through the
filter to isolate single lines, a phase noise characterisation of the comb lines
was not possible. It would be desirable to optimise this setup such that the
phase noise of the comb lines could be characterised and compared with the
noise of the pump used to generate the comb.
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