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Abstract

Abstract

The demand for optical bandwidth continues to increase year on year and is being
driven primarily by entertainment services and video streaming to the home. Current
photonic systems are coping with this demand by increasing data rates through faster
modulation techniques, spectrally efficient transmission systems and by increasing the
number of modulated optical channels per fibre strand. Such photonic systems are
large and power hungry due to the high number of discrete components required in
their operation. Photonic integration offers excellent potential for combining otherwise
discrete system components together on a single device to provide robust, power efficient
and cost effective solutions. In particular, the design of optical modulators has been
an area of immense interest in recent times. Not only has research been aimed at
developing modulators with faster data rates, but there has also a push towards making
modulators as compact as possible.

Mach-Zehnder modulators (MZM) have proven to be highly successful in many optical
communication applications. However, due to the relatively weak electro-optic effect
on which they are based, they remain large with typical device lengths of 4 to 7 mm
while requiring a travelling wave structure for high-speed operation. Nested MZMs
have been extensively used in the generation of advanced modulation formats, where
multi-symbol transmission can be used to increase data rates at a given modulation fre-
quency. Such nested structures have high losses and require both complex fabrication
and packaging. In recent times, it has been shown that Electro-absorption modulators
(EAMSs) can be used in a specific arrangement to generate Quadrature Phase Shift Key-
ing (QPSK) modulation. EAM based QPSK modulators have increased potential for
integration and can be made significantly more compact than MZM based modulators.
Such modulator designs suffer from losses in excess of 40 dB, which limits their use in
practical applications. The work in this thesis has focused on how these losses can be
reduced by using photonic integration. In particular, the integration of multiple lasers
with the modulator structure was considered as an excellent means of reducing fibre
coupling losses while maximising the optical power on chip.

A significant difficultly when using multiple integrated lasers in such an arrangement
was to ensure coherence between the integrated lasers. The work investigated in this
thesis demonstrates for the first time how optical injection locking between discrete
lasers on a single photonic integrated circuit (PIC) can be used in the generation of
coherent optical signals. This was done by first considering the monolithic integration
of lasers and optical couplers to form an on chip optical power splitter, before then ex-
amining the behaviour of a mutually coupled system of integrated lasers. By operating
the system in a highly asymmetric coupling regime, a stable phase locking region was
found between the integrated lasers. It was then shown that in this stable phase locked
region the optical outputs of each laser were coherent with each other and phase locked
to a common master laser.
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Chapter 1

Introduction

1.1 Optical Communications

The development of optical communication systems in the 1970s signalled a change in
the way people not only communicated but also viewed the world as a whole. Previous
to this, the limitations of electronic communication systems had restricted the use of
long-haul communications. The advent of optical fibre finally opened the door to true
long-haul systems, where its low loss per kilometer and potential for high bandwidth
transmission could be fully utilised. This kick started the Information Age and allowed

the internet to develop into what it has become today.
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Figure 1.1: Growth of internet users per year [1, 2].

The emergence of personal computers in the late 1980’s and early 1990’s brought the
internet, and in particular the World Wide Web, into the home for the first time. This
sparked a remarkable growth in the number of internet users and started the dot-com
boom, where numerous internet businesses and industries were born. In the mid-1990’s

approximately 40 million people were using the internet, with the majority of those



1. INTRODUCTION 1.1 Optical Communications

based in North-America. Figure 1.1 shows the incredible growth of the internet since
then [2], where there is now (2013) in excess of 2.5 billion users worldwide. A breakdown

of the users per geographic region is illustrated in Figure 1.2.
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Figure 1.2: Total number of internet users by geographical region [1, 2].

These statistics indicate that over 1 billion internet users are from Asia, with Europe
and North America lagging considerably behind with approximately 500 and 250 million
users respectively. Figure 1.3 shows the internet penetration in each geographical region

as a percentage of its total population.
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Figure 1.3: Percentage of population with internet access based on geographical regions
1, 2].

This clearly reflects the socioeconomic climate in each area, where wealthier regions
such as Europe, North America and Oceania show high internet penetration values
between 60 and 80 %, while typically poorer regions such as Africa show a mere 20
% internet penetration. Emerging markets in Africa, Brazil and India suggest that

the number of internet users worldwide will continue to grow in a similar fashion to
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1. INTRODUCTION 1.1 Optical Communications

that shown in Figure 1.1, at least until the year 2020. This will put significant strain
on current optical communication systems. Along with this, the development of new
technologies has leant itself to the creation of services which require ever increasing
bandwidth capacity. These include fibre to the home technologies [9], cloud computing
[10] and real-time entertainment services such as Netflix and YouTube [11]. These
services combined have recently been shown to dominate internet bandwidth usage in
North America with a share of over 50 % during peak usage times [12]. The global
internet bandwidth usage has risen rapidly in recent times as can be seen in Figure
1.4. The required bandwidth is expected to continue to increase dramatically in the
coming years, which raises questions as to how this demand will be met [13]. This will
be driven primarily by the entertainment services as they extend their bandwidth share
further in Europe and elsewhere, which will be compounded by the demand for higher

image quality streaming such as 4K [14] video.

Fibre optical transmission systems play a key role in satisfying the ever-increasing de-
mand for data bandwidth. It forms the backbone for long-haul communication systems,
where high bandwidth and low-loss transmission is required for transmission over tens
and thousands of kilometers. Such systems continue to be improved by lowering the
cost of optical to electrical (and vice-versa) conversions and by maximising data trans-
fers. These improvements have been realised by significant advancements in the area of
photonic systems, where highly sophisticated systems have been developed to improve
speed, reliability and signal quality during optical transmission. Such improvements
were essential in the realisation of current communication systems, and will play a key

role in satisfying the ever increasing demand for bandwidth during the next two decades

[15].
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Figure 1.4: The international measured and predicted data rates per year [3].
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1. INTRODUCTION 1.2 Photonics and Photonics Systems

1.2 Photonics and Photonics Systems

Similarly to how electronics is the study of the properties of electrons, photonics is the
study of the properties of light and how it can be manipulated. Primarily driven by the
development of the first laser in 1960 [16], photonics has grown to incorporate numerous
different aspects and technologies. Photonics deals with the generation of light and also
the development of optical amplifiers, photodetectors for detecting and measuring light
and importantly, optical modulators. These photonic devices are now key components
of current optical systems and are forming the backbone of next generation optical

networks.

To satisfy the demand placed on current optical communication systems, improvements
to infrastructure and novel transmission systems in the area of photonics are required
and constantly under development. A key milestone in this progress was the investiga-
tion of multiplexed optical carrier signals on a single optical fibre, where each carrier
signal was at a different wavelength [17]. This allowed for not only bi-directional data
transfer through one fibre, but also dramatically increased the amount of data which
could be transferred. This is similar to frequency division multiplexing [18, 19] in
satellite and radio communications, where the total bandwidth provided is divided
amongst carriers of different non-overlapping frequencies. In optical communication
systems, this technology is referred to as Wavelength Division Multiplexing (WDM)
[20, 21, 22, 23] and has been recognised as a key technology in the development of high
bandwidth communications since the early 1980’s. WDM can best be described by

considering the simplified schematic shown in Figure 1.5.

Optical Plexer
Fibre

Figure 1.5: Schematic outline of a WDM system.

Three laser sources are shown in Figure 1.5, each operating with a single wavelength:
A1, A9 and A3. These signals are individually modulated at 10 Gbps or greater, and
then combined together into a single optical fibre using a wavelength multiplexer. This
multiplexed optical signal is then transmitted across the network where it can be ampli-
fied as required. On the receiving end, the combined signal is demultiplexed, typically
using an AWG [24, 25] or a tunable filter [26], after which the original modulated signals
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are re-acquired.

Commercially, two forms of WDM are typically available, these are Coarse-WDM
(CWDM) and Dense-WDM (DWDM) [27]. CWDM has applications in short-haul,
metro lines where there are a relatively small number of channels with large channel
spacing of > 100 GHz. This large channel spacing allows for more tolerance in the
behaviour of the lasers used, resulting in cheaper overall operation. On the other hand
DWDM requires very closely spaced channels, with current standards set [28] at a 12.5
GHz spacing for use within long-haul communication networks. Figure 1.6 shows an
example of an optical spectra from a system field trial with ninety-six closely spaced
channels [29]. Increasing the number of channels per wavelength band results in higher
total bandwidths, since hundreds of simultaneous channels are possible. This offers
a cost effective means of increasing network capacity without the need for replacing
optical fibre, where data rates of Th/s can now be seen in single fibres [30]. A con-
sequence of this is the need for much higher wavelength (\) tolerances of the input
sources to prevent interference and cross-talk between these channels. Typically, laser
sources are required to have excellent wavelength stability [31] of better than 10 pm,
which must be maintained over a wide temperature and time range. This is a key
issue with DWDM technologies, along with the need for amplification of the signal as

it propagates through the network to compensate for power losses.

Optical Intensity
5 dB/(unit BW)

1535 1545 1555 1565

Optical Intensity
5 dB/(unit BW)

1535 1545 1555 1565
(b)

Figure 1.6: Optical spectra from a trial using 96x12.3 Gb/s channels. (a) Shows the
input signal while (b) shows the output spectrum after being transmitted 9000 km.

Since the implementation of early DWDM systems in network applications in the mid-
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1990’s, the data rate per wavelength channel has continued to increase. The first sys-
tems showed data rates per channel of 2.5 Gb/s, with this increasing to 10.0 Gb/s in the
early 2000’s with 100G now becoming more common [32, 33]. This increase in perfor-
mance was due to a number of factors, namely the development of coherent technologies
[34, 35, 36], improvements in modulator design and a better understanding of the loss
mechanisms in optical fibre for long-haul applications [37]. Of particular importance
when pushing data rates to 10 Gb/s and beyond was the investigation of higher order
modulation formats for use with WDM [38, 39]. In early commercial applications, a
mechanism referred to as On/Off Keying (OOK) was typically used with a high degree
of success. This is still the most widely used modulation format for long-haul 10 Gb/s
communications due to its cost effective transmitter and receiver structures. However,
as data rates were pushed higher than 10 Gb/s, this technique encountered signifi-
cant issues with dispersion [40, 41] and was also limited by its spectral efficiency (the
amount of information transferred over a given bandwidth) and tolerances when using
narrow channel separations. Growing research into more robust technologies allowed
for the possibility of using advanced modulation formats to push through the 10Gb/s
barrier for long-haul transmission where 40 Gb/s and 100 Gb/s systems can be realised.
Advanced modulation formats provide an excellent means of increasing the potential
bandwidth available in existing communication networks with fewer limitations than
OOK and are certainly key to satisfying the ever increasing demands placed on optical

networks.

1.2.1 Advanced Modulation Formats

In communication systems, the spectral efficiency of a signal is typically measured
in (bits/s)/Hz [42] or bit/symbol. Along with improvements to modulator design and
further advancements with coherent technologies, increasing net spectral efficiency pro-
vides an interesting means of expanding the bandwidth capacity of current fibre net-

works. When transmitting a signal there are three main steps required. These are:
1. the transmitter generates a carrier wave,
2. information is encoded on the carrier wave via modulation,
3. the receiver detects the modulated carrier and decodes the modulation.

For optical communications, the carrier signal is light in an optical fibre where its
intensity, wavelength, phase and polarization can be modulated to carry information.
Typically, modulation states are represented by components of an electric field vector on
an In-phase (I) and Quadrature (Q) constellation diagram. From this, information on
the phase and amplitude of a modulated signal can be extracted. OOK, as mentioned
previously is the most widely exploited non-coherent modulation format currently used

in optical communications. In OOK, information is encoded on the amplitude of an
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optical single as it is varied from the null (off-state) to a peak amplitude value (on-
state). In such a scheme, the phase of the signal in the on and off-states is fixed, which
results in both symbols lying on the same positive side of the I-axis, as can be seen in
the 1Q diagram given in Figure 1.7a. Each symbol represents a different modulation
state, i.e on or off-state, with x defined as the amplitude of the E-field. The vectorial
length of each symbol from the origin relates to the amplitude of the electric field, with
the angular component representing the phase. For OOK or Amplitude Shift Keying
(ASK) as it is also known, one symbol is found at the origin with an amplitude of zero,

while a second symbol is found at a finite magnitude on the same phase line.

A A

(a) Amplitude Shift Keying (b) Binary Phase Shift Keying

Figure 1.7: Basic modulation formats.

A more sophisticated binary (involves two different states) modulation format is known
as Binary Phase Shift Keying (BPSK) which is based on coherent technologies. Unlike
ASK, BPSK is performed by keeping a fixed carrier signal amplitude while the phase
between symbols is varied. This is described by the constellation diagram shown in
Figure 1.7b. Both symbols have identical vectorial lengths, indicating that no modula-
tion of the signal amplitude occurs. Instead, there is a 7 phase shift between symbols.
The advantage of BPSK over the simpler OOK mechanism becomes apparent when the
distance between symbols is considered for both formats. The larger this distance, the
less susceptible the modulation format is to transmission errors. In Figure 1.7, the av-

2

erage power for both modulation schemes is seen to be %x in each case. However, the

distance between the symbols using BPSK is 2 x %, a factor of v/2 greater than that of
OOK. This larger symbol separation makes BPSK a more robust transmission system
which is less susceptible to symbol errors. Another advantage is the lower overall peak
power required in BPSK to attain the same symbol separation compared to OOK, this
can minimise errors due to any non-linear effects present in an optical system [43]. A
variation of BPSK is called Differential Phase Shift Keying (DPSK), which simplifies
the receiver setup and does not require a synchronised, fixed phase carrier signal for

absolute phase detection. This method works by encoding data based on the differ-
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ence between preceding bits in a data sequence. More information on DPSK and these

modulation formats can be found at [44, 45].

Q Q
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| ©
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(a) QPSK (b) 16-QAM

Figure 1.8: Advanced modulation formats.

One method of increasing data rates using current optical fibre infrastructure involves
using a modulation format with a higher symbol rate. For both OOK and (D)PSK, one
bit is encoded per symbol. This can be increased by using more advanced higher order
modulation formats, in particular Quadrature Phase Shift Keying (QPSK) [44, 46].
Similar to BPSK, QPSK does not involve amplitude modulation but instead varies the
phase of the optical carrier signal to encode information. The constellation diagram
for a typical QPSK modulation scheme is shown in Figure 1.8a. Here four symbols
are present, with each symbol 7§ out of phase with each other and all having the same
magnitude. The four symbols on the constellation diagram allow for two bits to be
encoded per symbol. Each symbol differs by one bit to its adjacent symbol and bits
{(10), (00), (01),(11)}} can be transmitted. QPSK offers twice the data rate of binary
formats such as OOK and PSK; or equal data rates with half of the required bandwidth.
QPSK has been found to be particularly interesting in the area of WDM, where it has
been used to increase the data capacity of current networks through improvements
in spectral efficiency. Higher order formats such as 16-QAM have also shown to be
promising in WDM systems [47], where data rates can be increased by a factor of eight
by using 4 bits per symbol. Similar to DPSK, Differential Quadrature Phase Shift
Keying (DQPSK) techniques also exist for WDM systems, where high data rates have
been achieved [48].

1.2.2 Modulation of optical signals

When considering the optical modulation of light and generation of advanced modula-

tion formats, there are three main types of modulators used. These are:
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1. Amplitude modulators
2. Phase modulators
3. Polarization modulators

Amplitude modulation has been the most wide spread modulation format used, due to
its relatively simple transmitter and receiver structure. Varying the amplitude of light
can occur by one of two different means. The simplest approach is referred to as direct
modulation [49], where the amplitude of a signal can be controlled by varying the drive
current of a laser. This approach can reach speeds of 40 Gb/s, however there remains
the issue of unwanted chirp of the optical signal [50, 51] which becomes problematic
at higher modulation speeds. By using external, or indirect modulation as it is also
known, data rates can be improved and the effect of chirp and dispersion can be min-
imised compared to direct modulation methods. Two types of external modulators are
typically used. These are electro-optic modulators and electro-absorption modulators.
The following section will describe the operation of these modulators and consider their

role in the generation of advanced modulation formats.

1.2.2.1 Electro-optic modulators

Electro-optic modulators are based on the principle that an applied external electric
field can cause a change in refractive index of a material through either the Pockel’s
or Kerr effect [52]. Light of wavelength, A, propagating through the material with

refractive index, n, would then see a phase change over length, L, of

¢ = 2771.71[/ (1.1)
This allows for simple phase modulators where a time varying voltage field can cause a
phase shift. A particularly useful application of the linear electro-optic effect is in the
design of amplitude modulators, which as discussed previously, are still commonly used
in communications systems. Using an interferometric approach, two optical signals may
be combined together to form constructive or destructive interference, based on their
relative phases which can be controlled. This is based on a Mach-Zehnder Modulator
(MZM) type structure, as shown in Figure 1.9. Light is input from the left hand side
of the device where it is divided in two and enters each arm of the modulator, where
an applied voltage causes a phase change of the transmitted light. In its most simple
configuration, one arm of the MZM is left unbiased, while a time varying voltage is
applied to the second arm. This time varying voltage shifts the phase of the light
until it is completely out of phase with the light in the unbiased arm. When the light
from both arms is then re-combined at the output of the device, an amplitude minima

(destructive) or maxima (constructive) is formed depending on the arm bias. This
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results in a simple OOK modulator being formed, where the constellation diagram in
Figure 1.7a can be generated. More sophisticated bias techniques such as push-pull,
where both arms are biased with opposite voltages, can provide lower drive voltages
which can also be used to generate BPSK. This is a key consideration when designing
modulators for practical applications, particularly when trying to minimise the effects

of chirp in a system [53, 54].
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Figure 1.9: A typical Mach-Zehnder modulator. By controlling the optical phase in
each arm, constructive or destructive interference can be formed at the output.

Further to this, MZMs can also be used to generate higher order modulation formats
such QPSK [55] and 16-QAM [56], which have been described previously. A nested
approach is used, where multiple single MZMs are combined together to form the

required symbols for the modulation format. In the case of QPSK modulation, the

MZM arrangement used is shown in Figure 1.10.
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Figure 1.10: Nested Mach-Zehnder modulators can be used to generate QPSK modu-
lation schemes.
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The modulator is setup with two MZMs on the output ports of a 1 x 2 splitter. Each
MZM can be driven to generate a BPSK symbol arrangement. A phase shifter before
one MZM can be used to shift its optical phase by § relative to the other MZM. In

effect this offsets the constellation diagram by 75, as can be seen in the constellation
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diagrams in Figure 1.10. The outputs from both MZMs are then combined together,
where any point on the constellation diagram can be generated through appropriate
biasing of the individual MZMs.

Over 100 Gb/s data rates have been shown on a single transmitter [57] using such an
arrangement. However, this approach is not without its limitations. A particular issue
with such modulators is their size [58] when using materials such as LiNbO3 or GaAs,
due to the relatively weak electro-optic effect present. Examples of a typical MZM and

nested-MZM modulators are shown in Figure 1.11.

MMI Splitter Travelling Wave Electrode RF Contact Pad MMI Combiner

Sub MZMs Ground Pad Phase Shifters DC Bias Pad

(b)

Figure 1.11: (a) A fabricated MZM from the Technische Universiteit Eindhoven [4].
(b) A fabricated traveling-wave based IQQ Modulator formed from dual nested Mach-
Zehnder modulators (NTT).

Figure 1.11a shows a single MZM modulator, where the RF contacts pads and waveg-
uide splitters/combiners can be seen. Figure 1.11b shows an IQ) modulator which can
be used for the generation of QPSK modulation. Indicated in the Figure are the MZMs,
phase-shifters and bias pads. The waveguide couplers (MMIs) can clearly be seen on

the input and output sides of the device.
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1.2.2.2 Electro-absorption modulators

Electro-absorption modulators (EAMs) are based on the principle that the bandgap of
a semiconductor material can be decreased by applying an external bias across it. If
light of energy F = hv is considered as it travels through a medium, it will experience
strong absorption if £ > E,, where E; is the bandgap of the material. On the other
hand, if £ < E;, the medium will experience no absorption and appear transparent to
the transmitted light. Correct design of the bandgap of a material allows an external
voltage to vary the bandgap sufficiently to act as a simple modulator [59]. An example
of a typical EAM OOK modulator is shown in Figure 1.12, where the amplitude of
the transmitted signal can be controlled by applying an external voltage to a ridge
waveguide structure [60]. Such modulators have high modulation frequencies of 10 - 40
GHz [61], and can exhibit close to 20 dB attenuation. Although EAMs are somewhat
limited in their operational wavelength, they offer excellent potential for integration
with laser diodes [61, 62].

POLIt
—>

V()
Figure 1.12: Schematic of an EAM based modulator.

BPSK can also be implemented using EAMs [60, 63, 64]. Such modulators offer a highly
compact design which can be more suitable for integration with other devices. Design
and fabrication can be made significantly easier by treating them as lumped element
structures, rather than travelling wave devices [61, 65]. Further to this, the technique
has been used in the development of more advanced modulators based on QPSK [5]
and 16-QAM [66] modulation schemes. Compact modulators are highly important for
state of the art systems and applications. They are of particular interest to the work

presented in this thesis, where improvements to their designs are considered.

1.2.2.3 Compact high speed QPSK EAM based modulator

Advanced modulation formats can be used to increase the spectral efficiency of current
optical communication networks. Traditional QPSK modulators make use of nested
pairs of MZMs to generate the required symbols on a constellation diagram, as shown
in Figure 1.10. The size of such a modulator is a significant limitation for their use in
systems. This is mainly due to the relatively weak electo-optic effect of the materials

employed, necessitating long phase change sections. This results in QPSK modulators
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which are approximately 5 cm in length [67], making them unsuitable for compact
integrated devices. As with BPSK modulators, QPSK modulators can also be developed
on InP based materials which make use of the electo-absorption effect. This offers
exciting possibilities for highly compact modulators due to the ability to form EAMs
with very short lengths [5]. The outline of such a modulator is shown in Figure 1.13

and its operation will now be considered.

37% EAM #1 0°

26% 225°

Inlet width ratio chosen to /
achieve desired splitting

Figure 1.13: EAM based IQ Modulator [5]. C. R. Doerr, et al.

Figure 1.13 shows the modulator arrangement, where two EAMSs are positioned on the
outer branches of a three-arm interferometric structure. A relative phase difference of
90° exists between these two outer arms, which in turn are each out of phase with the
central arm by 135°. The four points of a QPSK constellation diagram, as in Figure
1.8a, can be generated by varying the operation of each EAM from fully absorbing to
fully transparent. The steps required to generate each symbol presented in Figure 1.13

are shown below.

e Symbol 1: The first symbol, as shown in Figure 1.14a, can be generated by
having both EAMs fully absorbing. This means that the central arm is solely

responsible for the symbol position on the constellation diagram.

o Symbol 2: By only setting the bottom EAM to transparency (with the top
absorbing), the symbol can be shifted by —90° to the position illustrated in Figure

1.14b when combined with light from the central arm.

e Symbol 3: By only setting the top EAM to transparency (with the bottom
absorbing), the symbol can be shifted by 90° to the position illustrated in Figure

1.14¢ when combined with light from the central arm.

e Symbol 4: With both EAMs set to transparency, the final symbol position is
determined by all three arms interacting together. This causes the symbol to be
shifted as in Figure 1.14d.
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Figure 1.14: Symbol configurations achievable for a QPSK modulation scheme by con-
trolling the operational states of integrated EAMs.

The experimental results for such a QPSK modulator [5] indicate that it can perform at
speeds of up to 21 Gb/s. Figure 1.15 shows this fabricated modulator, where its overall
length is measured at 1.7 mm. This length is significantly less than that of a standard
MZM based QPSK modulator, which as can be seen from Figure 1.11b, can be over 7
mm in length. The main advantage of EAM based modulators is the significant decrease
in the device length along with increased potential for integration with other devices.
However, a considerable disadvantage of this modulator design is the high insertion
loss present due to inherent modulator losses, coupler losses, absorption losses and
waveguide loss. In total the combined losses are approximately 40 dB, which deters the

use of this device in practical applications.

1.7 mm

Star Coupler Ground Pad EAM Pad DC Bias Pad

Figure 1.15: EAM Based IQQ Modulator [5]. C. R. Doerr, et al.

The goal of this thesis involved the investigation of improvements to this modulator de-
sign which may make it viable for use in practical applications. A significant aspect of
this was minimising the insertion losses present in the device. One interesting approach
involves using integrated lasers with the modulator to improve its overall power per-
formance. This would have the benefit of removing the need for an externally coupled
laser source, while maximising the power output from each arm of the modulator. The

details of these performance improvements will be discussed further in the following
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section, where the benefits of photonic integration are explored. In particular, the role
of integrated lasers in photonic devices will be examined. Attention will also be paid
to the concept of injection locked lasers and the role they can play in complex photonic

integrated circuits.

1.3 Photonic Integration

In the electronics industry, the push towards chip scale integrated circuits (ICs) allowed
for a dramatic increase in the performance of everyday electrical devices. Since their
invention by J. Kirby in 1954, the number of transistors on ICs has been doubling
almost every 2 years in accordance with Moore’s Law. Today, commercially available
Intel Haswell 22 nm based CPUs rely on ICs with over 1.4 billion transistors, an as-
tonishing rise in almost 60 years. In the photonics industry, the prospect of developing
similar technologies with photonic integration offers incredible potential growth in the
area. However, research and development of photonic integrated circuits (PICs) has
progressed at a far slower rate than its electrical counterpart. This has been due to
the larger number of sub-components in photonic devices. In any device there may be
lasers, attenuators, modulators, couplers and detectors which each have to be consid-
ered when dealing with integration. As a consequence of this, each element of a device
may also be based on a vastly different material structure (binary, quaternary alloys,

ITI-V semiconductors etc.) which requires non-standard wafer processing techniques.

Figure 1.16: Large, power hungry photonic system setups. Tyndall National Institute.

The first PIC was proposed by S.E. Miller in 1969 [68], and it is only in the last 10
years or so that these first true PICs have been realised for commercial applications.
This has ushered in an era of excitement in the photonics community, as photonic
integration is set to play a key role in helping satisfy the demands placed on current
optical networks. The advantages of developing photonic integration and PICs are

many-fold, but research is mainly driven by the potential benefits to:
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1. Cost

2. System simplification
3. Reliability

4. Power consumption

Photonic integration can take large, power hungry system setups shown in Figure 1.16

and reduce them to compact and reliable PICs shown in Figures 1.17a and 1.17b.

100Gb/s Transmit
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Y

Figure 1.17: (a) Photonic integrated circuits. Infinera. (b) InP monolithic tunable
optical router (MOTOR) [6].

From a systems point of view, the interconnection of discrete components together while
forming subsystems can significantly add to the cost of an overall device. This results
from extra photonic packaging, more fibre couplings, potential phase instabilities, po-
larization dependance and overall larger size. Large scale InP based PICs offer excellent
potential in this area, and can greatly improve network flexibility and maximise func-
tionality. One such PIC is shown in Figure 1.17b, where a highly compact Monolithic
Tunable Optical Router (MOTOR) was produced with eight wavelength-tunable dif-

ferential MZMs, semiconductor optical amplifier (SOA), wavelength converters with

Photonic Integrated Circuits for the Generation 16 Padraic Morrissey
of Coherent Optical Signals



1. INTRODUCTION 1.3 Photonic Integration

pre-amplifiers and a passive 8 x 8 Arrayed-Waveguide Grating (AWG) router. PICs
like these show the incredible potential integration technologies have to offer to optical
systems. It is for this reason that photonic integration and PIC development is of

particular interest to work carried out in this thesis.

PICs are typically comprised of a wide range of sub-devices such as tunable lasers,
modulators, filters, multiplexers, optical splitters, optical combiners, etc. This leads
to significant challenges when integrating such components together on one PIC. This
can be overcome through expensive and time consuming fabrication, or by dealing with
the challenges on the device packaging side. Since photonic integration is still in its
relative infancy compared to its electronic counterpart, either of these solutions greatly
adds to the expense of the photonic devices. The photonics industry has two primary
solutions to tackle the issue of photonic integration, these are Hybrid and Monolithic

Integration.

1.3.1 Hybrid Integration

Hybrid integration [69, 70], as with its electronic counter part, allows multiple discrete
single function optical devices to be taken and integrated together on a common sub-
strate. The discrete components are then linked together through optical couplings
to form a single PIC, typically using flip-chip techniques [71]. This is a very complex
and time consuming process, due to the high tolerances required when forming the
interconnects between devices. Additionally, the varying mechanical properties of each

device makes hybrid integration a highly challenging process.

With monolithic integration, each optical device is formed on a PIC with the same
material substrate. This removes the need for optical interconnects to link each com-
ponent since light is guided in the substrate medium. Monolithic integration often
requires epitaxial regrowth to form areas on a substrate to act as either passive or
active components, then complex fabrication can be used to form each device. The
benefits of monolithic integration are well known and it is seen as an excellent means of
merging different optical functions on one chip without the negative trade-offs in per-
formance, higher costs and possible reduced functionality of some hybrid integration
schemes. It is for this reason that monolithic integration plays a key role in the develop-
ment of PICs in this thesis, where they are seen as an essential part of next generation

networks. In what follows, different monolithic integration methods are examined.

1.3.2 Monolithic Integration

A multitude of different techniques exist for monolithic integration based on current
technologies [72]. As can be seen in Figure 1.18, these methods make use of regrowth

and etching to form photonic devices on a single substrate. The most common methods
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used are vertical twin-guide [73, 74, 75], butt-joint regrowth [76, 77, 78], selective area
regrowth [79, 80, 81], offset quantum wells [82], dual quantum wells and quantum well
intermixing (QWI) [83, 84, 85].

For monolithic integration, additional regrowth steps can significantly add to the com-
plexity and cost of fabrication processes. This is particularly true when integrating Dis-
tributed Feedback Laser (DFB) [86] lasers with other components for example, where
two or more regrowth steps are required. QWTI offers one potential solution [87] for
such integration. However, more novel techniques for regrowth free integration exist.
For DFB lasers this can be seen in Ref. [88] .

Active Passive

Voo

Vertical Butt-Joint Selective Offset Dual Quantum
Twin -Guide Regrowth Area Quantum Quantum Well
Wells Wells Intermixing

Figure 1.18: Different techniques for monolithic photonic integration [7].

The choice of a monolithic integration scheme was of critical importance to the work
and devices considered in this thesis. Regrowth free integration was considered a key
requirement, which simplified the fabrication steps during device processing, reduced
cost and offered potentially larger device yields. Based on experience within the Tyn-
dall National Institute and Integrated Photonics Group, a novel laser variation known
as Slotted Fabry Pérot (SFP) lasers [89] were chosen, which offer excellent potential
for regrowth free monolithic integration. This laser design allowed for single facet or
completely facetless lasers to be realised through etching of mirror sections on ridge
waveguides [89]. The operation of such lasers will be considered in more detail later in
chapter 5.

1.4 Optical Injection Locking

Optical injection locking has shown a significant rise in interest where it has been
used with directly modulated lasers to reduce the relative intensity noise (RIN) [90],

increase laser modulation bandwidths [91] and have shown uses in single sideband
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modulation [92] and opto-electronic oscillators [93]. These systems have typically been
demonstrated using discrete optical components, however, there has been a push to
use monolithic integration to improve performance and flexibility [94, 95, 96]. Such
integrated devices have a significantly smaller device footprint along with lower power
consumption and cost. Devices such as these are highly attractive for use in modern
day telecommunication networks replacing the need for expensive free space optics and

discrete components.

Master Laser Optical Isolator Slave Laser
0SA |5 \POWGF Splitter Optical Isolator

ESA

0oog

Figure 1.19: Schematic of a typical injection locking experimental setup used to inves-
tigate a master-slave system.

Optical injection describes the situation where light from one laser source is injected
into the lasing cavity of a second laser. For sufficiently close frequency/wavelength
detunings between the sources, one laser is found to lock its operating frequency to
that of the other laser while maintaining a fixed relative phase offset. The laser which
becomes locked is referred to as the “slave laser”, whereas the injected source is referred
to as the “master laser”. In a typical situation, the discrete lasers of the master-slave
system are coupled together using free-space optics or via optical fibre as in Figure 1.19.
This allows the behaviour of the slave laser to be investigated on an electrical or optical
spectral analyser under varying degrees of optical coupling. For many years, such
systems have been a source of immense interest to the non-linear dynamics community,
as injection locked semiconductor lasers can offer insights into excitability, multistability
and chaotic behaviour which will be discussed further later in this thesis. The use of
injection locked semi-conductor lasers plays a key role in the PICs investigated in this

thesis, where they have excellent potential for use in coherent channel generation.

1.5 Thesis Motivation and Outline

1.5.1 Thesis Motivation

The motivation for this thesis was to investigate the development of a PIC for use

in next generation modulation applications. As was discussed earlier in this chapter,
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recent work has shown how QPSK modulation schemes can be implemented in a highly
compact form using EAMs [5]. Such modulators offer a significant advantage over MZM
based transmitters due to their more compact size. A major disadvantage of such a
modulator is the high insertion loss present, which was shown to be ~40 dB. This limits
the use of the modulator in practical applications, or else necessitates the use of external
optical amplifiers to amplify the signal after passing through the modulator. The recent
push towards further photonic integration of different optical components lends itself
well to potential improvements in this design. In particular, the insertion loss could be

significantly reduced by incorporating integrated lasers with the modulator itself.

A limitation of this method is the difficulty when monolithically integrating different
elements together on a single device, as discussed earlier in this chapter. In particular,
the integration of active and passive components can be considerably challenging. For
this reason, choosing a suitable laser for such integration was integral to the success
of any new modulator design. Recent work on Slotted Fabry Pérot (SFP) lasers has
shown them to be an excellent choice for monolithic integration with other devices
due to their wide tunability and high SMSR. They have recently been successfully
monolithically integrated with EAMs in a regrowth free process [97] and also shown
to be easily integrated with semiconductor optical amplifiers (SOAs). This makes SFP
lasers an excellent choice when considering a laser for integration with the modulator

shown in Ref.[5].

The most simple variation of such a modulator would involve the integration of an SFP
laser before the star coupler on the input side of the device shown in Figure 1.13. This
would remove the initial coupling losses due to fibre coupling an external source to the
modulator, providing at least a 3 dB power improvement. However, this SFP laser
would have to be driven with a relatively high bias current to provide sufficient power
throughput to each arm of the EAM based modulator. A considerable improvement
to this would be the implementation shown in Figure 1.20, where not only is there a
laser at the input of the device but also on each arm of the modulator before the EAM

regions.

Star
Coupler

Phase Shifter

Figure 1.20: An EAM based QPSK modulator with integrated SFP lasers.

Such a layout lends itself well to the possibility of using injection locking to improve
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the power performance of the modulator. The input SFP can be used as a master laser,
with the SFPs on each arm treated as slave lasers. The slave SFP lasers in this arrange-
ment can be biased to slightly above threshold where they are typically multimodal in
operation (and so not suitable for operation in the modulator) but have a low power
consumption. By operating the master SFP above threshold (where it can have a high
SMSR and peak power) it has the potential to simultaneously lock the frequency and
phase of each slave SFP to the master laser source, while making them coherent with
respect to each other. In this arrangement the slave lasers would experience strong
lasing action at the master laser frequency, with significant suppression of the other
lasing modes. This can increase the power output of the slave lasers at the master
lasers frequency by >10 dB while running at just above their threshold values, with the
added benefit of ensuring coherence between the optical signals. Coherence between
the light in each arm of the modulator is of critical importance when generating each

symbol of the constellation diagram for this QPSK modulation scheme.

— jﬂ

— -

Figure 1.21: SFP laser integrated with an MMI coupler and SOA. The building block
of more advanced PICs.

The development of a PIC that can integrate passive components, SFP lasers, EAMs
and SOAs (for phase change) in the modulator shown in Figure 1.20 is a highly ambi-
tious goal. Previous research has investigated the integration of SFP lasers with EAMs
[97] and shown their excellent potential for PICs. However, there has been no previous
investigation into the integration of multiple SFPs together or the integration of SFP
lasers with passive waveguide splitters and combiners. Splitters and combiners play a
key role in the operation of the proposed modulator in Figure 1.20, and are essential in
almost all PICs considered in current research. Injection locking of SFP lasers plays a
key role in the proposed method of coherent output generation and as such, needs to be
investigated carefully. Performing injection locking with lasers on integrated circuits
also poses difficulties due to the lack of functional optical isolators on chip. This means
that a true master-slave system, with one way coupling is not currently possible to
realise. Instead, any master-slave system on chip must be in a mutual coupling regime

with bi-directional coupling [98], where the master can effect the slave, and vice-versa.

For these reasons, this thesis will focus on three primary areas of research which lend

themselves not only to the device shown in Figure 1.20, but to any number of future
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PICs. These are:
1. The design and application of optimum splitters and combiners for use in PICs
2. The integration of SFP lasers with optical amplifiers, splitters and combiners

3. The integration of multiple SFP lasers together with passive components (split-

ters/combiners) to investigate the use of injection locking on PICs

The optimum design of splitters and combiners plays a pivotal role in photonic integra-
tion. This is especially true when making compact devices, where couplers are required
to be as small as possible while still maintaining excellent performance. The investiga-
tion of splitters and combiners was carried out with the goal of developing the device
shown in Figure 1.21. This PIC allows the integration of an SFP laser with waveguide
splitter /combiner and SOA sections to be examined. This device can be used as an
optical power splitter on chip, and it is considered to be the fundamental building block
of more advanced PICs. With such a building block in place, the integration of multiple

SFP lasers was examined by considering the device shown in Figure 1.22.

—
— W

SFP . MMI

Figure 1.22: Schematic of the most complicated PIC considered in this thesis. Mul-
tiple SFP lasers integrated together using an MMI coupler and SOA based optical
interconnect.

This device allowed for almost all components of the proposed QPSK modulator shown
in Figure 1.20 to be investigated, apart from the EAMs which were shown in Ref.
[97]. As a result, the main focus of this thesis will be developing these other aspects
of the modulator while the EAMs remain outside of its scope. In particular, it allows
the generation of coherent outputs on chip via injection locking of integrated lasers
to be examined for the first time. The use of integrated lasers on chip in such a
QPSK modulator design offers improvements to power consumption while minimising
the insertion loss of the device. In particular, integrated lasers remove the need for
an externally coupled laser source which improves the performance of the device by at
least 3 dB. In addition to this, the use of multiple injection locked lasers can provide
a power increase of > 10 dB for slave lasers operating at just above threshold. This
expected 13 dB reduction in device loss has the potential to make such modulators

a viable alternative to MZM based QPSK modulators, particularly when their highly
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compact size over traditional modulators is taken into account.

1.5.2 Thesis Outline

Chapter 1 has provided a general overview of photonics technologies and the motiva-
tion for this research. The primary focus of this work was to investigate the use of
integrated lasers in PICs for coherent optical signal generation using single epitaxial
growth, for monolithic integration. The realisation of such a device required the careful
design of multiple different photonic components which were then brought together on
a single chip. This included the design of optical waveguides, efficient optical couplers,
amplifiers and of course, lasers. The development of these individual elements, their
integration together and testing of the full integrated PIC, forms the basis of the work

presented in this thesis.

Chapter 2 introduces optical waveguides and examines the underlying physics of how
light is confined and guided on a PIC. Leading from this, optical couplers are described
in detail with particular attention paid to the design of multimode interference (MMI)
couplers. Chapter 3 examines the computational models used to design MMIs, which
are then investigated in detail. This work was aimed at providing a rapid means of
optimising the coupling efficiency of MMIs while ensuring they are sufficiently tolerant
to fabrication errors. The completed models were used to design a series of MMIs based
on a custom quantum well epitaxial structure. These were tested experimentally and

the results compared to those predicted by the model.

The experimental testing of any PIC poses challenges due to the precision required when
aligning optical fibre to the input and output waveguides to be coupled. Chapter 4 de-
scribes a new experimental technique which greatly simplifies how fibre coupling can be
performed. The experimental setup and software required for such a coupling technique
was developed during this work, where its functionality was extensively demonstrated.
This method of efficient fibre coupling has widespread applicability to the testing of
integrated optical devices in general. As such, the work contained in this chapter was

published [99] by the Institution of Engineering Technology Optoelectronics.

Chapter 5 describes the design of PICs based on the schematics shown in Figures 1.21
and 1.22. The type of laser chosen for the integrated devices is examined in detail, with
waveguide tapers and optical couplers designed based on the material and etch structure
of the laser. The integration of waveguide couplers and lasers is then examined, with a

particular focus on the operation and subsequent testing of each proposed device.

Chapter 6 explores the initial characterisation of the lasers used in the integrated devices
designed in this work. With the lasers characterised, the first fully integrated device
was considered which consisted of an SFP laser integrated with an SOA and optimised

1 x 2 MMI coupler. This integrated device was designed and tested experimentally as
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part of the work undertaken in this thesis; and was the first demonstration of an SFP
laser monolithically integrated with an MMI using a single epitaxial growth. Such a
device forms the basis of the more complex PICs examined in later chapters and the

results were published [100] in Photonics Technology Letters.

With the integration of SFP lasers and optical couplers demonstrated, chapter 7 inves-
tigates how these elements can be used to form a fully integrated system of mutually
coupled SFP lasers linked through a passive waveguide interconnect and SOA section.
This device was then used to examine the optical phase locking properties of integrated
lasers in a highly asymmetric coupling regime, where the first example of on chip optical
phase locking between a single master and slave laser was shown. The results of this
experiment were published [101] in Optics Express. In addition to this, optical phase
locking of multiple slave lasers to a single master laser was demonstrated via coupling
through an optimally designed MMI. The results of which were presented [102] at the
International Conference on Indium Phosphide and Related Materials (IPRM), where
it was shown that this system could be used in the generation of multiple coherent

optical signals on an integrated device.

Chapter 8 summarises the results and conclusions from this thesis, where the key de-
velopments and milestones are outlined. The thesis concludes by giving an outlook into
future work which may arise from this study and discusses the impact it can have on

future integrated modulator systems.
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Chapter 2
Optical Waveguides and Couplers

There is a push towards using photonic integration in optical transmission systems to
improve power consumption in devices while reducing both cost and size. The optimum
design of photonic interconnects between optical devices on the same chip plays a key
role. For larger systems, optical fibres are used in the transmission of light for distances
of centimetres to many hundreds of kilometres [103, 104, 105, 106, 107]. In the area of
photonic integration, optical fibres are replaced by optical waveguides which are used
to channel and direct the light in compact optical circuits. In this chapter, the basic
theory of optical waveguides is discussed, with particular attention paid to how light
is confined in waveguide structures. A primary focus of this chapter is to investigate
the design and application of passive waveguide couplers for use in PICs. Waveguide
couplers are used extensively in PICs, where they can split light into multiple channels
or combine different optical signals. These structures are analysed in detail, where a
model is discussed that allows their optical performance to be examined. The work
described in this chapter plays a key role in the development of the photonic integrated

devices discussed in chapters 5 and 6.

2.1 Planar Waveguides

The first type of waveguide considered in this thesis is the planar waveguide, as shown
in Figure 2.1. The structure of this waveguide consists of high refractive index material
(the waveguide core) inserted between two lower refractive index materials (the waveg-
uide substrate and cladding). Light in this arrangement is confined in the transverse
x-direction across the waveguide. Due to total internal reflection, guided modes are
supported between the cladding and substrate layers which are free to propagate in
the z direction. Following from the analysis of Maxwell’s Equations in Okamodo [108],
two wave equations which describe the electro-magnetic field distribution in each of the

core, cladding and substrate regions can be found. Two different solutions exist which
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are related to the polarizations of the electric and magnetic fields. The Transverse
Electric (TE) field polarization has an electric field in the y-direction, E,,, with no field

component in the z or x-directions. The TE polarization is described by:

d’E
Wgy + (K*n* - BB, = 0, (2.1)
with
Ho=—Lp g -9 (2.2)
whio wpo dr

where j = v/—1 and n is the refractive index in core, cladding or substrate region. The

permeability of free space is given by ug, where it is assumed that the permeability in the
w

which is related to angular frequency of the propagating light, w, via k = %, where c

propagation medium, p, is such that pu ~ pg. The wavenumber, k, is defined as k =

is the speed of light in a vacuum. The Transverse Magnetic (TM) field polarization
has a magnetic field directed in the y-direction, H,, with no field component in the

z-direction or x-direction. The TM polarization is described by:

d LdH, oo B

(=Y ZVNH, =0 2.3
dx(nz dr ( nz) Y ’ ( )
with
B —Jj dH,
E =—" _H [ = — 2.4
Towpen? Y T wpgn? dx (24)
X
A ‘
A
Y .

>

Refractive Index Variation

Figure 2.1: Planar optical waveguide structure showing the refractive index variation
across the layers.

When calculating the electro-magnetic field distribution for either the TE or TM po-
larization, it is necessary to solve Equations (2.1) and (2.3) in the cladding, core and
substrate regions. From this a complete picture of the field distribution in the waveg-

uide can be determined. The refractive indices of the core, cladding and substrate
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regions are referred to as Neore, Nelad and Ngyp, respectively. The equations for the TE

solution which follows from this is:

&E, ) .

2 + k“Ey = 0, in the core region (2.5)
?E, : . .
T2 E, = 0 in the cladding region (2.6)
d’E, . .
2 §°FEy =0, in the substrate region (2.7)

with k, o and & representing the wave numbers in each region. They are defined as:

V gore - (28)

k= \/k%n 32,
o =/B%—kn? ,, (2.9)
£ =1/B%—k2n?,. (2.10)

where 3 is the modal propagation constant, defined as 8 = knys, with n.ys represents
the effective index of the supported mode in the waveguide. For a slab waveguide with
core region of thickness 2a, as in Figure 2.2, the electric field must decay exponentially
in the cladding and substrate regions, with sinusoidal confinement in the core region.
The field then takes the form:

Acos(ka — ¢)exp(—o(x —a)) ifx>a (2.11a)
E, = { Acos(kx — ¢) if —ra<z<a (2.11b)
Acos(ka + ¢) exp({(x + a)) if r < —a (2.11¢)

This analysis assumes infinite cladding and substrate thicknesses, which are of course
not present in physical waveguides. However, due to the large optical confinement
present in typical waveguides, the exponential tail extends only slightly into these

regions, making this a valid approximation.
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Figure 2.2: Decay of the electric field distribution of waveguide mode into cladding and
substrate layers.

From the boundary conditions, £, and H are continuous across the core, cladding and
substrate interfaces for the TE mode solution. With H, given by (2.2), dE,/dx must

also be continuous across each region and is given by:

—oAcos(ka — ¢) exp(—o(x —a)) if x > a;
=4 —kAcos(kx — @) it —a <z <a;
EAcos(ka + ¢)exp({(x + a)) if x < —a.

dE,

Applying these equations across the boundary at x = a gives:

kAsin(ka — ¢) = cAcos(ka — ¢) (2.12)
Applying these equations across the boundary at x = —a gives:
kAsin(ka + ¢) = {Acos(ka + ¢) (2.13)

Equations (2.12) and (2.13) can be rewritten as:

tan(ka — ¢) =

RS

(2.14)

and

N KAt

tan(ka + ¢) = (2.15)

By defining u = ka, w = £a and w’ = oa, Equations (2.14) and (2.15) can be written
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as:

tan(u — ¢) = (2.16)

SIS

/

tan(u + ¢) = % (2.17)

Solving these equations for u and ¢ yields:

1 1 '

u = % + 5 arctan(%) + 3 arctan(%) (2.18)
1 1 '

b= % 4 3 arctan(%) -3 arctan(%) (2.19)

Solving Equations (2.18) and (2.19) allows the wave numbers of supported waveguide
modes in the core, cladding and substrate regions to be determined. These can then
be used to calculate the electric field distribution for the TE waveguide mode from
Equations 2.11a — 2.11c

Similar expressions can be determined for the TM mode solution of the waveguide [108,
109, 110, 111]. Equations (2.18) and (2.19) can be solved graphically for a qualitative
solutions, however, numerical methods can provide highly accurate solutions. In the

sections that follow, these graphical and numerical methods are examined.

2.1.1 Graphical Solution Method of Slab Waveguide

The propagation constants for the TE mode of a slab waveguide can be found by solv-
ing the set of Equations (2.18) and (2.19). For simplicity, a symmetric slab waveguide
is considered, where the cladding and substrate refractive indices are equal. The slab
waveguide has a waveguide width, 2a = 5.0um; operating wavelength, A\ = 1.55um;
Neore = 3.38 and Ngyp = Nejag = 3.17. For a symmetric waveguide such as this, Equa-
tions (2.18) and (2.19) can be simplified to:

u= % + arctan(%) (2.20)
¢ = % (2.21)

Equation (2.20) can also be written as:
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w = utan(u — ?) (2.22)
The wave numbers u and w are dependant on each other through Equations (2.8)-

(2.9). This allows them to be rewritten as:

2 2 2 20 2 2
u” +w” =k%a (ncore - nclad) (223)
The propagation constants of the waveguide can then be found by solving Equations
(2.22) and (2.23) graphically. The equations can be plotted on the same graph to
determine k and o, where the points of intersection determine v and w for a particular
mode. For the waveguide under consideration here, Figure 2.3 shows the two equations

plotted together, substituting x = ca, y = rka and r? = k?a?(n2,.. — n?,4)-

‘ | | —y=X tan(x)
0 NN R S S| N S— 9

| |
0 5 10 15
X=0 a

Figure 2.3: Graphical solution method for finding propagation constants of different
waveguide modes.

A solution exists at every intersection point between the two curves. At this point,
the value of ka or oca can be approximated and the equation solved. Solutions exist
between each branch of y = ztan(x), which indicates that there is one solution within
every 5 interval. The V parameter of the waveguide determines the radius of the circle

drawn in the graphical solution in Figure 2.3 and is given by,

V = kay/n2,., —n?,, = a(vVo? + k?). (2.24)

By determining how many branches of the Tan function exist within this radius, the
number of supported modes in the waveguide could be found. The number of supported
modes in a waveguide is then seen to be given by % A waveguide can be designed to

support only a single mode if V' < 7.

Photonic Integrated Circuits for the Generation 30 Padraic Morrissey
of Coherent Optical Signals



2. OPTICAL WAVEGUIDES AND COUPLERS 2.1 Planar Waveguides

1 3.45
>_
= 0.8 34
g
206 3.35
2 5
g =z
§o0.4 3.3
o
Q
T 0.2 3.25
)
S 4o 532101 2 3 45 3% 1 2 3 4 5 &
X (um) Mode Number
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Figure 2.4: Results from the graphical solution method.

Solving Equations (2.22) and (2.23) using the graphical solution method allows the
propagation constants of each guided mode in the waveguide to be determined. From
this, the electrical field distribution can be calculated. The electric field for the TE
excited waveguide mode is shown in Figure 2.4a. The effective index for each guided
mode can also be found from this analysis. The effective indices plotted against mode

number for the previous waveguide are shown in Figure 2.4b.

2.1.2 Root Solving Method of Slab Waveguide

The graphical method provides an approximate solution to Equations 2.18 and 2.19,
however, numerical methods are required to provide more accurate solutions. These
are developed extensively in Okamodo [108]. For such methods, a mode is said to be
confined if the effective index of the mode, n.sr, is bounded as ncjqq < Neff < Neore-

This defines a cut-off condition for guided modes, where they are restricted between:

0<b<1, (2.25)

with the parameter b, referred to as a normalised propagation constant, defined as:

2 2
b— Ners — Nelad

= 2.26)
5 > (
Necore = Melad
By writing the normalized frequency, v, as:

2 2

n —n
V= Negreka M, (2.27)

ncore
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the parameters u and w can be rewritten as:

u=ra=vvV1—>b (2.28)

w = Ea=vVb (2.29)

Following from [108], Equation (2.18) can then be written similarly to 2.20 for a sym-

b
vW1l—>b= % + arctan 4 | 5 (2.30)

metric waveguide as:

or

b
F(v,m,b) =vvV1—0b— % — arctan 13~ 0 (2.31)
A bisection method root solver was constructed in Matlab to solve Equation (2.31) al-
lowing for the n. s of each guided mode of a waveguide to be calculated by determining
b. This code can be seen in Appendix A. Equation (2.31) is plotted in Figure 2.5 for a
series of different TE modes in a typical 2.0 um wide InP based waveguide with core

and cladding refractive indices of 3.38 and 3.17, respectively.

20

)
g
e
I ‘ ‘
—Mode 1 (Guided)
_107—Mode 2 (Guided)
—Mode 3 (Guided)
—Mode 4 (Guided)
—Mode 5 (Unguided) | | | | | |
-20 I i | | | | | |

i |
3.18 3.2 322 324 326 328 33 332 334 3.36
Refractive Index

Figure 2.5: Plot of F(v,m,b). The roots can be used to determine the effective index of
each guided mode in a waveguide structure.
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Figure 2.6: £, and H, components of TE and TM mode solutions.
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Where the F(v,m,b) in Figure 2.5 cuts the x-axis can be used to determine the propa-
gation constant (or effective refractive index) of a waveguide mode. With this method,
the field distribution and propagation constants of any slab waveguide mode can be
determined. Using this code, the field profiles generated for the fundamental TM and
TE modes of a slab waveguide with thickness 1.0 pm and refractive indices of 1.45,
3.45 and 1.45 in the cladding, core and substrate respectively were calculated. The

overlapped fields are shown in Figure 2.6.

2.2 Rectangular Waveguides

Unlike planar waveguides, rectangular waveguides confine light in both z and y-
directions due to an index variation, n(z, y). They represent the type of structures
typically found and used in PICs. Some examples of rectangular waveguides are shown
in Figure 2.7. The main variations considered are ridge waveguides and rib waveguides.
In ridge waveguides the mode is typically highly confined due to the high index core
being surrounded on all sides by the lower index cladding and core. The core of a rib
waveguide is typically not surrounded on all sides by a lower index material and offers

less mode confinement.

Buried Channel
Waveguide

Ridge Waveguide Rib Waveguide

Figure 2.7: Variations of Rectangular Waveguides.
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Similar to the slab planar waveguides discussed earlier, rectangular waveguides also
support TE and TM guided modes. Waveguides support hybrid modes where the
electro-magnetic field has component in all directions. Analytical solutions for these
hybrid modes exist only in particular situations involving certain symmetries, for ex-
ample in optical fibers themselves [112]. For waveguides where there are no analytical
solutions, numerical methods such as the Beam Propagation Method (BPM) or the
Scalar Finite Element Method (SFEM) are used to obtain accurate solutions. Research
previously carried out within the Integrated Photonics Group (IPG) at Tyndall [8]
has investigated the uses and application of such methods to the modelling of two-
dimensional waveguide structures. These methods are beyond the scope of this thesis,
but mode solver tools based on the SFEM code were made available for this work. Fig-
ure 2.8 shows a typical rib waveguide structure which can be modelled using the SFEM
mode solver developed in Ref. [8]. To illustrate the application of this mode solver, an
InP based ridge waveguide was considered with core index of 3.38 and substrate index
of 3.17. The ridge width, thickness and height of the waveguide were 2.5 num, 0.5 pm
and 0.5 pm respectively. The fundamental TE mode of this waveguide was found using

the SFEM simulation tool and is shown in Figure 2.9.

Rib Width

A
A 4

Rib Thickness
Rib Height

Figure 2.8: Structure of a typical rib waveguide which can be modelled using SFEM
mode solver tools.

Figure 2.9: Mode profile of an InP based rib waveguide as calculated from the SFEM
mode solver [8].

These tools were made available during the course of this work and proved to be

useful for detailed analysis, as will be shown in later chapters. Considerable time
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and computational power is required to provide accurate solutions using these tools,
due to the complex numerical methods used. As a result, they are not practical for
situations where rapid solutions are needed. Approximate solutions can be provided
by other numerical methods, which are suitable for many applications. One of the
most important approximate solutions to the wave equation of rectangular non-planar
waveguides, is known as the Effective Index Method (EIM). This method can be applied
to ridge and rib waveguides and compares favourably with other more accurate solutions
depending on the waveguide structure and material type. In the next section the EIM

is described in detail and its application to ridge waveguides is demonstrated.

2.2.1 Effective Index Method

Similar to Kumar’s [113] and Marcatili’s method [114], the EIM provides an estimate to
the propagation constants of waveguide modes, which can in turn be used to determine
the field distribution. Numerical methods such as BPM [115, 116, 117], FDM [118,
119, 120] and FEM [121, 122] are used where highly accurate solutions are required.
Typically, these methods are numerically intensive and require long computational
times. The EIM provides a sufficiently accurate solution for most practical applications

and allows the mode characteristics of a waveguide to be examined.

| |
I I I
N1 N 2 N3

Figure 2.10: Rectangular waveguide is split into three separate regions. The effective
index of the guided modes in each region can then be calculated by treating it has a
slab waveguide.

The EIM can be used to determine the propagation constants of guided modes in
rectangular waveguides by taking the waveguide structure and splitting it into three
planar waveguides which can be examined individually, see Figure 2.10. If the mode
confinement in the vertical direction across the thickness of the waveguide is stronger
than that of the confinement in the horizontal direction across its width, then the
mode defined by the structure is mainly due to the layer structure in the vertical
direction. This mode is distorted by the etched structure in the lateral direction which
results in waveguide modes where the electric and magnetic fields are not strictly TE

or TM, as with a one-dimensional planar waveguide structure. However, modes of
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rectangular waveguides which have their electric and magnetic fields directed mainly
in the horizontal direction of the waveguide are referred to as TE or TM modes for

convenience.

I I
I I -
N 1 N 2 N3

Figure 2.11: The calculated effective indices in each region are used to form a new slab
waveguide. The propagation constants of this waveguide determines the propagation
constants of the original rectangular waveguide.

Determining the propagation constants for a particular TE or TM polarised mode of
a rectangular waveguide using the EIM involves taking a waveguide structure, Figure
2.8, and splitting it into three regions. Each region is treated as a planar waveguide
structure, where the propagation constants of the guided modes in each section are cal-
culated and the effective index determined, as in Figure 2.10. A new planar waveguide
structure is formed using the calculated effective indices of the regions, N1, N2 and N3;
with thickness equal to the width of the initial ridge waveguide structure, as seen in
Figure 2.11. This new planar waveguide structure can then be solved for the slab TE
and TM modes to determine the effective index of the overall rectangular mode. For

an in depth analysis of this technique, see Ref. [123, 108].

An EIM mode solver was implemented in C++, see Appendix A, and was used to model
the mode profiles and propagation constants of waveguide modes in waveguides. The
EIM makes use of the one-dimensional mode solver, described previously, to solve for
the modes in each step of the solution. This EIM code can be applied to the structure
shown in Figure 2.8, which was previously modelled using SFEM. If the TE mode of
this structure is considered, the application of the EIM involves first calculating the
TE modes of the planar waveguide structures defined in the lateral and central regions
of the rib waveguide. The effective indices of lateral and central regions were found to
be 3.2458 and 3.3268, respectively. Due to the high optical confinement in the vertical
direction over the waveguide, the mode profile in the central region relates strongly to
the TE mode of the waveguide, but is distorted by the etched waveguide ridge. The
profile of the mode in the central region is shown in Figure 2.12a, which represents the
modal distribution of the y-direction. The effective indices of the modes in the lateral
and central regions were then used to form the equivalent planar waveguide structure

where the TM mode and effective index was considered. The mode profile of the TM
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mode is also shown in Figure 2.12a and represents the modal distribution of the z-
direction. It describes how the etched structure of the waveguide effects the waveguide
mode. The product of these two modes defines the overall mode shape of the TE mode
of the rib waveguide. The calculated effective index of the TE mode of this waveguide
using the EIM was determined to be 3.3177. This compares favourably with the value
calculated using the SFEM model, which was 3.3134. It should be noted that there is a
vast difference in the computational times required between both the EIM and SFEM
solutions. Using a PC with a 4th Generation Intel® Core™ i7 Processor and 8GB of
RAM, for a moderate grid spacing of 0.75 pm, approximately one hundred seconds are
required for the solution to be computed using the SFEM code. The EIM performs this
calculation with the same hardware in a approximately one second, although generates

only an approximate solution.
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Figure 2.12: (a) E, field component of the TE mode of a two-dimensional waveguide
in the z and y-directions. (b) full two-dimensional E, component mode profile, which
is a product of the separable » and y £, field components of the mode.

2.3 Multimode Interference Couplers

The splitting or coupling of light on an integrated device can be realised in a number
of different ways. These include using y-branch structures [124], directional couplers
[125] and star couplers [126, 127]. The design of star couplers was considered in Ap-
pendix B. In addition to these, Multimode Interference Couplers (MMIs) have seen
wide spread use in photonic devices [128, 129, 130], where they can be used in a range
of configurations with single and multiple input and output ports. The analysis and
design of MMIs has a key role in the work presented in this thesis, where they are used

extensively in the integrated devices considered in chapter 5.
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Figure 2.13: TE field distribution of an MMI. The input field is re-imaged at specific
points along the length of the MMI. Light can be decoupled from the MMI by plac-
ing output waveguides at these points. Figure generated using the MMI design tools
developed during this work.

MMIs [131] are based on the self-imaging principle [132], where an input field entering
a multimode waveguide region becomes self-imaged periodically along the propagation
direction of the structure. An example of this is shown in Figure 2.13, where the field

distribution inside of an MMI is simulated.

Multiple equally spaced self-images are formed at specific intervals along the length
of the device, which can be decoupled from the MMI by using strategically placed
output waveguides. Determining the optimum position and spacing for these output
waveguides is the basis for MMI optimisation. MMIs were originally developed in Ref.
[131] and have been shown to be an essential element in PICs, because of their ability to
split and couple optical signals compactly and efficiently compared to star couplers or
y-branch couplers. The advantages of using MMIs include their ability to work over a
wide wavelength band, insensitivity to different polarizations of light, ease of fabrication
and compact size [133]. MMIs have found uses in more advanced PICs where novel
functions and circuit layouts are required. The have shown particular prominence
in Mach Zehnder Modulators (MZM) and Wavelength Division Multiplexers (WDM)
where their low loss and integrability with other devices is a significant advantage
[134, 135, 136, 137, 138|.

Several methods exists for designing MMIs, these include using hybrid methods [139]
and beam propagation techniques [140]. A full description of self-imaging in multimode
waveguides can be explored by using Modal Propagation Analysis (MPA) techniques
developed in Ref. [141]. With MPA, the input field in an optical waveguide can be
decomposed into the guided modes of the waveguide itself. These individual supported
modes can then be propagated along the structure where the field at any point can
be determined by their superposition. Since MMIs are typically based on rectangular

waveguides, as in Figure 2.7, two-dimensional mode solutions are required. The modes
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of such waveguides can be calculated using FDM and FEM; or by using BPM where
the field in an MMI can be formed by waves reflecting from the MMI walls.

The EIM model described earlier in this chapter can also be used to determine accurate
mode solutions for rectangular waveguides. The advantage of the EIM is that it can
reduce a two-dimensional rectangular waveguide structure down to an equivalent one
dimensional planar structure which can simplify the modelling of MMIs. This allows
for rapid computational analysis of MMI modes without the need for numerically in-
tensive mode solvers. As a result, the MMI modelling tool developed during this thesis
was based on an Effective Index Modal Propagation Analysis (EIM-MPA) technique.
Further to this, a full two-dimensional MMI modelling program was also implemented
during this thesis. This made use of the SFEM toolbox mode solver, as shown in
Figure 2.9, which is referred to as the SFEM-MPA method. Both the EIM-MPA and
SFEM-MPA MMI design tools will be described in greater detail in chapter 3, with
MPA discussed further in what follows.

2.3.1 MMI Design using Modal Propagation Analysis

When light enters an MMI, it excites the modes in the multimode region. The number
of modes excited depends on the properties and position of the input field. With MPA,
the field at any point along the length of the MMI can be written as a summation of
the guided modes to that point. In this way the full field distribution of an MMI can
be determined. The main advantage of MPA is that it only requires accurate modal
solutions to calculate the field at any given point. These solutions can be calculated
just once and then reused to determine the electric field distribution at an arbitrary
point along the MMI. The EIM mode solver, as mentioned previously, can be applied

to the design of such structures and allows a means of optimising MMIs efficiently.

‘ MMI Length

Figure 2.14: Schematic outline of an MMI.

To illustrate the design on an MMI using MPA consider the schematic of a standard

MMI structure shown in Figure 2.14. A narrow waveguide, typically single moded,
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is shown at the input side of a wider waveguide known as the MMI region. This
input waveguide has a width Wy, with the wider waveguide width referred to as
Wsrarr, which is typically wide enough to support a large number of higher order modes
and Warnrr>Wirnput- The wider region has a length of MMIy ey, With the output
waveguides (in this case two such waveguides), positioned at a distance of MMIge,
apart. Each supported mode in the MMI region has its own field distribution, ), (y)
and effective index. As in Ref. [131], the incident light on the MMI region can be
split up into the field distributions of the guided modes within the MMI region and be

written as,

50 =3 rbm(y). (2.32)
0

The amount by which each mode in the MMI region is excited by the input field is

determined by the overlap integral between them, which is given by,

o S0 (y)dy
" [ om(y)2dy

(2.33)

The field at any point along the direction of propagation, z, can then be determined
from the superposition of the propagated guided modes which are weighted by the value
of ¢, from Equation (2.33). The field distribution can then be written as,

B 2) =3 cnbm(®)ean(i(Bo — Fn)2) (2.31)
0

By definition, MMI waveguides are large and support a significant number of guided
modes. For such waveguides, approximations can be found for the propagation con-
stants of these modes. When solving Equations (2.22) and (2.23) graphically, it can be
seen that for large waveguide widths, intersections occur at the asymptotes of the tan

function. This allows u of each mode to be approximated as:

(m + 1)71"

From Equation 2.8 and noting that u = ka, the propagation constant () of each guided

mode in large waveguide can be written as:

B = /K202 — (2 /W)2. (2.36)

where W = 2a. Using a binomial expansion, Equation (2.36) can be written as:

A(m +1)2m

— (2.37)

m ~ kn —
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The beat length between the lowest order modes is defined as L, as is given by:

s

Lﬂzﬂo—ﬁl'

(2.38)
From Equation (2.37), L, can be expressed as:

_AW?n

Ly
3\

(2.39)

With this in place, Sy — 5,, can then be rewritten as:

(m+1)%M7 AT
AnTW?2 AnW?2

Bo — Bm = (2.40)

Which can be simplified to:

(m? +2m + D)Ax AT
AnW?2 - AnW?2 (241)
(m? + 2m)\r
AnW?

50_5m:

Using Equation (2.39), Equation (2.41) can then be expressed as:

m(m + 2)7

IBO_IBm: 3L,

(2.42)
Following from Equation (2.34), the electric field at any point along the length of the
MMI is given by:

i . om(m+2)m
V(Y. 2) =D cmém(y)exp (1(%)2)- (2.43)
0 s
The input field of the MMI, v (y, z) will be reproduced in the MMI region at a distance

L, where,

exp<j(m(”;TJ;2)”)L> _1 (2.44)

If symmetric interference is considered, as in a 1 x N optically splitter, then the self-

imaging length of the MMI coupler, Lysps7, can be written as [131]:

2
Wirnm

| (2.45)

Lyvr =
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It has been shown that N-fold images of the input field can be found for MMI lengths,
MMIengtn, given by:

Lyrur

MMILength = N

(2.46)

The N output images formed are located equally spaced along the y-axis of the MMI
schematic shown in Figure 2.14, with the separation between outputs given by W/N.
When such images are formed, they can be de-coupled from the MMI via output waveg-

uides placed at MMI ¢y q4¢n, thereby creating an optical splitter.

The EIM mode solver described earlier in this chapter, allows each mode of an MMI
to be calculated accurately and efficiently. This allows for accurate field distributions
of an MMI to be formed when using modal propagation analysis. By calculating the
field of an MMI at specific points along its length, an overall picture of the optical

distribution can be formed.

200

y(um) ° 50

10 0 z (um)

Figure 2.15: Field distribution in an MMI at various increments along its length.

Figure 2.15 shows the field distribution at specific points along the length of an MMI.
The field from the single mode input waveguide is initially reproduced at the start of
the MMI region. The mode diverges as it propagates, and a field distribution appears.
At the end of the MMI, a double-fold image of the input field is clearly formed. This
can then be used to determine the required length of an MMI to act as a 1 x 2 optical
splitter. A more detailed analysis of this will be discussed in chapter 3, where the
design and optimisation of MMIs is considered. Calculating the precise length of an
MMI where the input field is re-imaged in an N-fold manner, is of critical importance
when designing MMIs, since at non-optimum dimensions, the coupling efficiency of

MMIs can be significantly impacted.
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2.3.2 Internal Reflections in MMIs

The refractive index step formed as light couples between the MMI waveguide and the
single mode waveguides at the beginning and end of the MMI, leads to reflections which
can negatively impact on the MMI performance. These reflections have previously
been examined with solutions to minimising MMI reflective losses suggested [142, 143,
144]. The effect of these reflections on the performance of MMIs can be estimated
by considering the Fresnel reflection coefficient between the input and MMI supported

waveguide modes. The Fresnel reflection coefficient is given by

ny —n9

— , 2.47
ni + no ( )

where ny and ng are the refractive indices of the modes under consideration. It will
be shown in chapter 3 that losses due to reflective losses between the input and MMI
waveguide modes of a coupler do not significantly impact device performance and can

largely be ignored when designing MMIs using MPA.

2.3.3 Fabrication Tolerances of MMlIs

In the previous section modal propagation analysis was described in the modelling of
MMIs. This work will be further developed in chapter 3 where the optimisation of
MMI designs is discussed in detail. When designing MMIs, device size and coupling
efficiency are the two primary concerns. However, an important consideration when
designing any device is to ensure that it maintains its functionality under variations

which can occur during fabrication. Two main sources of such errors are

Etching where the ridge or rib waveguide formed on a PIC does not match the mod-

elled structure due to being too deep if over etched, or shallow if under etched.

Lithography where the physical dimensions of the MMI structure do not match de-

signed values to over or under exposure of the mask during processing.

When defining a ridge waveguide structure during the fabrication, over or under ex-
posure of the lithographical mask can significantly impact on the dimensions of the
structure. If an MMI is considered, variations to the ridge waveguide dimensions can
affect the effective indices of the supported MMI modes, propagation constants and
the mode profile itself. This causes the field distribution of the MMI to differ from the
optimum field as determined from the model. The functionality of the device can now
be adversely effected due to the output waveguides being at the incorrect location for
optimal power coupling. This can result in excess reflections within the MMI structure
which can further reduce the optical performance of the device[145]. Work such as Ref.

[146] has shown how these unwanted reflections in MMIs can be minimised.
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The effect of lithographical errors on MMI performance was investigated analytically by
Besse [147]. This work discussed how to improve the tolerance of an MMI to deviations
from the optically designed values in a qualitative means, without exploring how errors
impacted specific MMIs quantitatively. The MPA model for designing MMIs discussed
previously, lends itself ideally to further analysis of MMIs where fabrication errors are
artificially introduced. As will be seen in chapter 3, the EIM-MPA MMI design tool can
be used to investigate the performance of MMIs around these errors where tolerance
to fabrication issues can be explored. One of the more difficult parts of the fabrication
of waveguide devices or PICs, is ensuring the correct etch depth during processing.
Errors can manifest themselves as over or under etches, which can significantly impact
on the performance of a device. In Quantum Well (QW) based devices, etching to the
correct depth is critical to ensure strong optical confinement in the well region. For
all waveguide devices, under etching can be a significant issue when ensuring modes
remain confined during propagation around waveguide bends etc. The effect of etch
errors on the performance of MMIs has not previously been examined and will be
discussed further in chapter 3 by using the SFEM-MPA MMI design tool.

2.4 Conclusion

In this chapter, attention was turned to the use of optical waveguides in photonic inte-
grated circuits. Waveguides can channel light around an optical device by confining it
to a high index medium through total internal reflection. The distribution of light in
one-dimensional waveguides was first examined, with analytical and numerical methods
provided to calculate the supported modes. This was then extended to waveguides with
two-dimensional confinement as found on typical integrated devices. Due to the geom-
etry of these waveguides, analytical solutions to their modal profile cannot typically be
found. As a result, approximate solutions are required which make use of numerical
methods. Different methods were discussed to solve such waveguides with particular
attention paid to the use of the Effective Index Method (EIM). The EIM offers an
approximate solution to the rectangular waveguide problem that is applicable to many
waveguide variations. A two dimensional mode solver was then implemented in C++
using this method. Furthermore, the design of optical couplers was also investigated.
For the photonic devices considered in this thesis, optical couplers are an essential com-
ponent in the splitting and combining of light from integrated sources on a single chip.
As a result of this, Multimode Interference Couplers (MMIs) were examined in detail as
they offer excellent potential for integration in photonic devices. The design of MMIs
was considered by introducing Modal Propagation Analysis (MPA). MPA provides a
computationally efficient means of modelling MMIs, which can be used with any type
of waveguide mode solver. An MMI design tool was implemented in C++ by using the

EIM waveguide solver. The application and details of this mode solver are considered
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in detail in chapter 3, where it is used extensively in the design and optimisation of

MMIs for use in photonic integrated circuits.
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Chapter 3

MMI Modelling and

Optimisation

3.1 Introduction

As discussed in chapter 2, Modal Propagation Analysis (MPA) offers a computationally
efficient means of modelling MMI structures. The precise length of a device to act as
a splitter/combiner can be determined by calculating the field distribution along the
device and matching the field with output waveguides to decouple the light from the
MMI. Such analysis mainly requires insight into the properties of the guided modes in
an MMI, which can be done through a number of different means. If a two-dimensional
waveguide structure is considered, the modes can be calculated using the Effective Index
Method (EIM) or the Scalar Finite Element Method (SFEM) Mode Solver, which was
developed previously within the Integrated Photonics Group (IPG) at Tyndall. In
this chapter, MPA was used to investigate the optimisation of MMIs to act as highly
efficient splitters or combiners. The physical parameters of MMIs, such as their length
and width, were varied across a large design space to determine the best means of
optimising the structure. Optimisation routines were developed around this, which
provided an excellent means of determining the best MMI dimensions for particular
applications. The MPA analysis tools developed in this work also allowed for MMIs
to be modelled where fabrication errors were included. The efficiency of MMIs which
had small error deviations from their optimum length and widths were considered, and
design rules were found to minimise the impact of these errors. Similar analysis was

performed on MMI which were over or under etched when forming their ridge structure.

The MMI model presented in this work was finally used to design MMIs based on a
quantum well based material. These designs were used to fabricate MMIs which were

then tested experimentally to validate the MMI models.
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3.2 MMI Design using Modal Propagation Analysis

MPA was introduced in chapter 2 as an effective method of modelling MMI structures.
With MPA, the electrical field at any point in a waveguide region can be written as a
summation of the propagated modes to that point. Designing MMIs using this method
offers rapid solutions compared to more numerically intensive techniques discussed pre-
viously. The accuracy of MPA solutions depends fundamentally on how well the guided
modes in a waveguide can be calculated. The more precise these modes are known the
better the end result. Two different mode solvers were used in the MPA models de-
veloped for MMI design in this thesis. These were a Scalar Finite Element Method
(SFEM) mode solver and an Effective Index Method (EIM) mode solver. As described
in chapter 2, the SFEM mode solver was made available from previous research carried
out in the IPG group at Tyndall [8], while an EIM mode solver was implemented in
Matlab/C++ during this work. The application of both these methods to MMI design

using MPA will now be examined.

3.2.1 Effective Index Method Modal Propagation Analysis

For typical ridge and rib waveguide structures, the effective index method (EIM) can be
used to provide approximate solutions for the field distributions, propagation constants
and effective indices of the supported modes in a waveguide. The two-dimensional
structure of a waveguide can be reduced to a one-dimensional version and solved, as
described in chapter 2. These modes and propagation constants can then be used in
MPA to solve for the full field distribution in an MMI waveguide. The Effective Index
Method for Modal Propagation Analysis (EIM-MPA) for modelling MMIs will now be
applied to the waveguide structure shown in Figure C.1. The waveguide considered for

this analysis is referred to as Waveguide A, with dimensions summarized in Table 3.1.

Width

A
A\ 4

Thickness Height

Figure 3.1: Ridge waveguide structure with dimensions labelled.
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Table 3.1: Waveguide Variations

Name Width (nm) Height (nm) Thickness (nm) 13 no
Waveguide A 2.5 2.5 2.5 3.38 3.17
Waveguide B 2.5 1.3 1.3 3.38  3.17

The design of a 1x2 MMI coupler was first considered on this structure. The operational
polarization of the device was chosen to be TE, which determined the order in which the
two-dimensional waveguide structure was reduced to a one-dimensional equivalent using
the EIM. The TE modes in vertical cross sections of the waveguide were first calculated
based on this. These were found to be 1.0, 3.368 and 1.0, for the cladding, core and
substrate sections, respectively. These indices were used to form the one-dimensional
equivalent waveguide, where the approximate mode solutions of the original structure
were calculated by analysis of the TM mode solutions of the simplified waveguide. From
this, an MMI based on the original waveguide structure can be described using a one-
dimensional model. A schematic outline of a 1 x 2 MMI with its physical dimensions

labelled, is shown in Figure 3.2.

Wlnput

!

MMI Sep

MMI Length

Figure 3.2: Labelled MMI schematic.

The EIM-MPA method was applied by calculating the TM modes in the vertical direc-
tion across the narrow input and wide MMI waveguide regions. The calculated effective
index was then used to form an equivalent waveguide where the TE mode solutions rep-
resented the TE modes of the original two-dimensional waveguide structure. The modes
in the input and MMI region were both determined in this way and then normalised
such that supported modes in each region had equal peak powers. For the MMI under
consideration, the input waveguide width, Wy, was 2.5 pm. The fundamental mode
of this waveguide is shown in Figure 3.3a. The width of the wide MMI waveguide,
W, was set to 8.5 um. The first 10 supported modes in this waveguide are shown
in Figure 3.3b. Note that the peak power of each of the MMI waveguide modes have
been normalised to a fixed value.
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Figure 3.3: (a) E, component of TE mode field distribution of the input waveguide
mode. (b) E, component of TE modes supported in MMTI region.

Each supported mode in the MMI region has its own propagation constant and effective
index. The calculated effective index for each supported mode is shown in Figure 3.4a.
As expected, the values of the effective index of each supported mode are restricted

between the values of the cladding and core waveguide refractive indices.

Light entering the MMI region from the narrow input waveguide excites each of the
MMI guided modes to a varying degree. The value of this excitation is referred to as
the Fourier excitation coefficient of the mode, and is given by ¢,. The value of ¢, for
a particular mode can be calculated by investigating the overlap integral between the
input waveguide mode and each of the supported modes in the MMI region. For the

MMI considered here, ¢, has been plotted versus mode number in Figure 3.4b.
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Figure 3.4: (a) Effective index of supported modes in MMI region. (b) Overlap coeffi-
cient of support modes in MMI region with input waveguide mode.
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The Fourier coefficient of the first MMI mode shows the highest excitation due to its
mode shape resembling the input waveguide mode most strongly. For odd modes, the
Fourier coefficient is negligible, as expected due to odd numbered modes being anti-
symmetric about the center of the input waveguide mode, for a 1 x2 MMI. As the mode
number increases, the modal Fourier coefficient drop off considerably. This can clearly
be seen by plotting the absolute value of the Fourier Coefficient of the even modes,
|€o|epen, Versus mode number. This is shown in Figure 3.4b where it is plotted together
with ¢,. As can be seen, higher order modes have a much lower Fourier coefficients and
so have less of an impact on the performance of the MMI. With the Fourier coefficients
calculated, the modes in the MMI were scaled according to ¢, which determined how

well they were excited by the input waveguide mode.

As discussed in chapter 2, as light from the input waveguide enters the MMI region
and excites the MMI modes, it experiences reflective losses from each mode due to the
refractive index step present. In Figure 3.4a, it was shown that as the mode number of
the supported modes in a waveguide starts to become larger, a decrease in the mode
effective index, n.yyr, is observed. This causes the associated Fresnel reflective losses
between the input waveguide mode and MMI modes to increase according to Equation

(2.47). For the MMI considered above, these Fresnel losses are shown in Figure 3.5a.
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Figure 3.5: (a) Fresnel reflection coefficient between input and MMI supported waveg-
uide modes. (b) Fresnel reflection coefficient between input and MMI supported waveg-
uide modes weighted to the MMI mode Fourier coefficient.

As the mode number starts to increase, the Fresnel reflection coefficient starts to rise
rapidly, with a value of 0.55 for the final supported mode in the MMI region indicating
significant reflective losses. However, as with the Fourier coefficient analysis, light from
the input waveguide mode excites the MMI modes to a varying degree depending on
their overlap integral. This has the effect of reducing the reflective losses expected in an
MMI, where modes with higher reflective losses have an inherently lower Fourier coeffi-

cient which minimises their impact on device performance. In Figure 3.5b, the Fresnel
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reflective losses of Figure 3.5a have been normalised with respect to the calculated
Fourier coefficient. As can be seen, with this in place the reflective losses associated
with a 1 x 2 MMI are largely insignificant and introduce losses of < 1%. It should be
noted that reflection losses for non-symmetric MMI couplers can be far more signifi-
cant due to the non-symmetric modal excitation, where higher order modes have more

impact on the MMI performance.

Ignoring the effect of reflective losses on MMIs, the propagation constant of each sup-
ported MMI mode was next determined and used to calculate the field distribution
at points along the length of the MMI using modal propagation analysis, as described
in chapter 3, where the field at the any point z along the length of the MMI can be

calculated from

Y(y, 2) = 220 codw(y)exp(§(Bo — Bu)z)

Attention was next turned to the precise length where the MMI re-images the input
waveguide mode. The theoretical analysis from chapter 1 has shown that knowing this
re-imaging length allows the approximate length for any 1x M splitter to be determined.
To the first approximation, the length of an MMI to act as a 1xM splitter is given by
% with the waveguide separation, MMIg,, given by Wasarr/M. To determine the
precise length where the MMI acts as a 1xM splitter, the overlap integral of the MMI
field at its output and the mode of the M output waveguides is calculated. The overlap

integral is given by

n = JYavp (3.1)

N

where 14 and ¢ p are the E-field distributions of output waveguides and field at the end
of the MMI, respectively. The overlap integral provides a measure of how well ¥4 and
1 p are matched, where for identical 14 and ¥, n = 1.0. The coupling efficiency of the
MMI is defined as 7% and represents the power coupled from 14 to 1p, or in this case,
the power coupled from the MMI output to the output waveguides. By considering
how n? varies at different MMI lengths, the precise length where it forms M self-images

can be found.

For the MMI under analysis here, the length of the MMI where it exactly self-images
itself into one image, Lrprr, was determined by sweeping the MMI length while mea-
suring the maximum value of 7? at each step. The results are shown in Figure 3.6,

where the coupling efficiency (n?) is plotted versus propagation length of the MMI.
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Figure 3.6: Coupling efficiency of a 1 x 1 MMI along the length of the structure. The
optimum length of the MMI can be determined by finding the peak of the coupling.

The mode is clearly self-imaged at a propagation length of O pm, where this represents
the re-imaging of the waveguide mode in the MMI region itself. The actual self-imaging
length of the MMI, is where the field is reproduced at MMI lengths >0pm. As the
length was swept further, the coupling efficiency was found to approach unity at 160 pm.
At this length, the field inside the MMI has reproduced the input field entering the
MMI and self-imaging length, Ljsar, has been found. The field of the MMI at this
length is shown in Figure 3.7, where the re-imaged mode at Ly is overlapped with

the input mode for comparison.

—Re-imaged Mode
—Input Mode

8

0
X (um)

Figure 3.7: Re-imaged mode at an MMI length of Lyspsr, overlapped with mode of the
input waveguide.

With the self-imaging length now found, the full field distribution inside the MMI was

determined by concatenating the field at incremental positions along the length of the
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MMI up to Lpspr. This is shown in Figure 3.8.

X (um)

_50 20 40 60 80 100 120 140 160
z (um)

Figure 3.8: TE field distribution of the optical field in an MMI. The input field is
re-imaged at the end of the device. At the midway point the field is clearly shown to
form two images of the input mode.

The input mode is shown to be re-imaged at the start of the MMI region. Where it then
diverges, interacts with the side walls and is the re-imaged further along the length of
the device. As predicted from the theoretical analysis, M X self-images are found at
MMI lengths corresponding to % This can be seen Figure 3.8, where at lengths
of 80 pm the input waveguide field has been re-imaged twice with an equal splitting of

power between both lobes.

3.2.1.1 1 x M MMI Couplers

o o
o ©

©
N

Coupling Efficiency
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Figure 3.9: Coupling to the output waveguides of a 1 x 2 MMI as the length is varied
from 0 to Lysasr.
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An MMI with length % acts as an efficient 1 x M power splitter if the output
waveguides are placed at the location of the modal lobes to decouple the power from
the MMI. Determining the precise location and offset for these output waveguides was
found using similar analysis to that of the 1 x 1 case. The overlap integral between
the field of the MMI and M offset output waveguides was determined as the length
of the MMI, and the offset of the output waveguides, was swept through. From this,
the length of the MMI and output waveguide offset to act as an efficient power splitter
was determined. Figure 3.9 shows this analysis performed for a 1 x 2 MMI, where the
coupling efficiency was determined between the field of the MMI and the field of two
output waveguides separated by MM Ig.,. The coupling efficiency was considered for
lengths between Opm and Lpsasg.

0
X (um)

Figure 3.10: Field distribution at the end of a 1 x 2 MMI. Two self-images of the input
field to MMI are formed.

For lengths close 0 pm, the coupling efficiency was negligible due to the geometry of
the structure. As the length was increased, a peak in the coupling efficiency was found
at close to 80 pm, where the overlap integral between the dual self-images of the input
mode and the offset waveguides were found to be greatest. The coupling efficiency at
this position was approximately 1.0, which represents a power coupling of 0.5, or 50%,
of the input light in the MMI coupled into each of the two output waveguides. The
output field of the MMI at this length is shown in Figure 3.10, where the input mode

has clearly been re-imaged into two identical lobes with the power split equally.

This can be extended to any 1 x M splitter but is limited by how many times the
input mode can be self-imaged comfortably inside the width of the MMI. The field of
designed MMIs where they can act as efficient 1 x 2 and 1 x 3 splitters is shown in

Figure 3.11a and 3.11b respectively.
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Figure 3.11: Electric field distribution in an MMI with Wjspr of 8.5pm. Figure (a)
demonstrates that two self-images of the input mode can be found at a particular length
along the device, thereby forming a 1 x 2 splitter. Figure (b) shows that at a shorter
length, the same MMI can generate three self-images of the input mode and form a
1 x 3 splitter.

3.2.1.2 M x N MMI Couplers

Similarly to how 1x M power splitters were modelled previously, the EIM-MPA method
can be extended to modelling MMIs which have multiple input waveguides. The light
from these input waveguides excite symmetric and anti-symmetric guided modes in
the MMI region due to their lateral offset from the MMI center. This breaks the
symmetry of the MMI allowing for interesting phase effects to be observed on the
output waveguides. A special case of an M x N MMI coupler is the 2 x 2 arrangement,

as shown in Figure 3.12.
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MMISep

L3
v

MMI Length

Figure 3.12: Schematic of a 2 x 2 MMI Coupler.

In this arrangement, light can enter the MMI from either the top or bottom input
waveguide, or both simultaneously. If light is considered entering from the bottom
waveguide, depending on the MMI length light can be re-imaged at the bottom, top
or both output waveguides. Figure 3.13 shows the field distribution of a 2 x 2 MMI,
where light is coupled from the bottom input waveguide to the top output waveguide,

a feature that has been used in fast optical switches [148].

50 100 150 200 250 300
Z (um)

Figure 3.13: Field distribution a 2 x 2. The input field to one port is re-imaged at the
end of the MMI on the opposite port.

Further to this, 2 x 2 MMIs are particularly important in the development of Mach
Zehnder Modulators (MZMs), where they are used as optical combiners. Light entering
one arm on the input side of a 2 x 2 MMI coupler is split in two and coupled to both
output waveguides. The same is true for light entering the opposite input arm of
the coupler, which in effect combines both input signals over the output waveguides.
Figure 3.14 shows the field distribution in a 2 x 2 MMI where light from the lower input

waveguide re-images itself on both output waveguides.
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Figure 3.14: Field distribution a 2 x 2. The input field is re-imaged over both output
ports of the MMI at the end of the device.

3.2.2 Scalar Finite Element Modal Propagation Analysis

The method of MPA, as previously described for MMI analysis using the EIM, lends it-
self readily to the analysis of MMIs where the full two dimensional waveguide structure
is known and can be solved for directly. The EIM reduces a two-dimensional waveg-
uides structure down to one-dimensional planar waveguide equivalent where it can be
approximately solved. This is a computationally efficient method; however, it does
have several disadvantages, mainly in its applicability to only specific waveguide types.
The EIM provides a good approximation when the waveguide width is greater than
the waveguide ridge/rib thickness and also when there is strong vertical confinement of
the waveguide mode. Although many different waveguide types are satisfied by these

criteria, several waveguide types are not entirely suitable to EIM analysis.

Of particularly interest when designing MMI couplers for PICs, is the use of ridge
and rib waveguides which may be shallow or deeply etched. As mentioned previously,
software has been developed elsewhere within the group to model two-dimensional
waveguide structures using the Scalar Finite Element Method (SFEM). The mode solver
can solve for any arbitrary waveguide profile and refractive indices; be it ridge, rib,
diffused channel, buried channel or strip loaded waveguide, based on InP, Si or other

materials.

Figures 3.15a-3.15d show the mode profiles calculated for a typical InP based waveguide
for various etch depths. This mode solver was used to develop fully two dimensional
MMI modelling tool for MMI design, and is referred to as Scalar Finite Element Method
- Modal Propagation Analysis (SFEM-MPA).
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— 4

()

Figure 3.15: TE modes as calculated from the SFEM code of [8] for waveguides of vari-
ous etch depths. (a) Etch=0.5 pm (b) Etch=0.7 pm (c¢) Etch=1.0 pm (d) Etch=1.25 pm.

The SFEM-MPA model was developed identically to that of the EIM-MPA model,
discussed previously. The field distribution at any distance along the length of an MMI
was determined by the superposition of the calculated guided modes at that point. To
demonstrate this, the SFEM-MPA model was used to design a 1 x 2 MMI based on
Waveguide A with parameters summarized in Table 3.1. For comparison, Wy, and
Wsrarr were set to that of the MMI designed using the EIM-MPA, 2.5 pm and 8.5 pm

respectively.

The fundamental mode of the input waveguide and each supported mode in the MMI
regions were first calculated, along with their propagation constants and effective in-
dices. An example of the third excited mode in the MMI waveguide is shown in Figure
3.16.

OB O RO

Figure 3.16: SFEM code can be used to calculate higher order modes of arbitrary
waveguide structures.

As with the EIM-MPA method for simulating MMIs, the overlap integral between each

of the MMI modes and the fundamental mode of the input waveguide were calculated
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and used to determine the excitation coefficient of each of the modes within the MMI
section. The field at each point along the MMI structure was determined by propagating
each of the MMI modes to any given point and looking at the superposition of all their
modes at that point. The optimum MMI length for the device to act as a 1 x 2 coupler
was found by following the same procedure for the EIM-MPA. The field distribution
for the optimised MMI, is shown in Figure 3.17.

Figure 3.17: Field distribution of a 1 x 2 MMI as calculated using the two dimensional
SFEM-MPA MMI solver.

In the section that follows, the results from the EIM-MPA simulations are compared
with those from the SFEM-MPA to determine the relative accuracy between both
methods.

3.2.3 Comparison between SFEM MPA and EIM MPA

The SFEM-MPA method for modelling MMIs was based on a two-dimensional SFEM
mode solver which can solve for any arbitrary waveguide refractive index profile. Mode
solvers such as these, require complex numerical analysis to characterise and solve
waveguide modes accurately. MMI simulations based on the SFEM-MPA method are
numerically intensive and can take several hours to calculate each modal solution, de-
pending on the width of the MMI modelled. For larger MMIs, the time taken to
simulate full structures scales dramatically due to the increased number of supported
modes in each waveguide and the larger numerical grids required. For the applications
considered in this thesis, the approximate modal solutions provided by the EIM make
the EIM-MPA a suitable method in the design of MMIs. The EIM offers accurate solu-

tions when two conditions are met: (1) the waveguide width is larger than the thickness
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of the waveguide; and (2) waveguiding is stronger across the waveguide thickness than
the waveguide width. For MMIs, these criteria are typically fulfilled where the width
of the MMI region is much larger than the thickness of the waveguide itself. Due to
the EIM reducing a two-dimensional waveguide problem into a one-dimensional equiv-
alent, it can calculate approximate modal solutions rapidly compared to the SFEM
mode solver. The application of the EIM-MPA and SFEM-MPA to various different

waveguide structures is discussed in Appendix C.

To compare both methods for accuracy and computational efficiency, a series of 1 x 2
MMIs were modelled around Waveguide A with parameters summarized previously in
Table 3.1. MMIs were considered with an input waveguide width, MMIf,, ¢, of 2.5 nm,
while the width of the MMI region, MMl ;4:n, was varied from 6 pum - 13 pm. For
each width variation, both the SFEM-MPA and EIM-MPA methods were used to the
determine the optimised MMI parameters: Wy, and MMlIg,,. Figure 3.18 shows
the optimised Wpepgen, for each MMI variation, as calculated using the SFEM-MPA
and EIM-MPA.

N
o
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—EIM MPA
—SFEM MPA

**********************************************************************
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Figure 3.18: Comparison between SFEM-MPA and EIM-MPA MMI solvers when cal-

culating optimum MMI lengths for MMIs with increasing width. Excellent agreement
is seen between both solvers.

Excellent agreement is seen between both methods for the calculation of Wy,epg¢p,, with
typical variations of ~ 1pm - 2 pm observed. As will be discussed later in this chapter,
MMIs are largely insensitive to variations around their optimum length. For deviations
of smaller than £2pm, MMIs see a typical performance degradation of ~ 3% which
can be reduced further by more suitable choice the MMI geometry.

Of particular importance when comparing both techniques is the relative computational
time it takes to arrive at the optimised MMI solutions for each MMIyy ;4 variation.
The computational time for both methods inherently depends on the number of modes
which have to be solved in each MMI region. The time scales with increasing MMIyy ;441
where larger MMIs need more intensive analysis. For the SFEM-MPA method, small

computational grid spacings were required to ensure accurate mode solutions. The
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grid spacing for the analysis performed here was 0.1 pm, which provided relatively
quick simulation results for small MMI waveguide widths but did not scale well for
larger dimensions. The computational times required for modelling each MMI width
variation using both methods is summarised in Table 3.2. The EIM-MPA offers a three
order of magnitude improvement to the computational efficiency compared with the
SFEM-MPA. This is primarily due to the approximations used in EIM-MPA, where a
one-dimensional equivalent waveguide is solved rather a full two-dimensional structure,
as in SFEM-MPA. The speed increase comes at a cost, where highly accurate MMI
solutions (< 1pm length deviations from optimum) cannot be guaranteed with the
EIM-MPA. However, as will be seen later, these small length variations do not adversely
affect the MMI performance for most practical applications. This makes the EIM-MPA
an excellent choice of MMI solver when the optimisation of structures across a large
design space is considered. MMI optimisation using the EIM-MPA method will be

investigated further later in this chapter.

Table 3.2: Computational Times for MMI Analysis using EIM-MPA and SFEM-MPA.

MMI Width (jim) | SFEM-MPA (s) | EIM-MPA (s)

6 1900 <1
7 2300 <1
8 2800 <1
9 4020 <1
10 5860 <1
11 7800 <1
12 9940 <2
13 12000 <2

3.3 MDMIs as Single Mode Filters

An important aspect of photonic integrated circuit design involves knowing what modes
in an optical waveguide are excited as light propagates through it. In multimode
waveguides, the optical power can be spread over the supported modes, which can
negatively impact on power transfer and optical coupling to other devices. In general,

single mode operation is key to attaining optimum waveguide and device performance.

Using the EIM-MPA, the role of MMIs as single mode filters could readily be investi-
gated. The model was originally setup to propagate the fundamental mode of the input
waveguide into the MMI region and determine the optimum MMI length and coupling
efficiency. A 1 x 2 MMI was designed on Waveguide A (see Table 3.1) which had an
input waveguide width, Wp,pys, of 2.5 pm with an MMI waveguide width, Wysas7, of
8.5um. For this Wy, three TE modes were found to be supported in the input
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waveguide. The MMI was first optically designed as in shown in Figure 3.11a, where
the optimum length of the MMI was calculated to be 81 pm. The output coupling of
the MMI was then determined for an input field excitation of the second and third
order excited modes of the input waveguide, rather than the fundamental mode. The

second and third order modes are shown in Figures 3.19a and 3.19b respectively.

Figure 3.19: (a) Second order excited mode of input waveguide.(b) Third order excited
mode of input waveguide.

If light entering the MMI was from a higher excited mode of the input waveguide, it
would generate a different optical field distribution compared to that of the fundamental
mode. For the second excited mode, the resulting field distribution is shown in Figure
3.20.

X (um)
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Figure 3.20: Field distribution of an optimally designed 1 x 2 MMI after being excited
by the second order mode of the input waveguide. Almost no power couples to both
output waveguides causing the MMI to act as an efficient single mode filter.
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The second order mode has been re-imaged at the start of the MMI region, as expected
due to the inherent self-imaging nature of the MMI structure itself. However, of par-
ticular interest was how the field distribution would compare at, the optimised MMI
length when excited by the fundamental mode input. As shown in Figure 3.20, the
field distribution at 81 pm produces a null where the MMI output waveguide would be
placed for an optimally designed 1 x 2 MMI. By calculation of the overlap integral of the
field distribution at 81 pm with output MMI waveguide mode, the coupling efficiency

of the MMI with a second order mode excitation was found to be 2%.

Similar analysis was performed for an MMI under excitation from the third order mode
of the input waveguide. The field distribution inside the MMI region in this case can
be seen in Figure 3.21. The coupling efficiency of the MMI was reduced to 59%,
indicating slight filtering of this higher mode as it propagates through the MMI. These
investigations have shown how optimally designed MMIs can act as single mode filters
in optical devices. They can improve device performance by filtering unwanted excited

higher order modes which may have been excited during operation.

10 20 30 40 50 60 70
Z (um)

Figure 3.21: Field distribution of an optimally designed 1 x 2 MMI after being excited
by the third order mode of the input waveguide. The MMI offers partial filtering of
the mode.

3.4 MMI Design Optimisation

3.4.1 MMI Optimisation using EIM-MPA

A key requirement when designing MMIs was determining the precise length and output
waveguide separation, MMIg,,, of the MMI to act as an efficient splitter/combiner. As
mentioned previously, the optimum MMI parameters are found by maximising the
overlap integral between the idealised output waveguides and the field of the MMI at

a particular point. For a 1xM splitter, M modal outputs are expected at a specific
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MMI length. The overlap integral to be maximised is then between these M equally
spaced images and the field of the MMI input waveguide offset from the waveguide
center. A brute force approach to this method involved taking the M equally spaced
self-images of the input mode, and then calculating their overlap integral with the MMI
field at each point along the length of the MMI while also varying the MMIg,. This

is a numerically intensive method which takes a relative long time to perform.

The theoretical analysis of an MMI, as discussed in chapter 2, provided approximations
to the correct self-imaging lengths and optimum waveguide offsets. These values provide
a good starting point when trying to design MMIs and optimise their physical parame-
ters, where they can reduce the computation area over which the search algorithm uses

to find the optimum. As shown earlier, the approximate MMI length for a 1xM splitter

was L%M L with separation between the waveguides given by M M Iy qin/2 X M.

An optimised search routine was developed in C'4++ which allows for significantly faster
MMI optimisation, without the need for a brute force approach. This method makes
use of the theoretical analysis to generate initial starting points for the optimisation
routine, and then goes on to use coarse steps in z to find approximate values for Lasasr,
the self-imaging length of the MMI. With an approximate value for Ljss; determined,
the length of the MMI to act as a 1xM splitter is found by decreasing the step size
in the z direction while making use of the inherent symmetries of the MMI itself. The
search routine was developed to allow rapid modelling of MMI structures, where their
optimised parameters could be found quickly and efficiently. In particular, it allowed
for MMIs to be considered where variations of the physical dimensions to be examined.
In the Section that follows, the MMI optimisation solver is used to investigate the
design of MMIs as their MMl and MMy ;g is varied.

3.4.2 MMI Parameter Optimisation

To demonstrate the MMI optimisation routines developed in this thesis, they were
applied to Waveguide A (see Table 3.1) to design MMIs. MMIs were considered with
an input waveguide width, MMI,,,¢, of 2.5 pm, while the width of the MMI region,
MMy ;aen, was varied from 6 pm - 15pm. For each MMlyy ;4 variation, the MMI
optimisation code was applied to the structure. The optimised length of the MMI
and peak coupling was extracted in each case. The results are shown in Figure 3.22a,
where the maximum coupling efficiency and optimised MMI length are plotted versus
MMy ;atp-
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Figure 3.22: (a) Maximum MMI coupling efficiency and optimised MMI length versus
MMI waveguide width. (b) Close up view of maximum MMI coupling efficiency versus
MMI width. Peak in coupling efficiency for an MMI of width 9.0 pm.

The coupling efficiency refers to the peak overlap integral between the modes of the
output waveguides of the MMI and the field distribution of the MMI. For the 1 x 2 MMI
considered here, its value can range from unity to zero, where unity represents 50% of
the input modal power coupling to each MMI output waveguide and zero represents
0%. The results in Figure 3.22a show the maximum MMI coupling efficiency as the
MMI width is increased from 6 pm to 15pm, with the corresponding optimum MMI
lengths required. MMIs designed with narrow MMI widths show relatively power peak
coupling efficiencies compared to wider structures. The poor performance was due to
the MMI width starting to approach the input waveguide width. As this happens, the
MMI cannot support two distinct images of the input waveguide mode and an efficient
splitter cannot be formed. The optimum length of the MMI for each MMI width follows
the trend expected from the theoretical analysis, where it shows a quadratic dependance
on the MMI width itself. At an MMI width of 9.0 um, the coupling efficiency appears
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to peak and then drop off as the width increases further, as can be seen in Figure 3.22b.
This indicates that there is an MMI width which can give optimum MMI performance.
To investigate this further, the coupling efficiency was calculated versus MMI width as
the input waveguide width was also varied. The results from this analysis are shown
in Figure 3.23a. As with the previous case, for smaller MMI dimensions the device
performance drops off significantly. For increased input waveguide widths, the MMI
width required for peak coupling efficiency becomes larger, as can be seen in Figure

3.23b.

=
[

[y

o
?
;

o
©
i

o
o
;

: : : : : —Input Width = 2.5 um

e P R R S —Input Width = 2.75 um
‘ 3 3 3 3 —Input Width = 3.0 um

ST P e N —Input Width = 3.25 um
‘ ‘ ! ‘ ‘ —Input Width = 3.5 um

Coupling Efficiency

o
o

o
[¢)]

o
@b
~N -
(o]

10 11 13 14 15
MMI Width (um)
(a)
1
0.99 /S S T 4

3
c
Q
(8]
£0.98
L
= | |
§_0-97 """""""""""""""""""""""""""" |—Input Width = 2.5 um
8 I—Input Width = 2.75 um

{—Input Width = 3.0 um
{—Input Width = 3.25 um
{i—Input Width = 3.5 um

12 13

o
©
o

0.95

10 11
MMI Width (um)

(b)

Figure 3.23: (a) Optimised max coupling efficiency of MMIs versus MMI width, as
the input waveguide width is varied. (b) Close up view of maximum MMI coupling
efficiency versus MMI width as input waveguide width is varied. Peak in coupling
efficiency for each input waveguide width is indicated.

The optimum MMI length was calculated for each MMI variation and is shown in Figure
3.24. As expected, the optimum MMI length for a particular MMI depended solely on
the MMI width, and was not affected by the increased input waveguide width.
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Figure 3.24: Optimised MMI length, as calculated from EIM-MPA versus MMI width.

When the optimum separation between the output waveguides was considered for the
same parameter sweep, similar can be seen. The separation was found to match almost
exactly across each of the waveguide widths. The results of this are shown in Figure
3.25.
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Figure 3.25: Optimised output waveguide separation, as calculated from EIM-MPA,
versus MMI width.

3.4.2.1 Predicted results from Theory and Simulation

The detailed mathematical analysis of MMIs was discussed in chapter 2, where an
analytical expression was found for the length of an MMI where it acts as an efficient

1 x M optical splitter. This expression is

Lyrur

MMILength = N

(3.2)
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where Lysasr is the MMI self-imaging length, given by

W2 m
Lyrvr = % (3.3)

The analysis in the preceding section has examined MMIs computationally to find their
optimum length to act as efficient optical splitters. Since the computational method
uses these analytical expressions as an initial guess before further optimisation is carried
out, it is useful to know how well each set of solutions agree. In Figure 3.26, the ana-
lytical MMI lengths calculated using Equation (3.2) are compared with the optimised
MMI lengths found for the waveguide modelled in Figure 3.22a. The computational
and analytically found values show reasonable agreement, with a variation of ~ 5%
present. This deviation is expected due to the approximations of the theoretical analy-
sis, where very strongly guided structures were assumed. Such assumptions were not
made in the computational models, which allowed accurate mode field distributions

and propagation constants to be determined.
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Figure 3.26: Comparison between the analytical and computationally determined values
of the MMI length to act as an efficient MMI coupler.

3.4.2.2 Compact MMI Couplers

An important factor to consider when designing MMIs is to ensure that the device
length does not become excessively large for a particular applications. As can be seen
from Figure 3.24, for large MMI widths the length of the device starts to approach
250 pm. When waveguide bends are included on the outputs, this dimension can in-
crease by upwards of 250 pm, making the MMI impractical for all but large photonic

integrated circuits.
The most compact MMI coupler can be formed by using the narrowest input waveg-

uide possible. Analysis of Figures 3.23a and 3.24 show that for a 2.5 pm input waveg-
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uide width to the MMI, the optimal MMI performance occurs at an MMI width and
length of 9.0 pm and 81.0 pm respectively. This is significantly shorter than the opti-
mally designed device with an MMI input waveguide width of 3.5 pm, where the MMI
length required for optimum coupling has almost doubled to 155 pm. However, MMIs
based on narrow input waveguides show an increased sensitivity to deviations from
their optimum structure. This can introduce significant potential coupler losses due to
slight dimension variations which are unavoidable during device fabrication. As will
be discussed further later in this chapter, using wider input waveguides increases the
tolerance of MMI couplers to fabrication errors. As a result, which designing compact
MMIs there is always a trade off between minimising device dimensions and ensuring

good performance of the device after fabrication.

3.5 MMIs with Fabrication Errors

Due to the complex nature of device processing, fabrication of MMIs can introduce de-
viations in the structural properties of even an optimally designed MMI. As mentioned
previously and introduced in chapter 2, these deviations can cause the performance of
the MMI to deteriorate quickly, resulting in poor optical coupling. The main sources

of fabrication error when processing MMIs arises from:

Etching Where the ridge or rib waveguide formed on a PIC does not match the mod-

elled structure due to being too deep if over etched, or shallow if under etched

Lithography Where the physical dimensions of the MMI structure do not match

designed values to over or under exposure of the mask during processing

The MMI simulation tools developed earlier in this chapter provide a means of inves-
tigating the role of fabrications errors in MMI performance efficiently. It allows the
structural properties of MMIs, such as their MMI ¢, MMIyy;q, and etch depth, to
be varied while the coupling efficiency under each source of fabrication error is exa-
mined. In particular, the efficiency of the EIM-MPA method offers an excellent means
of analysing MMIs where fabrication errors are present in the width and length of the
device, i.e lithographical errors. The SFEM-MPA lends itself ideally to investigating
the issues posed by over or under etching of MMIs, where it can provide accurate but
computationally intensive solutions to MMIs based on any waveguide structure. Both
these sources of error will now be investigated on Waveguide A (see Table 3.1), with a
focus on how MMI designs can be improved to make them less sensitive to fabrication

deviations.
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3.5.1 Lithography

Lithographical issues during fabrication, such as poor mask resolution or over/under
exposure, can cause the final MMI device dimensions (when measured after fabrication)
to differ from that of the intended MMI design. This can manifest itself as MMIs which
have non-optimal device lengths and widths. A schematic outline of these errors are

shown in Figure 3.27.

Length

Variation
G—

Optimum MMI Length

(a)

Width
Variation

width  $
Variation

(b)

Figure 3.27: (a) Schematic of an MMI with fabrication error in the length of the device
only. (b) Schematic of an MMI with fabrication error in the width of the device only.

3.5.1.1 Fabrication Errors in MMI Length

The EIM-MPA method was first applied to the design of 1 x 2 MMIs which had error
deviations in just its length, as in Figure 3.27a. For a fixed MMI ;¢ of 3.5 pm, MMIs
were designed and optimised for MMI widths ranging from 5pm to 25pm. At each
MMI width, the coupling efficiency was measured at £5 pm from its optimum length.
The results of this simulation are shown in Figure 3.28, where the Z-axis represents the
coupling efficiency at a particular MMI width, with a given fabrication error. For MMI
widths approaching that the input waveguide width, the coupling efficiency is shown
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to be poor as errors of £5pm are introduced to the MMI length. As the MMI width
starts to increase, the overall coupling efficiency improves dramatically and the effect
of the induced fabrication error can be seen. For MMI widths >12 pnm, the coupler has
reached close to its peak coupling efficiency and the fabrication errors are shown to

only minimally impact the MMI performance.
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Figure 3.28: Coupling efficiency versus fabrication error in MMI length and MMI width.

Next, attention turned to determining the role MMlIy,,,,; had on the tolerance of the
MMI to fabrication errors from its optimised length. The MMlyy ;4 was fixed at
15 pm, while MMI,,,,; was varied from 2.5 pm to 4.5 pm. The coupling efficiency was
determined for induced errors of 10 pm around the optimised MMI length in each

case. The results are shown in Figure 3.29.
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Figure 3.29: Coupling efficiency versus fabrication error as the MMI input waveguide
width was varied.

For narrow input waveguide widths, the coupling efficiency is seen to be more sensitive
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to fabrication errors. At an induced fabrication error of —10 pm, the coupling efficiency
is shown to increase from < 75% at MMy, =2.5 um to > 97% at MMy, =4.5 pm.
It should be noted that the MMI is still largely insensitive to length fabrication errors
of <5nm. In particular, for errors of 1 pm - 2.0 pm, the coupling efficiency still remains
close to its peak value. This feeds back into the comparison between the SFEM-
MPA and EIM-MPA methods for designing MMIs, where the small length differences
between the predicted optimum MMI lengths for each case is not critical to the device

performance.

3.5.1.2 Fabrication Errors in MMI Width

The EIM-MPA was next applied to MMIs with fabrication errors in the MMIyy ;g of
the device, compared to the designed values, as in Figure 3.27b. A similar analysis was
performed to that discussed previously when examining fabrication errors in the length
of MMIs. For a fixed MMl of 2.5 pm, MMIs were designed and optimised for MMI
widths ranging from 5pm to 25 pm. At each MMI width, the length of the MMI was
fixed at the optimised value as determined from the EIM-MPA, however, the width of
the MMI was varied by £1.0 pm in each case. Such a small change in the MMI width
can have a large impact on the field distribution of the MMI, where the propagation
constants of the supported modes in the MMI can vary compared to those used in the

design optimisation. The results of this simulation are shown in Figure 3.30.
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Figure 3.30: Coupling efficiency versus fabrication error and MMI width.

The sensitivity of the MMI to fabrication errors in its designed width are clearly shown
in Figure 3.30. For narrow MMI widths, the coupling efficiency was minimised due to
the device size being too small for it to act as a 1 x 2 splitter. As the MMI width was in-
creased, the tolerance to fabrication errors was maximised for MMIs with MMy ;g =
9.5 nm. For deviations of +1 pm, the coupling efficiency was observed to drop to almost
60% outside of this MMI width.

Photonic Integrated Circuits for the Generation 72 Padraic Morrissey
of Coherent Optical Signals



3. MMI MODELLING AND OPTIMISATION 8.5 MMIs with Fabrication Errors

Further simulations explored the role varying MMI,,,,; had on the tolerance of the
device to fabrication errors. For a fixed MMl ;45 in this case, the same analysis was
performed with the MMIy,,,,; being swept from 2.6 pm to 3.6 pm, with the coupling
efficiency versus fabrication error recorded. The simulation results are shown in Figure
3.31.
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Figure 3.31: Variation of MMI coupling efficiency as the MMI input waveguide width
is varied versus fabrication error.

The coupling efficiency of the MMI drops off rapidly for large values of MMIp,,p,; due
to the geometry of the device. The device performance for lower MMIy,,;,; values,
indicates that the tolerance of the MMI to fabrication errors improves with increasing
MMl ypue width. Once MMI ;¢ starts to become too large for the MMIyy;qy, itself to
act as an effectively MMI, the operation starts to break down. As seen in Figure 3.31,
there is an optimum MMIy,,;,,; width which provides the greatest MMI tolerance to
fabrication errors. This value determined the most tolerant MMI that can be designed

for a particular MMI,,,,; width and is a key parameter when designing MMIs.
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Figure 3.32: Maximised fabrication tolerances of MMIs due induced errors, as the input
waveguide width is varied with MMI width optimised at each variation.

Photonic Integrated Circuits for the Generation 73 Padraic Morrissey
of Coherent Optical Signals



3. MMI MODELLING AND OPTIMISATION 8.5 MMIs with Fabrication Errors

To determine the impact varying both MMIy,,,,; and MMy, play on the perfor-
mance off an MMI to fabrication errors, the same MMIs described above were again
considered but this time both parameters were variables. As the MMIyy,;,,; was varied,
there was no longer a constraint placed on the MMIyy 45, which was now free to reach
the optimum MMIyy; 4, which would result in peak tolerance to fabrication errors. This
is shown in Figure 3.32, where the coupling efficiency versus fabrication error at the
optimum MMIyy g, for each MMy, was plotted. As the MMIp,,p, increased, so too
did the tolerance of the device fabrication errors. The analysis provided a means of
determining the optimum device size to allow for sufficient MMI coupling under specific
fabrication errors. It has been shown that having the largest MMIy,,,,; possible for a
particular application ensures the best possible device performance. However, there is
a trade off between having error insensitive devices due a larger MMI,,,,; and device

size.

3.5.1.3 Fabrication Errors in MMI Width & Length

The tolerance of MMIs to fabrication errors was previously examined by considering
errors in the length and width separately, as in Figure 3.27. As a device fabricated these
errors will appear together if there is over or under exposure during lithography. This
can make the MMI wider and longer, or narrower and shorter. The results from the
previous Section, in particular from Figures 3.28 and 3.30, show the sensitivity of MMIs
to these fabrication errors. MMIs are considerable less sensitive to deviations from their
optimised length than they are to the designed width. For typical I1I-V fabrication
processes, lithographical errors of the order 0.1 pm to 0.3 pm can be expected. Over
this range the effect of length variations are negligible to the MMI coupling efficiency,
with the MMI width acting as the dominant term.
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Figure 3.33: Coupling efficiency of MMIs with induced errors in MMI width, overlapped
with coupling efficiency of the same MMI with induced errors in both the MMI width
and length.
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To confirm this, the MMIs considered earlier were designed with fabrication errors of
-1.0pm to 1.0 pm in both their length and width dimensions. The coupling efficiency
of these MMIs were compared to MMIs with errors present in just the width direction.
The results of this simulation are shown in Figure 3.33, with the coupling efficiency
versus fabrication error plotted on the same graph for comparison. For fabrication
errors of less than 0.5 pm, the addition of errors in the length dimension does affect the
overall fabrication tolerance of the MMI. For this reason, most fabrication tolerance
optimisation involves minimising the coupling sensitivity of MMIs to deviations from

their optimum widths, with errors in the length largely ignored.

3.5.2 Over & Under Etching

Ensuring that waveguides are correctly etched during fabrication is one of the more
difficult parameters to control during processing. Over or under etching of waveguides
can have a significant impact on their behaviour, resulting in non-optimal device per-
formance. A schematic outline of an over and under etched ridge waveguide is shown

in Figure 3.34.

Optimum Etch Depth

————— — — — — 7T EtchDepth
| Variation

!

Figure 3.34: Schematic of a ridge waveguide where over or under etching of the ridge
from the optimum depth can be seen.

An MMI was based around the shown waveguide structure, with a particular ridge etch
depth chosen to provide confinement of the waveguide mode in the x-direction. During
processing of the waveguide, the actual depth of the fabricated etch may not match
the intended value. This over or under etching of the causes guiding properties of the
waveguide to change (confinement, propagation constants, field distribution), affecting

its performance as an MMI.

Using the EIM-MPA method to examine the impact of over or under etching on op-
timally designed MMIs will result in significant errors due to the breakdown of the
EIM for shallow etched MMIs, as seen in Appendix C. However, the SFEM-MPA offers
excellent suitability for these purposes as it can be used to design MMIs based on any

arbitrary waveguide structure, at the expense of requiring more intensive computa-
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tional analysis. The MMIs chosen for this analysis were based on Waveguide B, with
parameters summarised in Table 3.1 and fixed MMI dimensions of MMIz,,,; =2.5 pm
and MMy ;g =10.0num. MMIs were optimised at these dimensions while the etch
depth of Waveguide B, the Height as in Figure 3.1, was varied from 0.5 pm to 1.3 pm.
This allowed the coupling efficiency of MMIs as they go from being shallow (0.5 pm)

or deep (1.3 pm) etched to be examined. The simulated results from this are shown in

Figure 3.35.
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Figure 3.35: Max coupling efficiency of an MMI versus increasing etch depth. For
shallow etches, the MMI displays poor coupling efficiency. The MMI performance
increases as the waveguide approaches a deep etched structure.

For shallow etched MMIs, there is poor optical confinement of the mode and this
results in poor performance of the MMI structure. This is shown in Figure 3.35 where
the maximum coupling from MMIs with shallow etch depths can be < 75%. As the
etch depth increases, so too does the confinement of the mode and there is an increase
in coupling efficiency as the waveguide becomes deeply etched. This indicates that to

improve MMI performance, deep etched waveguides are required.

——

a) Waveguide with etch depth of 0.5 pm. b) Waveguide with etch depth of 1.1 um.

Figure 3.36: Shallow etch (a) and deep etch (b) waveguide structures.

The sensitivity of MMI coupling efficiency to over and under etching was next examined.

Two MMI variations based on the same waveguide structure as before were considered;
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one a shallow etched waveguide, with etch depth of 0.5 um and the other a deep etch
waveguide, with etch depth of 1.1 pm. The profiles of the shallow and deep etched

waveguides are shown in Figures 3.36a and 3.36b.

The optimum MMI length was calculated for each MMI variation based on its error free
etch depth of 0.5 pm for the shallow MMI and 1.1 um for the deep etched MMI. The
coupling efficiency of these MMIs were then investigated using the SFEM-MPA method
as errors were introduced into their etch depths. The etch error variation was chosen
to be -0.3 pm to 0.4 pm, which allowed significantly over and under etched MMIs to be
considered. The error-free deep etched MMI waveguide structure is shown in Figure
3.37a, with an under etch of 0.3 pm shown in Figure 3.37b and an over etch of 0.4 pm

shown in Figure 3.37c.

(a) Error free waveguide structure for deep etched MMI.

(b) Under etched (by 0.3pm) waveguide structure for
deep etched MMI.

(¢) Over etched (by 0.4 pm) waveguide structure for deep
etched MMI.

Figure 3.37: Ridge waveguide with induced errors in the etch depth.
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For the shallow and deep etched waveguide variations, the coupling efficiency versus
etch depth error is shown in Figure 3.38. The deep etched MMIs are shown to be
insensitive to fabrication errors and still display excellent coupling efficiency even with
etch errors of + 0.1 pm from the optimum etch depth. On the other hand, shallow etched
MMIs appear to be particularly sensitive to under etching. An under etch of 0.1 pm
can significantly reduce the coupling efficiency of the MMI to < 50%. Interestingly, the
shallow etched MMI does not show a peak in its coupling efficiency for an etch error
of Opm as would be expected. The coupling efficiency instead increases as the MMI is

over etched. This counter-intuitive result can be explained by analysis of Figure 3.35.

In Figure 3.35 shallow etched MMIs were shown to offer poor coupling efficiency at
small etch depths. As the etch depth becomes smaller due to under etching, a further
drop off in coupling efficiency is expected. This sharp drop in MMI performance is seen
in Figure 3.38 for under etching of the shallow waveguide based structure. Over etching
of the shallow MMI causes it to behave more like a deeply etched waveguide, thereby
increasing its overall peak potential efficiency. As errors are introduced into the shallow
etched MMI, the loss in performance due to the induced etch errors is compensated
by the performance increase from becoming more deeply etched. This can be seen in
Figure 3.38, where the coupling efficiency of the shallow MMI reaches peak performance
for an over etch of 0.3 pm. After 0.3 um, the coupling efficiency starts to drop off as the
loss due to the MMI being at the non-optimum MMI length for its etch depth becomes

the dominant term.

This analysis has shown that for optimum MMI performance and tolerance to fabri-
cation errors, deeply etched waveguide structures perform better. Deep etched MMIs
show improved peak coupling efficiency compared to shallow etched MMIs. In addition
to this, deep etch based devices are far more insensitive to over or etching which may

be present during fabrication.
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Figure 3.38: Coupling efficiency of deep and shallow etched MMIs versus error in the
ridge etch depth.
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3.6 Design and Testing of MMIs

The MMI optimisation code developed in this chapter was used to design MMIs which
were based on material for MZMs with 15 quantum wells (QW). The waveguide was
etched through the QW region until it reached an etch stop layer, forming a deep etched
waveguide. This allowed the EIM-MPA method to be applied to the structure rather
than the SFEM-MPA. A schematic of the waveguide structure is shown in Figure 3.39.

For confidentiality purposes, the details of the layer structure cannot be provided.

Figure 3.39: Quantum well based waveguide structure for MMI designs.

To improve the fabrication tolerance of the MMI, the input waveguide width was chosen
to be 3.0 um. The EIM-MPA software was applied to this waveguide structure, where
the optimised length, width and output waveguide offset were found for it to act as a

1 x 2 optical coupler. These values are shown in Table 3.3.

Table 3.3: Optimised MMI Parameters

MMIInput (lJm) MMIWidth (llm) MMILength (llm) MMIOffset (llm)

3.0 12.0 150.5 3.0

Single MMIs were fabricated based on these dimensions by other members of the IPG
group at Tyndall. The fabricated MMIs offered the possibility of comparing the perfor-
mance of the real device to that the simulated structure. An example of the fabricated
MMI is shown in Figure 3.40.
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Figure 3.40: A single MMI with major dimensions labelled.

Directly above the MMI a straight waveguide was fabricated which directly matched
the input waveguide width and bend radii of the MMI output waveguides. The waveg-
uide provided a baseline measurement of the coupling efficiency through the device
without the MMI being present. By comparison with the MMI coupling efficiency, the
performance of just the MMI could be extracted without the associated bend or fibre
coupling losses. The MMIs and straight waveguides were tested using the lensed fibre

coupling technique developed during this thesis, which will be discussed in chapter 4.

Figure 3.41: Fabricated MMIs with variations in length from the optically designed val-
ues. Provides a means of experimentally validating the EIM-MPA model for designing
MMIs.
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MMI variations were considered around the optimum parameters given in Table 3.3. In
particular, MMIs were fabricated where the device length was varied from the optimum
of 150.5 pm by -20 pm, -10 pm, +10 pm and +20 pm. This provided 5 data points which
could be compared with the results predicted from the EIM-MPA MMI model. It
also allowed the tolerance of MMIs to deviations around their optimum values to be
investigated. These five MMIs were fabricated together for ease of experimental testing.
The MMIs are shown in Figure 3.41.

These MMIs were tested experimentally, where the coupling efficiency of each device
was determined by comparison with the straight waveguides. For the same structures,
the EIM-MPA model was used to calculate the predicted coupling efficiency of each
device. The results from the EIM-MPA analysis are overlapped with the experimental
data in Figure 3.42, where the normalised excess loss of the MMI is plotted versus the
length of each MMI.
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Figure 3.42: Comparison between simulated and experimentally tested MMI designs.

The performance of the fabricated MMIs shows excellent agreement with the values
predicted from the EIM-MPA code. The excess loss of the device is minimised for the
MMI with a length of 150.5 pm, as designed using the EIM-MPA code. For shorter
or longer MMIs, the performance of the MMI drops off quickly with a 3 dB loss seen
where the MMI is 20 pm shorter than the optimally designed value. These results
are comparable with the simulations shown in Figure 3.29, where length variations
around optimally designed MMIs were considered. The results of this experimental
and simulation comparison, validate the EIM-MPA model developed during this thesis
for use in the design of MMIs.
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3.7 Conclusion

The work presented in this chapter examined the use of MPA in the design and optimi-
sation of MMI couplers. Two different versions of MPA were implemented numerically
to model MMIs, these were the EIM-MPA and SFEM-MPA methods. The SFEM-MPA
method provided a general means of designing MMIs on arbitrary waveguide structures.
It was based on an SFEM mode solver previously developed in the IPG group at Tyn-
dall. MMI simulations using the SFEM-MPA were numerically intensive and required
significant processing power. The EIM-MPA was shown to offer a three order of magni-
tude improvement in computational efficiency compared with the SFEM-MPA. This is
primarily due to the approximations used in EIM-MPA, where a one-dimensional equiv-
alent waveguide is solved rather a full two-dimensional structure, as in SFEM-MPA.
As shown in Appendix C, the EIM-MPA analysis of MMIs provides accurate and rapid
solutions for deep etched waveguide structures, where excellent agreement is observed
compared with the more thorough SFEM-MPA analysis. For shallow etch structures,
the EIM technique itself starts to break down. This results in significant deviations
between the EIM-MPA and SFEM-MPA techniques when designing MMIs. For the
waveguides and MMI structures considered in this thesis, the EIM-MPA has excellent
applicability and can confidently be used in the design of efficient MMI couplers.

The EIM-MPA method was particularly important in the optimisation of MMI cou-
plers, where device variations could be examined rapidly. Optimisation routines were
developed in C++4 to maximise the coupling efficiency of MMIs based on their waveg-
uide structure. With this in place, attention was turned to how MMIs could be designed
to minimise the effect fabrication errors played on their performance. The role of litho-
graphical and etching errors were examined, with design criteria determined to ensure

optimal performance.

The chapter concluded by investigating the application of the EIM-MPA code to the
design of MMIs based on a complex quantum well based structure. An MMI was
designed on this structure, where its optimised length and width was used to fabricate
real devices. The MMIs were experimentally tested and the results compared with
the values predicted from the simulations. Excellent agreement was seen between the
modelled and fabricated MMIs. With the MMI optimisation code validated for real
devices, MMI couplers could then be designed for use in the photonic integrated devices

described in chapter 5.
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Chapter 4

Testing of Passive Waveguide

Devices

4.1 Introduction

Figure 4.1: A lensed fibre optimally coupled to a ridge waveguide.

The goal of the work presented in this thesis was to investigate photonic integrated
circuits for applications in coherent signal generation. An important consideration
when designing such devices is how they can be tested experimentally. Coupling light
to or from such integrated circuits poses many experimental challenges [149]. This
is mainly due to the size of the optical waveguides to be coupled, where sub-micron
alignment tolerances are typically required [150]. Together with a large number of
potential waveguides to be coupled, testing of such devices can be a slow and laborious

process. Grating couplers are often used for efficient device coupling, however, they
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can be impractical for certain device applications and test setups.

Lensed fibre coupling is used to couple light in and out of ridge waveguides used in
standard Fabry Pérot edge emitting lasers and PICs [151], by aligning the fibre close to
the waveguide facet. Figure 4.1 shows a microscope image of a lensed fibre coupled to
a waveguide. For active devices such as tunable quantum well based lasers integrated
with power splitters [152, 100], the fibre alignment to the waveguides can be relatively
straight forward. The fibre position can be optimised by monitoring the coupled out-
put power from the waveguide as a function of position and re-adjusted as necessary.
Photodetectors may also be integrated on devices in order to provide another means of

determining where maximum fibre coupling has been achieved.

For passive waveguide devices without integrated sources or receivers on chip, the pro-
cess of fibre alignment becomes more challenging due to the need to couple fibre to the
input and output waveguides simultaneously. The difficulty with such testing is the
need to initially have good coupling at the input side of the device before being able
to collect any light from the output. Often this requires repositioning of both fibres
simultaneously until some coupled power is detected through the device. The toler-
ances involved in this coupling makes these re-adjustments a time consuming process.
Figure 4.2 shows a passive waveguide device under test where such coupling has been
performed. The lensed fibres have both been optically coupled to the waveguides under

test and the power transmitted through the device can be determined.

;
¥

Figure 4.2: Lensed fibres aligned to the facets of an optical waveguide under test.

Recent advancements in the area of source alignment techniques have used optical power
tracking software to reposition lensed fibre to provide optimised coupling. Power from
the fibre at one side of a device under test is fed back into the system and used to

reposition the other fibre and vice versa. This can prove to be exceedingly useful for
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improving coupling, however, it is much more applicable to maximising the coupling
once fibres have been aligned to a high degree already. For optical instrumentation and
antenna alignment, mechanical alignment marks are typically used to aid in the coupling
between components. However, techniques such as these are limited by mechanical

tolerances and do not allow for coupling optimisation.

In this chapter, a new optical coupling method is developed [99] which allows fast
and efficient coupling between lensed fibres and ridge waveguides. The technique has
wide spread applications in the testing of passive waveguide components and complex
photonic integrated circuits, such as those considered in this thesis. In the sections that
follow, the experimental technique is described in detail and then applied to the testing
of ridge waveguides. The results are analysed and the chapter concludes by discussing

the efficiency of the technique and also how its functionality can be improved.

4.2 Facet Scan Imaging

Direct imaging of the field distribution of optical waveguides [153] has proven useful
in the characterisation of optical integrated circuits [154]. Typically, these methods
involve scanning a fibre over a device maintaining a constant distance from the surface.
As the fibre is scanned across the surface, light from the evanescent field is monitored
and measured on a power meter. The work discussed in this chapter describes a new
form of imaging technique which can be used to image the physical structure of a
waveguide facet and also image the waveguide mode. By imaging the waveguide facet,
the precise location to place a lensed fibre for optical coupling can be determined. The
imaging technique makes use of indirect imaging, where a light carrying optical lensed
fibre is scanned over the surface of a waveguide facet, while the light reflected from the
surface of the facet back into the fibre is monitored. As the fibre is stepped across the
facet, an image of the waveguide structure can be formed by analysis of the reflections

from the facet surface. A schematic representation of this is shown in Figure 4.3.

Position A Position B

Figure 4.3: Principle of the facet scan imaging technique. As a lensed fibre moves across
a ridge waveguide the back reflected light from incident light on the facet is measured.
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The lensed fibre, initially at position A, moves to position B while the reflected power
from the waveguide is measured. At A, no reflected light is measured since the light can
propagate freely into air. As the fibre moves across the face of the ridge waveguide, the
light from the fibre can interact with the facet and reflect back into the fibre. When the
lensed fibre starts to pass over the ridge on the way to B, the reflections start to drop
off until they reach zero where the lensed fibre is completely off the facet. Analysis of
the reflected power versus lensed fibre position allows the center of the ridge waveguide
to be found. The expected reflected power versus fibre position curve for this scenario

is shown in Figure 4.4.

A Ridge Waveguide
< >

Reflected
Power

>

Fibre Position (across facet)

Figure 4.4: Reflected power as a facet scan is performed on the waveguide shown in
Figure 4.3.

At fibre positions A and B the measured reflected power from the waveguide facet is
at a minima. As the fibre scans across the ridge, the reflected power is maximised and
then starts to decrease. The reflected power reaches this maximum value when the
lensed fibre mode overlaps completely with the waveguide facet. As seen in Figure 4.4,
this occurs at a fixed point along the waveguide facet and is related to the spot size
of the lensed fibre beam. Analysis of the flat region where the reflected power remains
at its peak value shows that the lensed fibre is completely over the waveguide facet
in this area. From this, the lensed fibre position which is on the center of the ridge
waveguide can be determined. This technique can be extended to scan the lensed fibre
in the full plane of the waveguide facet, where a two dimensional image of the ridge
waveguide can be found. Based upon the image generated by the reflection scan, it is
possible to determine precisely where to position a lensed fibre in order to ensure that
it is correctly located on the ridge waveguide for optical coupling. The reflection scan
is performed using a computer controlled piezo stage to move the fibre in the plane of
the facet, while a light source is connected, via a circulator, to the lensed fibre and a

power meter is used to measure and record the reflected power.

After facet scans have been performed on the input and output waveguides of a device,
the fibres can be aligned with the ridge waveguides to provide good optical coupling.

The power coupled between the input and output waveguides can then be measured. In
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this situation, the fibre to waveguide coupling may not be maximised due to misalign-
ments between the fibre and the waveguide mode to be coupled. To further improve
the coupling, a power scan is performed across the waveguide facet where the trans-
mitted power from the input to output waveguide (and vice versa) is measured. The
image provided by the power scan allows the precise fibre position to be determined
where coupling is maximised at both sides of the device. The precise details of the
experimental setup used for these scans will be described in the next section of the

chapter.

4.3 Experimental Setup

A schematic of the experimental setup is shown in Figure 4.6.

Figure 4.5: Experimental setup shoing the a device under test. Computer controlled
stages are used to provide fibre alignment in the XYZ directions.

The device to be tested was placed on custom vacuum mount that allowed lensed
fibre to be brought in close to the waveguides under test. The lensed fibre position
was adjusted using three motorised stages at each side of the setup. These stages
offered coarse alignment in the XYZ directions with step sizes of ~60 pm. For more
precise alignment, each lensed fibre had two axes which had piezo positioners to allow
a positional resolution of 5nm. LabView code was written to control both sets of
positioners, where the motors could be used for quick alignment with the piezo reserved

for fine control.

Each lensed fibre was connected to the second port of an optical circulator, with a
tunable laser at the first port. This allowed the lensed fibre to provide incident light
on a waveguide facet. On the third port, the back reflected power from the facet was
measured on an optical power meter. The experimental setup used in the development

of this imaging technique is shown in Figure 4.5. The optical power meter was linked
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to the LabView code which controlled the lensed fibre. This allowed the back reflected
power from a waveguide facet to be measured against fibre position. The LabView code
allowed a positional window to be setup that the lensed fibre would be scanned over.
The piezo controllers were used for this scan, which provided a maximum window
of 20pm x 20pm. Scanning over this window produced a precise two dimensional

intensity plot which represented the ridge waveguide facet.

Power Meter

7 7
O PER-C

Circulator ~ XYZ Passive Ridge
Controller Waveguides

Laser Source

[ I

Figure 4.6: Schematic outline of the experimental used to align fibres using the facet
scan technique.

4.4 Optimising Waveguide Coupling

Optimising waveguide coupling using the facet scan techniques developed in this work

required three main steps to be followed. These were:

1. Focusing of lensed fibres on facets: To maximise the facet scan resolution, the
beam width of the incident light on the facet must be as narrow as possible. This
is done by stepping the lensed fibre towards the waveguide facet while monitoring
the reflected power. At a particular distance the reflected power will be maximised

and the fibre will focused correctly on the facet.

2. Facet scans for initial alignment: With the fibre focused on the waveguide
facets as in (1), reflections scans are performed on the facet to determine the
precise position of the waveguide ridge. With this done on the input and output
sides of a device, lensed fibres can be coupled to an optical waveguide and the

transmitted power measured.

3. Transmitted power scans for optimisation: After the lensed fibres have been
coupled to an optical waveguide as in (2), the power scans of the transmitted
power from one side of the device to the other are measured. This allows the
fibre position to be determine that allows for maximum transmission, where they

are optimally coupled at the waveguide input and output.
The optical waveguide coupling technique will now be demonstrated by applying it

to the testing of the waveguides shown in Figure 4.2. These waveguides have a ridge
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structure as in Figure 4.7. The waveguide had a thickness (T), etch depth (H) and
width (W) of 1.5um, 1.0um and 2.25um respectively, with a core index (N2) of 3.38, a
substrate index (N3) of 3.17 and an air cladding (N3) of index 1.

Y
I_. < H
N2 N1
TI
A—
N3 W

Figure 4.7: Structure of ridge waveguide used in the development of this fibre to waveg-
uide coupling technique.

4.4.1 Facet Edge and Lensed Fibre Focus

As shown in Figure 4.2, the photonic device under test was viewed through a microscope
and a lensed fibre was manually positioned close to the facet and roughly aligned to
both sides of the chosen waveguide. At this initial position the fibre was poorly, if at all,
aligned to the waveguide in the X, Y and Z directions. The first step of the alignment
procedure was to determine the top edge of the chip in order have an approximate
location to begin the scans across the waveguide facet surface. This was achieved by
bringing the lensed fibre close to the waveguide facet and adjusting its position of the
fiber in the Y direction, as in Figure 4.8a, until back reflected light from the facet was
measured on the power meter through the corresponding circulator. The lensed fibre
was then scanned in the Y direction and the position of the edge of the chip was easily
determined by monitoring the position at which the back reflected power started to
decrease. With the fibre now approximately aligned to the chip in the Y direction, it
was necessary to correctly focus it on the waveguide in the longitudinal (or Z) direction.
This was done to ensure that spot size of the light coming from the lensed fibre was at
its minimum on the facet of the waveguide which is a requirement for higher resolution
images. The facet scanning procedure was again repeated as the fibre was stepped by
0.05u4m increments towards the facet in the Z-direction. Figure 4.8b shows the image
generated by applying the above scanning procedure in the Y and Z directions to the
device described above. The false color plot of Figure 4.8b indicates the approximate
location of the top edge of the chip by examining how the back reflected power drops
off when the lensed fibre is stepped vertically in the y-direction. From the figure it can
be seen that for this facet sweep the top edge of the chip was located approximately

10.4um from the fibre’s initial position.

By examining the false color intensity plot it was possible to locate an optimal position
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for the lensed fibre in the z-direction, thereby giving an approximate location for the
focal point of the fibre. This alignment procedure was analogous to Gaussian mode
coupling between optical elements [155]. The Gaussian mode from the lensed fibre was
incident on the facet and was then reflected back towards the fibre. To ensure optimal
coupling between the two, the overlap integral between the reflected and propagated
Gaussian mode of the lensed fibre must be as large as possible. These modes will be
well matched when the facet of the waveguide was at the focal point of the lensed
fibre, also resulting in the minimum spot size of the beam. Scanning the lensed fibre’s
position in relation to the facet edge in the longitudinal direction allows it to be focused

approximately on the facet of the ridge waveguide.
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(a) Determining the vertical edge of the device under test and
optimally aligning the fiber in the z-direction.
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(b) Reflection scan generated as a lensed fibre is brought towards the facet of a
waveguide.
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Figure 4.8: Focusing of lensed fibres on waveguide facets.

4.4.2 Reflection Scan

With the lensed fibre correctly aligned in the z-direction and the approximate position of
the top of the chip determined, the lensed fibre was next aligned to the ridge waveguide

in the X and Y directions. A wide reflection scan was performed on the waveguide
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facet in order to generate a mapping of the waveguide ridge position. The approximate
position of the ridge was found by analysing the image generated for a small “bump"
in the false color plot of the back reflected power. With this in place, a more refined
reflection scan was performed over a smaller area to image the ridge accurately. For
the input and output waveguides discussed here, the generated reflection images are

shown in Figures 4.9a and 4.9b.
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(a) Reflection scan generated from the input waveguide of the device under test.
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(b) Reflection scan generated from the output waveguide of the device under test.

Figure 4.9: Reflection scans of facets showing waveguide ridge features.

The feature shown in both Figures 4.9a and 4.9b indicates the presence of the waveguide
ridge as the fibre scans across the facet. For the input waveguide, a cross section of the

reflection scan in the vertical direction is shown in Figure 4.10.

As the fibre scans vertically, the reflected power is reduced as the fibre passes over the
waveguide facet. This can also be done as the fibre is scanned horizontally across the
waveguide ridge, as in Figure 4.3. The horizontal cross section is shown in Figure 4.11.
From these images shown in Figure 4.9, the approximate position of the waveguide

ridge in each case was determined. The center of the ridge in Figure 4.9a was found to
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be at the point where the fibre was positioned at 8.8um in X and 17um in Y, relative
to its initial position. The center of the ridge in Figure 4.9b was found where the fibre
was positioned at 9.1um in X and 14.4um in Y, relative to its initial position. Placing
the lensed fibres at these positions provided efficient coupling between the fibres on the
input and output side of the device, which could be found by measuring the transmitted

power from one side of the device to the other.
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Figure 4.10: Cross section of reflection scan in the vertical direction as the lensed fibre
sweeps over waveguide facet.
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Figure 4.11: Cross section of reflection scan in the horizontal direction as the lensed
fibre sweeps across waveguide ridge.

4.4.3 Scanning Transmitted Power

To maximise the light coupled through a passive device under test, the lensed fibres
at the input and output waveguides must both be optimally aligned. Using the previ-

ously discussed reflection scan, lensed fibres can be positioned on the input and output
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waveguide facets to provide efficient (but non-optimised) device coupling. Once the fi-
bres have been aligned in this way, hardware or in-built software routines in the lensed
fibre controllers can be used further optimise the device throughput. If such routines
are not available the transmission can be optimised by performing a transmitted power
scan, a technique similar to that of the reflection scan. The transmitted power scan
works by scanning a fibre over the emitting facet of the device while recording the
transmitted power. The fibre position for optimised coupling can then be determined
by maximising the overlap integral between the fibre and ridge waveguide mode. The

transmitted power scan technique will now be described.

10 11 12 13 14 15
z (um)

(a) Transmitted power scan of waveguide facet. Peak indicated the
lensed fibre position for optimised power coupling.
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(b) Transmitted power scan overlapped with known ridge waveg-
uide structure of the device under test.

Figure 4.12: Transmitted power scans of waveguide facets.

Using the back reflection scanning method, lensed fibres were positioned at the center
of the waveguide ridge on both the input and output sides of the passive optical circuit.
Light was input through one lensed fibre, which was held fixed in place, and propagated
through the passive waveguide structures. At the output side of the optical circuit, the
second lensed fibre was scanned in the X-Y plane and the transmitted power was
recorded. Prior to recording the results from the transmitted power scan in the X-Y
plane, the fibre was scanned in the Z-direction to ensure that the output fibre is located

at the optimal focus position. Using a fibre switch the input and output waveguides were
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reversed and the process was repeated to obtain transmission power scans from both
sides of the device. The images generated from these scans represent the convolution
of the transmitted ridge waveguide mode with the Gaussian mode of the lensed fibre.
Figure 4.12a shows the image generated for the transmitted power scan, at one side of

the passive optical device.

The Figures 4.12 show that there is a peak in the transmitted light coupled into the
fibre, as expected. The positions of these peaks indicate the optimum position for
coupling in and out of the ridge waveguide at each side. Figure 4.12b shows a contour
plot of the same data overlapped with the known waveguide structure. It is clear that
there is a sub-micron window where the lensed fibre should be positioned for optimum

coupling.

Figures 4.13a and 4.13a show the reflection scan images generated from the input and

output device waveguides, overlapped with the corresponding transmitted power data.
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Figure 4.13: Contour plot of transmitted power measured as lensed fibre is scanned on
(a) input and (b) output side of the optical circuit. Data is overlapped with reflection
scan data from corresponding ridge waveguide. Contours represent convolution of the
ridge waveguide mode with fibre mode.

Positioning the lensed fibre outside of the optimal coupling window as determined

from the transmitted scan, causes the coupling efficiency to drop off quickly. Availing
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of the information from the reflection scans, it was possible to place the fibre within
approximately 0.5um of the optimum position in the Y direction. The optimum position
of the fibre in the X direction can then be determined from the back reflection images by
considering the symmetry of the ridge in this direction. The improvement in coupling
between having the fibre in this position compared to when the optimum position was
found through the transmission scan, was ~ 5dB a significant difference in coupling

efficiencies.

As discussed previously, optimal coupling was achieved when the overlap integral of the
fibre mode and the mode of the waveguide ridge was greatest. Given the waveguide
structure as presented in Figure 4.7, the fundamental waveguide mode was calculated
using the Scalar Finite Element Method (SFEM) mode solver as discussed in chapter
2. This mode is shown in Figure 4.14.

Figure 4.14: Calculated TE mode of the ridge waveguide used in the development of
this waveguide to fibre coupling technique.

The overlap integral between this mode and the Gaussian mode of the lensed fibre
was then computed. This overlap integral places a theoretical maximum limit on the
coupling efficiency between the lensed fibre and waveguide at 55%, a 2.6 dB loss. Af-
ter including Fresnel reflection losses from the facet of the waveguide this theoretical
maximum coupling was reduced to 51%, a 2.9 dB loss. Using the alignment procedure
proposed in this work it was found that the optimal coupling achieved was 49%, a 3.1 dB
loss. From this it is clear that the imaging method described allows for quick alignment
and efficient coupling between lensed fibres and passive ridge waveguide structures. It
is a particularly useful technique in the testing of optical circuits with a large array of

ridge waveguides.
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4.4.4 Quick and Efficient Coupling

While this imaging technique was used to locate the lensed fibre position for optimum
coupling, it must also be noted that high coupling efficiencies, although important, are
not the only factor to be taken into account when testing optical circuits. For example,
for optical circuits with numerous arrayed waveguides, as in Figure 4.2, it becomes
essential to minimise the time taken to couple to each input and output waveguide
in the array to perform the testing efficiently and in a timely manner. The proposed
imaging technique described in this chapter provides a quick and consistent means of
coupling to each waveguide. Using the computer controlled stages, the scans described

above can be performed rapidly, with scan durations given in Table 4.1.

Table 4.1: Scan Times (seconds)

Focusing Scan  Broad Facet Scan Fine Facet Scan Transmission Scan

20 20 45 45

As can be seen from Table 4.1, the time taken to perform the scans necessary for this
coupling technique take ~ 160 seconds for each side of the passive device to be tested.
Extra time is required between scans to reposition the lensed fibre and place it at the
determined optimal position from the scans. Since computer controlled stages are used
to move the fibre, the time taken for this is short. The total time required to optimally
couple a lensed fibre to both the input and output of a specific waveguide on a passive
optical device using this method was found to be ~ 8 minutes. This coupling time could
be reduced by an order of magnitude if optimised step sizes were used when carrying
out the fine focusing, reflection and transmission scans. In an industrial environment,
or one where faster coupling times are required, the step sizes would be chosen carefully
to match the specific waveguide structure of the device under test (DUT) to allow for

faster coupling while ensuring the same efficiency.

This process could easily be automated to ease in the testing of such an array of
waveguides. With the lensed fibre initially manually aligned on the first waveguide of
the array, a broad area scan along the edge of the device can be carried out, where the
approximate position of each ridge could be determined. Using these positions, it would
be possible to step along the device carefully and perform the facet and transmission
scans at each waveguide. It should be noted that this waveguide structure is chosen
arbitrarily and that the technique proposed is applicable to other waveguide structures.
A key requirement for this method to function correctly is the need to have sufficient
reflections from the waveguide facet to initially image the ridge structure. This imaging
cannot be done if the waveguide facets have been treated using an anti-reflection (AR)
coating or have angled facets. While this technique can be used for coupling to much

smaller waveguides (e.g. Si wires), the overlap integral between the waveguide and
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lensed fibres modes is very small due to the large mismatch in mode sizes, resulting
in a low theoretical maximum coupling efficiency. There exist other optimal strategies

when coupling to such smaller devices [156].

4.5 Conclusion

An efficient and quick method to couple lensed fibres to passive ridge waveguides has
been described and developed. Images of the facet of a ridge waveguide are formed by
measuring the reflected light from the ridge as a lensed fibre is swept in the plane of
the facet. Based on this scan, the lensed fibre can be placed on the ridge waveguide
to within 0.5um of the optimum position. The coupling can be improved further by
measuring the transmitted light from one side of the device to the other where the
electric field intensity distribution at either side can be measured. From this, the
precise position of the lensed fibre at the input and output side of a device for optimum
coupling can be determined. This method was found to be particularly useful in the
testing of PICs with passive waveguides and also found use in rapid fibre alignment to

active devices, such as those developed later in this thesis.

This technique offers excellent potential to be extended to the automated testing of
arrayed waveguides, where facet scans could be carried out over large a series of waveg-
uide facets simultaneously rather than just one waveguide. Not only does this allow for
very quick coupling, but by analysing the image of the waveguide mode for symmetry
any problems with the waveguide structure relating to bad cleaves or poor fabrication

can be determined.
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Chapter 5

Photonic Integrated Circuit
Design

5.1 Introduction

Photonic integrated circuits (PIC) are proving to be a key element in the development of
more compact and efficient optical systems. The goal of this chapter was to investigate
and design such PICs, with particular focus on devices which may find future roles
in applications relating to Quadrature Phase Shift Keying (QPSK) modulators based
on electro-absorption modulators (EAM). In chapter 1, a schematic of a proposed
EAM based QPSK modulator was shown in Figure 1.20. This modulator makes use
of integrated lasers with EAMs (and other elements) to improve functionality and
performance. The development of such a modulator was an ambitious task within the
time frame of this thesis, due to the complexities when integrating such a large variation
of devices. EAMSs have previously been investigated within the Integrated Photonics
Group (IPG) in Tyndall for integration in such modulators [97]. The purpose of this
thesis was to expand on this work, by investigating the design of the waveguide couplers
required for these modulators and their integration with lasers and SOAs. The focus of
this work was particularly aimed at the development of integrated devices which have
the ability generate of coherent signals on chip, using integrated injection locked lasers.

The proposed schematic of this PIC is shown in Figure 1.22.

This chapter explores the operation and design of such a integrated devices, with the
overall goal being the development of a lithographical mask for use in device fabrication.
The integrated devices considered in this thesis require the combination of several
different sub-elements to function. In particular, lasers, MMIs and SOAs must be
integrated together to form more complex devices. As a result, the choice of integration
scheme was critical. Monolithic integration with a single epitaxial growth step was

chosen for these devices due to the cost effectiveness and ease of fabrication. The first
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section of this chapter describes the design and operation of lasers which have shown
to be suitable for such integration [97]. Leading from this, the development of the full
PIC and each integrated device is explored. The chosen material for these devices is
described and the MMI modelling code from chapter 3 is applied to the waveguide
structure to design MMIs. The chapter concludes by investigating the mask layout
of the individual devices and subcomponents. The final section discusses the design
layout of a quarter two inch wafer lithographical mask which is used for fabricating the
full PIC and devices.

5.2 Tunable Lasers for Photonic Integration

The lasers chosen for the monolithically integrated devices considered in this thesis
were based on Slotted Fabry Pérot (SFP) designs [157, 158, 159, 160, 161]. Unlike
Distributed Bragg Reflector (DBR) [162] lasers, SFP lasers can be fabricated using
standard lithographical techniques and importantly, are regrowth free allowing for ex-
cellent potential in monolithic integration applications. Although light is typically
confined to the active region of a waveguide, it can still expand into the surrounding
cladding areas due to a lack of total modal confinement. SFP lasers operate by etching
slots into ridge waveguide cavities which can then interact with the mode of the light
in these regions and provide reflectance. The reflectance provided by these slots can
then produce reflection and transmission spectra which depend heavily on the physical
properties of the slot e.g. slot depth and width. A one-dimensional example of light in

a waveguide with a single slot is shown in Figure 5.1.

Light Reflected from Slot
<
Input Light Transmitted Light

Figure 5.1: Schematic of a single slot.

Light entering the waveguide propagates in the fundamental guided mode of the struc-
ture and is confined mainly in the active region (red). The mode can interact with
the slot in the upper cladding and experience partial reflection, which can be seen in
green in Figure 5.1. The scattering matrix be used to analyse these slots [163] and
calculate their reflectance. Etching the slots deeper into the waveguide can provide
higher reflectivities, but at the expense of extra waveguide losses. A complex reflection
grating can be formed by having multiple slots etched together on a single waveguide,

as shown in Figure 5.2.
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Interslot Length
—>

I Etch Depth

Figure 5.2: Schematic of multiple slots etched into a ridge waveguide structure.

The reflection and transmissions spectra of such a grating depend heavily on the phys-
ical properties of the slot, which are fixed during fabrication. However, tuning of the
reflection spectrum was made possible by using an electrical bias across the slots to
vary their refractive index. An electrical bias could be provided by adding metal con-
tact pads between the slots and the underside of the waveguide substrate to form a

junction, as in Figure 5.2.

SFP lasers are typically implemented by using multiple slotted waveguides sections to
form wavelength selective mirrors. These mirrors have high losses, so are combined
with straight waveguide sections which can be used to provide sufficient gain for lasing.
The combined reflection spectrum of the mirror and gain sections allows lasing to occur
at specific wavelengths, with significant suppression of other lasing modes. Electrical
tuning of each section of the device shifts the reflection spectra, causing the main
preferential lasing mode of the laser to shift due to the Vernier effect [164]. The SFP
laser can provide excellent tunability and side-mode suppression ratio (SMSR)) through
this mechanism, while offering narrow linewidths of the order 30 kHz. For the integrated
devices considered in this thesis, an SFP design was chosen which consisted of one
slotted waveguide section with a long straight waveguide. The details and design of

this laser will be discussed later in this chapter.

5.3 Photonic Integrated Circuit Development

The PICs considered in this thesis explore the integration of waveguide couplers, SOAs
and multiple lasers to form complex photonic devices. The success of these devices
require careful analysis and design of each individual subcomponent, with particular
attention to how they can be produced on a common material platform. These compo-
nents are developed in detail in this section, before their integration is examined later

in the chapter.
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5.3.1 Material Structure

The fabrication of the devices considered in this thesis was based on a monolithic pro-
cess with a single epitaxial growth step. For the lasers to lase, it was essential that the
substrate was based on active material, however, this posed a significant problem for
the passive devices. Due to having an identical bandgap to that of the laser sections,
high absorption losses would be present in the passive waveguides. To tackle this prob-
lem, the passive structures were treated as pseudo-passive which could be electrically
biased. Driving these sections electrically produced sufficient optical gain to overcome
the inherent material losses caused by absorption. The advantage of such a solution was
that each waveguide section of the device could not only be biased to reduce losses, but
also driven to produce extra optical gain of any light propagating through it. In this
way, each waveguide on the integrated devices could be treated as a simple waveguide

or semi-conductor optical amplifier (SOA) where the gain could be controlled.

Table 5.1: Material Structure.

Layer Material x y  Thickness (um) Type
15 Galn(z)As 0.53 - 0.200 P
14 Galn(z)AsP 0.71 0.62 0.050 P
13 InP - - 1.600 P
12 Galn(z)AsP 0.85 0.33 0.020 P
11 InP - - 0.050 P
10 Al(z)Galn(y)As 0.9 0.53 0.060 p
9 Al(z)Galn(y)As 0.72  0.53 0.060 U/D
8 Al(z)Galn(y)As 0.44 0.49 0.010 U/D

7x5 Al(z)Galn(y)As 024 0.71 0.060 U/D

6 x5 Al(zr)Galn(y)As 0.44 0.49 0.010 U/D
5 Al(z)Galn(y)As 0.9 0.53 0.060 U/D
4 Al(z)Galn(y)As 0.9 0.53 0.060 N
3 Al(z)Galn(y)As 0.86 0.53 0.010 N
2 InP - - 0.500 N
1 InP - - 0.300 N

The material structure chosen for the integrated devices considered in this thesis was
based on a standard off the shelf laser material from a commercial vendor (IQE).
This material structure was compatible with previous SFP laser designs fabricated
within IPG at Tyndall, which had been shown to offer high yield and excellent perfor-
mance. The material consisted of five strained AllnGaAs quantum wells with a 1550 nm
bandgap, which were grown on an N doped Indium Phosphide substrate. The exact

layer structure is shown in Table 5.1. Layer 12 was used as an etch-stop layer during
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selective etching of the InP in layer 13. This allowed the formation of a rib waveguide
structure with rib height of 1.85 nm. The N doped layers 3 and 4, and P doped layer 10,
were used as separate confinement heterostructure (SCH) layers allowing for variations

of the mode position and optical confinement.

5.3.2 Waveguide Structure

The waveguides of the integrated devices considered in this thesis were based on a rib

waveguide structure, as shown in Figure 5.3.

Etch Depth

Figure 5.3: Waveguide structure of the integrated devices.

The waveguide had an etch depth of 1.85 pm to just above the quantum well region of
the waveguide. This rib structure was compatible with a known SFP laser design and
slots etched to this depth provided sufficient reflectance to form a slotted mirror. The
width of the rib was chosen to be 2.5 um wide, which provided good lateral confine-
ment of the waveguide modes. The waveguide was modelled using the Scalar Finite
Element Method (SFEM) mode solver described earlier in this thesis, where the TE
mode solutions were calculated. Two waveguide modes were found to be supported in

the structure and are plotted in Figures 5.4a and 5.4b.
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(a) (b)

Figure 5.4: Supported modes in waveguide structure as calculated from the SFEM
mode solver.

Although the waveguide had the potential to support multiple modes, the higher order
modes would never be excited in a device due the ability of the MMI coupler to act as
a single mode filter, as discussed in chapter 3. With the waveguide structure now in

place, attention was turned to the coupler design for use in the final integrated devices.

5.3.3 Multimode Interference Coupler Design

The rib waveguide shown in Figure 5.3 was analysed using the effective index method
(EIM), as discussed in chapter 2. The MMI coupler C++ code and optimisation rou-
tines developed in chapter 3 were then applied to the waveguide structure to design
MMI couplers. The MMIs required for this thesis were limited to 1 x 2 and 1 x 3
variations. These allowed coupled integrated devices to be considered where one laser
was integrated on the input side an MMI, with either two or three lasers integrated on
the output. The MMIs for such systems were not significantly restricted by size, which
allowed conservative MMI designs to be developed. This offered more robust MMIs
that were less sensitive to fabrication errors. As shown in chapter 3, the sensitivity of
MMIs to fabrication errors can be reduced by increasing the width of the waveguide
leading into the MMI structure. For the MMIs considered here, it was found that in-
creasing this width from the nominal waveguide dimension of 2.5 pm to 3.5 pm would
offer a sufficient improvement to the fabrication tolerances of the device. Increasing the
waveguide width in this way required the use of a linear taper. This will be discussed

further in the next section.

The MMI modelling code was applied to the rib waveguide structure with an input
waveguide width of 3.5 pm. The optimum MMI parameters for 1 x 2 and 1 x 3 couplers

were determined and are summarised in Table 5.2.
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Table 5.2: Design Parameters for MMI.

MMI Type Input Width (pm) MMI Width (pm) MMI Length (pm)
1 x 2 Optimum 3.5 12.5 195

1 x 3 Optimum 3.5 22.0 376

The full TE electric field distributions were also simulated for each MMI, with the
field of the optimised 1 x 2 MMI shown in Figure 5.5a and the field of the optimised
1 x 3 MMI shown in Figure 5.5b. In both cases the simulations suggest that the MMI
designs are correct, with two and three output modes respectively distributed on the
MMI output field.
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a) Simulated field of optirnised 1 x 2 MMI as designed using the MMI optimisation
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code.
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(b) Simulated field of optimised 1 x 3 MMI as designed using the MMI optimisation
code.
Figure 5.5: Optimised MMI designs.
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The outputs of the optimally designed MMIs were typically <10 pm apart, which were
not compatible with any commercial fiber array blocks that could be used to couple the
light from each MMI arm simultaneously. This was an important consideration when
designing the devices for experimental testing. By using linear curvature S-Bends for

extension this separation was increased to a standard 250 pm spacing.

5.3.4 Waveguide Taper Design

(a) 25 um tapered region.

50 um

(¢) 100 pm tapered region.

Figure 5.6: Simulation of linear tapers as waveguide width was increased from 2.5 pm
to 3.5 pm.

To improve the fabrication tolerance of the designed MMI couplers, a linear taper was
used to increase their input waveguide width from 2.5 pm to 3.5 pm. The linear taper
provided a gradual expansion of the waveguide mode as it transitioned from a 2.5 pm to
3.5 pm waveguide ridge width. The correct taper length was determined by modelling
the waveguide using a one dimensional beam propagation program. This ensured that

a length could be found which offered low excess loss and did not excite any higher

Photonic Integrated Circuits for the Generation 105 Padraic Morrissey
of Coherent Optical Signals



5. PHOTONIC INTEGRATED CIRCUIT DESIGN 5.8 Photonic Integrated Circuit Development

order modes. Three different taper lengths were considered, these were 25 pm, 50 pm

and 100 pm. The simulation results for these tapers are shown in Figures 5.6a - 5.6c¢.

The results show that for taper lengths of 25 pm - 50 pm, some higher order modes are
excited as light transitions from a 2.5 pm to 3.5 pm waveguide. The field distribution
shows a beating between these modes as light propagates in the taper. For a 100 pm
long taper, the mode transitions smoothly from the narrow to wider waveguide, with
a uniform field distribution indicating adiabatic expansion of the mode. As a result,
a 100 pm long taper was chosen to taper waveguides from 2.5 pm to 3.5 pm for use in
MMIs.

5.3.5 Lasers for device integration

The proposed integrated device designs used SFP lasers due to their tunability, narrow
linewidth and compatibility with single growth monolithic integration. In addition to
these lasers, simple Fabry Pérot (FP) lasers were also used as test devices for char-
acterisation. In this section, the operation of the chosen SFP and FP designs will be

discussed.

5.3.5.1 Fabry Pérot Lasers

The schematic outline of a Fabry Pérot (FP) laser is shown in Figure 5.7.

Gain Section

A
A\ 4

\
P-metal
=]
N N-metal
«—

Figure 5.7: A single slot

A ridge waveguide structure is cleaved at a specific length, where a cavity is formed
due to reflections from the cleaved facets. The FP lasers can be electrically driven to
provide gain by applying a bias across the junction formed between deposited metal
on top of the FP ridges (the P side) and deposited metal on the back of the FP (the
N side). Based on the material structure given previously in Table 5.1, FP lasers with
waveguide widths of 1.5 pm, 2.5 pm and 3.5 nm were designed. These test FP lasers
were cleaved to a cavity length of 2500 pm. The output from the FP laser could be
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examined at either side of the device by coupling a lensed fibre to the ridge waveguide.
Using an Optical Spectrum Analyzer (OSA), the characteristics of the FP laser could
then be examined. Having these simple FP structures on chip, provided a means of
systematically determining that each aspect of the more complicated devices would
work in isolation. If the FP devices were unable to lase, then this would suggest

material structure or device fabrication problems which may require reprocessing.

5.3.5.2 Slotted Fabry Pérot Lasers

The photonic devices designed in this thesis were integrated with SFP lasers which were
comprised of two different sections. A series of etched slots formed a reflection grating
referred to as the mirror section, while a long waveguide section referred to as the gain
section, provided optical gain and formed an optical cavity between the mirror section
and the cleaved facet. For convenience this laser was referred to as a Single Facet SFP

(SF-SFP) laser, and is shown schematically in Figure 5.8.

Mirror Section Gain Section
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Figure 5.8: A schematic of a single facet slotted Fabry Pérot laser.

Feedback was provided by reflections between the etched slots and cleaved facet of the
device. Single mode operation of the laser occurs when the reflection spectra from each
section of the device overlap causing a strong resonance at one particular wavelength.
Metal was deposited on the ridge of the gain and mirror sections of the device (P-
metal) which allowed an electrical bias to be applied across these section to a common
N ground metal on the backside of the full device (N-metal). Through current injection,
the lasing wavelength of an SFP can be tuned by varying the current applied to each
section of the device. This varies the resonance condition in each region and causes the

main lasing mode of the laser to shift.

Along with the cleaved facet, optical feedback in the SFP was provided by the slotted
mirror section. This mirror section is a key component in using SFPs in integrated de-
vices; since the slotted region is essentially a waveguide which could easily be extended
to couple to other devices without the need for a secondary cleaved facet. A single

facet SFP laser can be extended to a fully facetless SFP laser by removing the cleaved
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facet and replacing it with a second slotted mirror section. A drawback of this design
being that the feedback from slotted mirrors is typically smaller than that of a cleaved

facet due to the low reflectivities from each slot.

Since variations to the laser structure were beyond the scope of this work, a single
facet SFP laser design was chosen which was previously investigated by the IPG at
Tyndall and offered good optical performance and high yield. This laser had a gain
section length of 800 pm and a mirror section consisting of 7 slots. These slots were
spaced 109 pm apart with a slot width of 0.88 pm. The slots were etched 1.85 pm into
the waveguide structure, which provided sufficient total reflectance to act as a mirror.

The design parameters of the single facet SFP laser are summarized in Table 5.3.

Table 5.3: Single facet slotted Fabry Pérot laser design parameters.

Gain (pm) Slot Spacing (pm) Slot Width (um) Slot Depth (um) # Slot
800 109 0.88 1.85 7

The etched slots in the waveguide region were defined as “T” shape structures. This
can best be seen in Figures 5.9a and 5.9b which shows SEM images these T-Bar slots
on a fabricated SFP laser.

'
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(a) SEM of ridge waveguide during fabri- (b) SEM of T-Bar slot showing 0.88 um slot
cation showing T-Bar slot. width.

Figure 5.9: SEMs of T-Bar slots.

The role of the T-Bars was to aid during the lithographical process. If standard slots
were used, rounding of the corners would be expected. This can significantly impact
the waveguide shape, and thereby the optical mode output and reflection spectrum
formed. Using T-bars, this rounding feature still exits, but can now be extended away

from the center of the waveguide where its effect on the propagating light is negligible.
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5.3.6 Device Fabrication Steps

The devices discussed in this section were designed for single epitaxial growth, mono-
lithically integrated photonic circuits. Although the fabrication process did not involve
any regrowth of the epitaxial material, an additional metal layer was required to form
the contacts on the lasers and pseudo-passive waveguide sections to allow electrical
biasing. Only specific regions on each device needed electrical biasing. To define these
areas, an insulating layer, in this case an oxide layer, was deposited everywhere on the
device and then removed at the precise locations current injection was required. After
this, metal could be deposited to form large contact pads for probing which allowed
localised current injection. The general steps required to fabricate such a device are

schematically shown in Figure 5.10 and described below.

L

a) Ridge Etch ) Oxide Deposition

(c) Oxide Opening (d) Metal Deposition

Figure 5.10: Lithographical steps required to fabricate the integrated devices.

e Ridge Etch: The waveguide structure of the device was produced by etching
down into the upper cladding region to form a free standing ridge. A hard mask

was used to protect the ridge structure during etching and subsequent removal.

¢ Oxide Deposition: A blanket oxide was deposited over the entire etched sub-

strate for passivation.

¢ Oxide Opening: The oxide was selectively opened at particular regions where

electrical biasing was required on the device.
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e Metal Deposition: Metal was deposited on the P and N sides of the device to

create contact pads which allow for electrical biasing.

5.4 Design/Layout of Photonic Integrated Devices

The photonic devices considered in this thesis required three main lithographical steps
during fabrication. These were the waveguide etch (ridge and slots), oxide opening
and metal deposition to form contact pads. These layers defined each device and
required a three level lithographical mask for fabrication. A summary of the typical
steps required to fabricate a ridge waveguide using a single mask layer is discussed
in Appendix D. Creating a three level mask is a time consuming process, particularly
when designing a large number of prototype devices. To simplify this procedure, custom
software was developed within the IPG at Tyndall to allow mask structures to be
defined mathematically. The functionality and use of the software will be described in

the following section.

5.4.1 PICDraw

Figure 5.11: Example of an echelle grating as defined by PICDraw software.

The software tool developed previously in the IPG at Tyndall for mask design is referred
to as PICDraw, and offers a means of generating mask layout files completely mathe-
matically. There are multiple advantages to such an implementation, with perhaps the
main benefit arising from the efficiency at which alterations to complex layouts can be
made. With each device defined mathematically, any changes to a bend radius, waveg-
uide width, waveguide length or other such device design parameter; can automatically

update the entire layout with no extra designing or alterations from the designer. An
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example of a complex Echelle grating, which was defined entirely mathematically, pro-
duced using PICDraw is shown in Figure 5.11. The advantages of PICDraw become
apparent when developing prototype PICs for research purposes, where designs and

structures can change rapidly during mask development.

In order to systematically examine monolithically integrated PICs, the existing PIC-
Draw software had to be developed further to incorporate the design and drawing of
MMI couplers. A data type known as an “MMI Structure” was formed in PICDraw,
which took the waveguide and MMI properties of the device to be drawn as variables.
This was combined with the MMI optimisation routines described in chapter 3, allow-
ing for MMIs to be designed, optimised and mathematically defined on a layout file.
This greatly simplified the design procedure and allowed all the MMIs on a PIC to be
re-optimised without any change to the operational wavelength, input waveguide width
or even the material structure chosen for the device. An example of this is shown in
Figure 5.12, where a 1 x 2 MMI was generated and optimised in the PICDraw software
using basic waveguide inputs. Using this, and other advanced features of PICDraw,
the process of developing a mask layout was greatly simplified. Allowing attention to

mainly be focused on the design of actual devices and overall structure of the PIC and

HEne= R

Figure 5.12: Example on an MMI coupler as generated from PICDraw software.

individual integrated devices.

Next in this chapter, the lithographical layout of the designed integrated devices are
examined. These devices require multiple different layers to form the waveguide and
metal structures, each of which is designed using the PICDraw software. The individual
MMI and SFP layout is first considered separately, after which they are then used to

form the layout for more complex devices with integrated components.

5.4.2 Layout of MMIs and SOAs

The MMI couplers used in the integrated devices were comprised of a wide MMI waveg-
uide region plus additional waveguide sections on the input and output sides, as can be
seen in Figure 5.12. Both the MMI and waveguide sections were absorbing at the op-

erational wavelength of the integrated lasers due to bandgap of the material. To solve

Photonic Integrated Circuits for the Generation 111 Padraic Morrissey
of Coherent Optical Signals



5.4 Design/Layout of Photonic Integrated
5. PHOTONIC INTEGRATED CIRCUIT DESIGN Devices

this problem, the passive sections were electrically biased to provide sufficient gain to
overcome the inherent losses present. Metal was deposited over the ridge waveguide
structure and then routed to large metal contact pads for DC probing. The input and
output waveguides were treated as common sections which could be biased collectively
via one contact pad. This was considered to be a large Semiconductor Optical Ampli-
fier (SOA) section, which could be used to amplify the optical signal through sufficient
forward biasing. The MMI region itself was biased with its own contact pad to allow
independent biasing from that of the waveguides. The MMI also had the potential to
act as an SOA, and amplify the optical signal. However, applying large forward biases
to the MMI could potentially shift its operational wavelength away from the designed
value of 1550 nm and reduce the power splitting performance. To ensure this was not
the case during operation, the MMI was only biased until it had sufficient gain to over-
come the material absorption effects. The metal and waveguide layers used to define a
lithographical mask for such an MMI and waveguide configuration are shown in Figure
5.13.

Figure 5.13: 1 x 2 MMI structure as defined on the PIC mask. The Figure shows
MMI region contact pad to drive MMI section to transparency along with the common
contact for MMI output bends and short SOA waveguide interconnect between SFP
laser and MMI region.

Metal (Orange) was deposited over the entire MMI region and was then connected
to a large contact pad directly above it. This allowed for direct DC probing of the
MMI without applying probes to the MMI itself, which could affect performance if the
probe went through the metal and into the ridge structure. Outside of the MMI region,
metal is deposited along the length of the waveguides entering and exiting the MMI
and then onto the curved output waveguides which increase the separation between
the outputs to 250 pm. These waveguide regions were treated as one common section
which could be biased from the large contact pad placed above the output waveguide
bends. Having one contact for this entire waveguide SOA section reduced the number

of probes required during experimental testing.
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5.4.3 Layout of Slotted Fabry Pérot Lasers

/ Cleaved Facet

I |
Gain Section Etched Slots

Figure 5.14: Layout of SF-SFP laser as defined on the PIC mask. Green dashed line
indicates the cleaved facet. Reflections from cleaved faceted and slots in the mirror
section are also indicated.

The lasers chosen for the integrated devices considered in this thesis were based on the
slotted Fabry Pérot laser designs discussed earlier in this chapter. The layout of the
ridge and metal layers of an SFP laser os shown in Figure 5.14, where the cleave plane
is shown in green and the slotted section is indicated for clarity. The deposited metal is
shown in orange. The gain section is shown clearly on the left hand side, where a large
contact pad can be used for biasing. On the other side of the device, the mirror region
which consists of multiple etched slots can be observed, along with a second electrical

contact pad.

5.4.4 Layout of Integrated Devices

The lithographical layouts of the MMI, SOA and laser devices discussed in the previ-
ous section are next used to develop full mask layouts of the main integrated devices
explored in this thesis. The layout of these devices are now considered in detail, with

their operation and role in more complex integrated devices examined.

5.4.4.1 Integrated SFP Laser Power Splitter

The first device investigated was an on chip optical power splitter with integrated
source. The device was formed by integrating a SF-SFP laser on the input side of
either a 1 x 2 or 1 x 3 MMI, with SOA waveguides acting as interconnects. The layout
of the 1x2 and 1x 3 device variations are shown in Figures 5.15a and 5.15b respectively.
Multiple contacts pads are present on each design variation. These allow each element
(SEP, MMI, SOA) of the integrated device to be controlled independently.
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Figure 5.15: Layout of an integrated device which combines an SF-SFP laser with an
SOA and a 1 x 2 or 1 x 3 MMI coupler.

The device operates by first biasing the SFP laser until it has a stable power and
wavelength output, which can be observed using an OSA at the cleaved facet side
of the device. By sufficient biasing of the SOA contact pad, the section linking the
SFP and MMI becomes transparent, allowing light to couple between both sections.
In the MMI region, the light from the SFP is split into two or three equally spaced
outputs depending on the MMI type. This light is in turn coupled to the output SOA
waveguides forming a power splitter. Although a relatively simple device, this was
considered one of the main building blocks of developing more complex monolithically
integrated devices which use SFP lasers. The need for an on chip power splitter has wide
spread applications in almost any integrated device; be it in splitting optical signals for
phase delay measurements or diagnostic purposes where splitters can be used as taps
to monitor outputs. Furthermore, the power of the SFP can be determined on chip
by treating either the MMI or the SOA section as a photodetector. Reverse biasing
of either section allows the SFP optical power to be calculated from the measured
photocurrent. This allows for a quick and accurate measurement of the SFP power
without the need for external coupling to lensed fibre. The testing of this device will

be examined in more detail in chapter 6.

An important consideration when designing such an integrated device is to ensure that
each section of the device was electrically isolated from the other sections. This was
done by etching slots into the ridge waveguides between each component on the device.

Etching such slots provides optical feedback in the device, which potentially set up
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further unwanted optical cavities. To limit the impact of these isolation slots on the
optical performance of the devices, the slots were at an angle of 6 = 7° relative to the
waveguide structure. The angled slots used to isolate the output section of the 1 x 3
MMI based device shown in Figure 5.15b, is shown schematically from the mask layout
file in Figure 5.16a and experimentally from a SEM image of a fabricated device in
Figure 5.16b.

Tyndall National Institute

(a) Schematic from lithographical mask. (b) SEM image from fabricated device.

Figure 5.16: Optical and electrical solation slots.

5.4.4.2 Integrated System of Mutually Coupled SFP Lasers

The most complex integrated device designed involves a system of mutually coupled
SFP lasers. Identical SFP lasers were integrated on all ports of both 1 x 2 and 1 x 3
MMIs, and were connected via the same SOA waveguide interconnects as before. The
devices as defined on the lithographical mask are shown in Figures 5.17a and 5.17b,

where the metal contact pads, ridge metal and ridge waveguide structure can be seen.

Each SFP laser has the potential to be operated independently through biasing of their
individual gain and mirror sections. A mutually coupled system could be formed by
biasing of the waveguide and MMI sections to transparency. This allowed light from
the lasers on the input side of the MMIs in Figure 5.17 to couple to the output lasers,
and vice versa. This is indicated in Figures 5.17a and 5.17b by the modal outputs of
the SFPs which are coupled via the MMI. Mutually coupled laser systems have shown
to be a rich area of research in recent times and will be discussed further in chapter
6. Of particular interest in this work, is the investigation of optical injection between
multiple lasers on the same device which have different optical power and wavelength
outputs. This can be done by tuning the SF-SFP outputs using electrical bias across
their gain and mirror section, while varying the SOA /MMI section bias can provide a

means of controlling the coupling between input and output SF-SFP lasers. This creates
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a versatile device which allows for some highly interesting on chip laser dynamics to be

investigated, as will be shown in the following chapters.

(b)

Figure 5.17: Layout of an integrated device which combines an SF-SFP laser with an
SOA and a 1 x 2 or 1 x 3 MMI coupler with further SF-SFP lasers integrated at MMI
outputs.

5.4.5 Full Lithographical Mask Layout

The layout of the integrated devices was described in the previous section, where the
metal and ridge layers of each structure was defined. How these devices can be realised
when developing a quarter of a two inch wafer mask was then examined. This was
done by using the PICDraw software, where the integrated devices and test structures
were placed into blocks of similar devices. Laying out the devices in this way simplified
cleaving of the devices (post fabrication) and also aided in experimental testing, since
several devices could be tested on a single chip. Multiples of these blocks were placed
on the full wafer layout, which ensured a sufficient number of devices for testing. The

first block of test structure devices is shown in Figure 5.18.

This block contained the test Fabry Pérot lasers, along with variations of the integrated
power splitter device discussed in Section 5.4.4.1. A key feature of this test block was
the addition of cleave marks which allowed for individual sections of the device to be
cleaved. These are shown in Figure 5.18 as crosses. A close up view of these cleave
marks are shown in Figure 5.19. These marks are used to indicate the position on the
crystal plane where the device is to be cleaved. Strategic placement of these cleave
marks offered the potential to investigate sub-devices independently; these included
the MMI/SOA sections, shorter FP lasers or the SFP laser in isolation.
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Figure 5.18: Block of “Test Structure Devices” which can be cleaved and tested together
experimentally. Consists of FP lasers, SFP lasers and test MMI structures.

,,,i«‘// Cleave Marks

TEST_MMIS_1X2_1_TNPUT

Figure 5.19: Close up view of cleave marks which indicate the position of cleave planes
on devices.

The second block of devices contained the more complex integrated circuits. This is
shown in Figure 5.20, where the devices with mutually coupled SFP lasers are placed
together on one large PIC. Two identical versions of the 1 x 2 and 1 x 3 MMI based
devices were grouped together for convenience when testing. This block of devices also
had strategically placed cleave marks, which allowed for other variations of the device

to be considered. For instance, the input SFP lasers could be cleaved off leaving a
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series of devices where light from a tunable source could be directly coupled into the
MMIs and output lasers.

I

€ Tyndall

DHS e g

F + +
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Figure 5.20: Block of integrated SFP devices. Consists of single facet SFP lasers
integrated with SOAs, MMIs and output SFP lasers. Output SFP lasers can be cleaved
off to investigate integration of SFPs with 1 x 2 and 1 x 3 power splitters.

The final block of devices consisted of integrated circuits which were based on fully
facetless lasers rather than the single facet lasers used in the devices shown in Figures

5.18 and 5.20. Theses devices are shown in Figure 5.21.

" W
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Figure 5.21: Block of integrated SFP devices. Consists of single facet SFP lasers
integrated with SOAs, MMIs and output SFP lasers. Output SFP lasers can be cleaved
off to investigate integration of SFPs with 1 x 2 and 1 x 3 power splitters.
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The facetless lasers were mutually coupled through an MMI/SOA region as before,
with the addition of a star coupler on the output of the device to couple the signals to
one waveguide. Two identical versions of the 1 x 2 and 1 x 3 MMI based devices were
grouped together for convenience when testing. Due to their added complexity and
extra requirements for testing (a probe card with custom probe layouts), these devices

were not tested as part of the main body of this thesis.

With each block of devices assembled as in Figures 5.18, 5.20 and 5.21, the full mask
was structured by placing these blocks strategically around a quarter inch wafer mask
to maximise the device yield. Cleave marks were placed between devices to allow for
individual bars or rows of devices to be cleaved separately. The layout of the full

finalised mask design is shown in Figure 5.22.

Figure 5.22: Photonic Integrated Circuit.

5.5 Conclusions

This chapter investigated the design of photonic integrated circuits for use in on-chip
coherent signal generation. A suitable laser was chosen for single growth monolithic
integration with other devices, where its design and operation was then described in
detail. Based on the material structure required for this laser, waveguides and MMI

couplers were modelled and optimised using the design routines developed in chapters
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2 and 3. The steps required to fabricate these devices were discussed, with particular
attention paid to the lithographical layers required to produce each device. With this
in place, attention was turned to the mask layouts of the full integrated devices which
consisted of lasers integrated with SOAs and MMI couplers. This culminated in the
design of the integrated circuits shown in Figures 5.15 and 5.17, which allowed an
integrated power splitter and system of mutually coupled lasers to be examined. A
lithographical mask was produced which allowed these devices to be fabricated on
a wafer. The fabrication of the designed devices using this mask was carried out by
members within the IPG at Tyndall, and was not part of the research performed during
this thesis. In the chapters that follow, these devices are characterised and investigated

experimentally.
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Chapter 6

Photonic Integrated Circuit

Characterisation and Testing

6.1 Introduction

This chapter covers the initial experimental testing of the devices designed in the chap-
ter 5. The test setup for such devices is examined, with attention paid to how complex
PICs which require a large number of probe manipulators can be tested. Of primary
interest in this chapter was the characterisation of the simple Fabry Pérot (FP) and
Slotted Fabry Pérot (SFP) lasers. Their performance was investigated thoroughly to
better understand their operation within integrated devices. Attention was then turned
to investigating the first fully monolithically integrated device designed in this thesis.
The device comprised of an SFP laser integrated at the input of a 1 x 2 MMI, which had
SOA waveguide interconnects and allowed power from the output ports of the MMI to
be decoupled via lensed fibre. This formed an integrated power splitter which was the
building block of the more complex devices designed in chapter 5. This device was an
essential component of the main integrated device investigated in this thesis, which is

examined in chapter 7.

6.2 Fabricated Devices

The devices designed on the lithographical mask created in chapter 5 were fabricated
on a quarter inch wafer using a 3 step lithographic process. Due to the nature and
complexities of the processing, this fabrication was performed by members within the
group and was not part of the work carried out within this Thesis. Although to better
understand the process of device fabrication, a relatively simple 650 nm ridge waveguide

laser was fabricated during the course of this thesis. The process steps required make
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this laser are shown in Appendix E. The fabricated PIC which is comprised of all the

integrated devices before they were cleaved into smaller PICs, is shown in Figure 6.1.

Figure 6.1: Fabricated PIC on % inch wafer prior to any cleaving of devices.

The PIC was cleaved into the blocks of devices, as described in chapter 5, which allowed
multiple different structures and components to be looked at on the one chip during
experimental testing. These blocks could in turn be cleaved again to look at individual
aspects of particular devices, or to shorten structures themselves. This was explicitly
catered for when designing the test Fabry Pérot lasers on the test structures block of
devices, which were typically 2.5 mm but could be cleaved to any required length using
cleave marks placed along their length. The cleaved block of fabricated tests structures

are shown in Figure 6.2.
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Figure 6.2: Test structure devices prior to cleaving.

The most complex device on the PIC was the block of devices with mutually coupled
single facet Fabry Pérot lasers. These devices allowed for the integration of multiple
different components on chip to be examined. These fabricated devices are shown in

Figure 6.3, where the 1 x 2 and 1 x 3 variations can clearly be seen.

Figure 6.3: Close up of integrated devices where multiple slotted Fabry Pérot lasers
are coupled together though an MMI and SOA section.

Extra cleave marks were defined on each device which allowed the SFP lasers on the
MMI outputs to be cleaved. The resulting device formed an integrated optical source
and power splitter, where an SFP laser was integrated at the input of an MMI and could

be split into 2 or 3 equal powered outputs. This building block device was investigated

Photonic Integrated Circuits for the Generation 123 Padraic Morrissey
of Coherent Optical Signals



6. PHOTONIC INTEGRATED CIRCUIT
CHARACTERISATION AND TESTING 6.3 Photonic Integrated Clircuit Testing

in detail in this chapter, before the full mutually coupled system of lasers was examined

in chapter 7.

6.3 Photonic Integrated Circuit Testing

Each cleaved block of photonic structures consisted of 4 integrated devices. For con-
venience, these blocks were tested as a whole, where probes could be used to test each
integrated device individually. The overall dimensions of a block of devices was typi-
cally 4mm x 4.5 mm. This required the use of a custom a custom built mount to hold
each chip under test. Figure 6.4 shows a close up view of this mount, with a device
under test. The chip, which can be seen centrally in Figure 6.4, was placed on a raised
ridge which allowed optical fibre to be coupled to each side of the device using lensed
fibre holders. This was very similar to the setup described in chapter 4, relating to the
testing of passive optical waveguides. A series of holes were bored along the length of
the raised ridge structure, which led to a hollow ridge core that was connected to an
external vacuum. This vacuum provided a means of securing a device on the mount
during probing. Each device from the PIC in Figure 6.1, was fabricated on a conducting
substrate with metal deposited on its underside. This metal was treated as one large
ground pad for each device on the PIC. The mount was fabricated from brass which
allowed the entire mount itself to act as one large contact which could be grounded,

meaning a specific ground probe was not required.

Figure 6.4: Experimental setup showing a photonic device under test. Multiple probes
were used to apply electrical current to individual sections of the device and were
controlled using XYZ probe manipulators. Lensed fibres were coupled to the input and
output waveguides of the device, where the light could be examined.

Due to the large number contact pads present on the each PIC device, a custom probe
station was required to enable testing. This probe station was designed and fabricated

within the group previously, and was used in the testing of slotted and DFB laser
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prototypes. The probe station is shown in Figure 6.5.

Figure 6.5: Experimental setup showing external probe manipulators positioned around
an integrated device under test.

The custom device mount is shown in the centre of Figure 6.5, with a series of probe
manipulators in a “U” arrangement around it. The manipulators allowed for precise
positioning of the probe in directions across the plane of the chip and also in the
vertical direction. The bases of the manipulators were magnetic and arranged on a
stainless steel platform which provides a secure and steady base. A thermoelectric
cooler (TEC) was placed in between the custom mount, as described above, and the
large aluminium heat sink to control the temperature of the device under testing.
Lensed fibre manipulators can be seen under the steel platform which allow the position
of the lensed fibre to be varied in the x, y and z-directions. At one side of the device,
the lensed fibre was controlled via a nanotrak piezo controller which allowed for fine
control over the waveguide position. This also ensured compatibility with the previously
discussed coupling and mode imaging techniques from chapter 5. On the opposite side
of the setup, a manual controller was used to adjust the lensed fibre position. The U
arrangement allowed for a maximum of 8 probes to be placed around the setup. This
was sufficient for testing the most complex integrated device considered in this thesis,

the system of mutually coupled SFP lasers on a 1 x 2 MMI coupler.

6.4 Fabry Pérot Laser Characterization

6.4.1 FP Laser Testing

The block of test structure devices, as in Figure 6.2, were cleaved from the fully fabri-
cated chip and SEM images were taken of the ridge waveguide structure. These images
are shown in Figure 6.6, where the ridge structure can be seen with good verticality of

the sidewalls. The oxide layer has been opened along the center of the ridge waveguide
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and the deposited P metal can be can be seen entering the channel formed, as shown
in Figure 6.6a. Figure 6.6b shows a wider image taken of the ridge structure, where
the full deposited metal can be seen over the waveguide with no breaks or shadowing

observed.

HV

Figure 6.6: SEM images of the ridge waveguide after cleaving. (a) Shows the cleaved
facet with deposited gold on top of the waveguide ridge. (b) Shows a broad area image
of the deposited metal which connects to contact pads for probing.

The test structures were then taken and placed on the custom mount for testing. Figure
6.7 shows the FP lasers under test. Only one probe was required to apply a bias across
the 2.5 mm device. Lensed fibre was coupled to the waveguide at each side of the FP,
where light could be taken and examined externally on an OSA (Optical Spectrum

Analyser) or optical power meter.

Figure 6.7: Fabricated FP laser under test. Figure shows external probe making contact
with large contact pad.
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6.4.2 FP Laser Optical Spectra and LIV Curves

LabView code was written to perform standard characterization of the FP lasers. The
Current-Voltage curve for each device with varying ridge waveguide width is shown in
Figure 6.8. Turn on voltages of ~ 0.7 V were observed, which agree with previous with

results of FP lasers previously examined in the research group, on similar materials.
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Figure 6.8: IV curve of FP lasers for various ridge waveguide widths.

Figure 6.9 shows the Current-Power curve for each FP ridge waveguide variant, as the

current applied to the device was swept from 0 mA to 130 mA.
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Figure 6.9: LI curve of FP lasers for various ridge waveguide widths.

The power was measured by taking the light from the facet side of the SFP laser,
coupling it to a lensed fiber and then using an external optical power meter to record
the power. The threshold current, I, for each FP laser was found to increase with
increasing ridge waveguide width. This was due to the decrease in the current density

in each device as the ridge waveguide width became larger. For the narrowest ridge
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width, I, was found to be 75 mA and for the largest, found to be 105 mA. With the
FP laser biased to 90 mA for the 2.5 pm ridge, the optical spectrum was analysed on
an OSA and is shown in Figure 6.10.
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Figure 6.10: Free-running FP optical spectrum with ridge waveguide width of 2.5 pm
while biased to 90 mA.

6.4.3 Group Index Calculation

The Free Spectral Range (FSR) of an oscillator is the frequency (v) or wavelength (\)
spacing between two adjacent resonator modes. The FSR of cavity of length L, is given

by:

C

Av =
2ng, L

(6.1)

Where c is the speed of light and ng, is the group index. This can be related to a
wavelength spacing by:

= ; (6.2)
AN
Av = CT (6.3)

From this, the wavelength spacing between modes in a cavity of length, L, can be

written as:

)\2

AN = 2ng, L

(6.4)

For the Fabry Pérot cavity shown in Figure 6.7, the wavelength spacings between
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modes can be determined from the free-running optical spectra in Figure 6.10. The
cavity length of this laser was defined by the cleave marks, which were spaced 2.5 mm
apart. This information can be used to extract the ng, index by rewriting Equation
(6.4) as:

)\2

ngr == m (65)

A close up view of the modes of the Fabry Pérot spectrum is shown in Figure 6.11.
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Figure 6.11: Close up view of free-running optical spectra of FP laser biased at 90 mA.
Resonator modes are clearly visible.

From this, the average AX between each peak was calculated as 0.14nm. Combining
this with the known cavity length of 2.5 mm, the group index was found to be ng =
3.43. The calculated group index will later be used when analysing the optical output

of the slotted Fabry Pérot lasers during characterisation.

6.4.4 Slotted Fabry Pérot Laser Characterisation

A single facet Fabry Pérot (SFP) laser from the block of test structure devices was next
examined. SEMs of the slotted mirror section were first taken to ensure that the etched
slots were fabricated correctly. These SEM images are shown in Figure 6.12. Figure
6.12a shows a side on view of a typical slot, where the T-bar structure can clearly be
seen. In Figure 6.12b, the deposited metal layer which extends between the slots is

shown as one continuous piece, indicating good metal continuity.
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Tyndall National Institute

Figure 6.12: SEM images of T-Bar slots. (a) Shows a close up view of a T-Bar slot
where T structure can clearly be seen. (b) Shows a plan view of the slot where the
deposited metal and oxide window opening are visible.

The SFP laser operation was based upon feedback from the cleaved facet of the device
and a series of equally spaced etched slots which form a further mirror section. If the
device was cleaved a further time after the slotted section (to test the laser indepen-
dently of other sections) this could form an extra cavity which would affect the SFP
performance. As a result, it was necessary to investigate the characteristics of the SFP
laser while integrated with an unbiased SOA and MMI, which formed large absorbing

section. This device was tested using the experimental setup shown previously.

Figure 6.13: Fabricated single facet slotted Fabry Pérot laser under test. Probes are in
contact with metal contact pads to apply a bias across the mirror and gain sections of
the laser. The lensed fiber is also shown where it is positioned close to the waveguide
facet to collect the output light.

The SFP laser was then characterised using the experimental setup discussed earlier
in the chapter. The laser while under test is shown in Figure 6.13. As can be seen in

Figure 6.13, the gain and mirror sections of the SFP are independently biased using
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probes positioned on the large contact pads. Lensed fibre was towards the cleaved facet
of the laser from the left, where it allowed the light to be decoupled and examined on
an OSA.

The gain and mirror sections of the SFP were probed independently allowing for various
operating currents to be examined. Using the same LabView software written for the
FP laser characterisation, IV curves for the SFP lasers were generated as the current in
the gain section was stepped from 0 mA to 100 mA, with the mirror section biased from
5mA to 50mA. This IV curve is shown in Figure 6.14. Typical behaviour is observed

with a turn on voltage of ~ 0.9 V seen.
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Figure 6.14: TV curve of the SFP laser under different mirror section biases.

For the same current sweeps of the mirror and gain section of the SFP laser, the optical
power output versus current was examined. Figure 6.15 shows a series of LI curves of
the laser overlapped with each other. This allows the role of the mirror section bias
on the lasing threshold of the device, Iy, to be determined. Higher mirror section
current biases provide extra gain which results in a decrease in the gain section current
required for lasing. For a mirror bias of 5mA, Iy, was found to be ~85mA while for

a mirror bias of 50mA, I, was found to be ~35 mA.
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Figure 6.15: LI curve of the SFP laser under different mirror section biases.

A typical optical spectrum from the SFP laser with a mirror bias of 45 mA and gain
bias of 100 mA is shown in Figure 6.16.
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Figure 6.16: Free-running optical spectrum of the SFP laser under test.

The main lasing mode of the laser is at 1562 nm, with a side mode suppression ratio
(SMSR) of >20 dB. The wavelength spacing between the super modes of the SFP
spectrum, A\, was found to be 3.26 nm. This wavelength separation could be related to
a cavity length, L, by Equation (6.4). Based on this, a wavelength separation of 3.26 nm
can be related to a physical cavity length of 107.43 nm. This length matches the interslot
distance of the slotted mirror section which defines its transmission spectrum. The
spacing between the FP modes of the spectrum in Figure 6.16 was found to be 0.305 nm,
which corresponded to a physical length of 1148.25 nm. This length represented the
effective cavity length of the SFP laser, which was formed between the gain section

cleaved facet and the effective mirror penetration depth. The full transmission spectrum
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of the SFP laser was formed from the overlap of the FP modes with the full mirror
section reflection spectrum. Current tuning of the mirror section of the device results
in the resonant conditions changing, causing the peak in the transmission spectrum to
shift. In this way, the output of the SFP laser could be tuned by varying the bias on

the mirror section of the SFP.

6.4.5 Tuning Maps of SFP Lasers
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Figure 6.17: Variation of SFP optical spectra with mirror section bias held fixed while
the gain section bias was swept between O mA to 100 mA

For a fixed mirror bias of 40 mA, the gain section current was swept from OmA to
100 mA while recording the output spectrum on an OSA. The resulting plots were
concatenated in Matlab to investigate how the spectrum varied with gain section bias.
This is shown in Figure 6.17, where the spectral variation of the SFP is examined. For
low gain section biases <30mA, the SFP was still below its threshold current and no
signal was recorded on the OSA. Once the gain section current increased above 30 mA,
the SFP started to lase and distinct lasing modes become apparent on the OSA traces.
The spectrum has one dominant laser mode, which varied in wavelength as the bias
current was increased. Between 45 mA and 80 mA, the wavelength remained at 1558 nm
with some tuning observed. For biases outside of this, the laser mode was seen to hop
quickly between different wavelengths with no large stable region formed. This was as
a direct result of the tuning nature of the SFP laser itself, where different preferential
lasing modes were created as the SFP sections was biased. The SFP spectrum between
45mA and 85 mA is shown in Figure 6.18, where the tuning of the lasing mode near
1559 nm can be seen. The wavelength of the mode varies from 1558.5 nm to 1559.1 nm

within this range, which amounts to a wavelength shift of 0.015 nm/mA of the laser.
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Figure 6.18: Close up view of SFP spectral output with the gain section bias swept
between 40 mA and 90 mA. The output was found to be tunable over this range.

The SFP optical spectra was measured on the OSA as both the gain and mirror sec-
tion biases were varied across the device. From this, the side mode suppression ratio
(SMSR) of the main lasing mode to the next highest mode could be determined. The
SMSR indicated the extent of the single mode nature of the laser output, with high
SMSRs meaning highly single moded. The SMSR was calculated for each different SFP
spectrum as the mirror and gain section biases were varied from 20mA to 60 mA and
20mA to 120 mA respectively. The variation of the SMSR across this range is shown
in Figure 6.19.
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Figure 6.19: SMSR of laser output spectra as the SFP mirror and gain sections were
both biased.

Regions exist where the SFP operates with a large SMSR, indicating good single

mode performance. These are particularly evident at mirror/gain section biases of

Photonic Integrated Circuits for the Generation 134 Padraic Morrissey
of Coherent Optical Signals



6. PHOTONIC INTEGRATED CIRCUIT
CHARACTERISATION AND TESTING 6.4 Fabry Pérot Laser Characterization

30mA /50 mA, 30mA /100 mA and 55 mA /45 mA. An interesting feature of these lasers
was that for a gain section bias of 80 mA, there existed no mirror section bias that al-
lowed the SFP to have single mode operation. This was particularly important for later

experiments on these laser, where single mode outputs were required.

From the optical spectra recorded over this gain and mirror section current sweep, the
wavelength of the preferential lasing mode of the laser could also be extracted. This
allowed the variation of the lasing wavelength to be examined versus current bias. This
is shown in Figure 6.20, where the z-axis represents the peak wavelength of the optical

output of the laser.
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Figure 6.20: Peak wavelength of the SFP optical spectra as the mirror and gain sections
were both biased.

Abrupt shifts of the lasing mode wavelength were seen as the current across the SFP was
varied. As the total current was increased, the output was shifted to longer wavelengths.
This was particularly evident for mirror and gain section biases of 60 mA and 120 mA,
where the main lasing mode was at 1575 nm. Comparing this with Figure 6.19 gave a
useful insight into the operation of the SFP laser. The regions where abrupt wavelength
changes were seen in Figure 6.20 coincided with very low SMSR values in Figure 6.19.
This indicated that in these regions the laser was operating multimodally. For the
islands of operation where a high SMSR was observed, and thereby was highly single
moded, the main lasing mode of the laser does not show any rapid changes in wavelength

and slow tuning effects are observed similar to those shown in Figure 6.18.

To examine this further, the same data as before was analysed and the relationship
between the highest order wavelength modes of the laser was investigated. The optical
spectra of the SFP was analysed at each current bias, where the modes of the laser were
sorted by descending power. For current biases which resulted in single mode operation,

the main lasing mode has a large SMSR. To determine the multimode nature of the
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SEPs, the optical spectra was examined and the number of modes within 10 dB of the
peak mode and greater than 10 dB from the noise floor were extracted. This determined
the number of main lasing modes present at a particular current bias. The results of
this analysis are shown in Figure 6.21, where the modal behaviour was examined for

having up three main lasing modes present.

Gain Section Bias (mA)
Mode Behaviour

40

29 25 30 35 40 45 50 55
Mirror Section Bias (MmA)

Figure 6.21: Modal behaviour of the SFP spectral output as the SFP mirror and gain
sections were both biased. Z-axis indicates the multimode nature of the waveguide at
particular biases.

The number of modes at each point which satisfy the 10 dB cut off condition are given
on the z-axis of the plot. A negative modal behaviour (shown in light blue) indicated
that the optical spectra from the SFP had low peak powers, which was expected for
current biases around threshold. A modal behaviour of zero (shown in dark blue)
indicated a breakdown of the 10 dB cut off condition and the spectra had > 3 main
lasing modes within 10 dB of each other. The regions where the output shows single
mode behaviour (green) can clearly be seen in Figure 6.21 at mirror/gain section biases
of 30mA/50mA, 30mA/100mA and 55mA/45mA. This is in agreement with the
result shown in Figure 6.19, where the laser output has a very high SMSR. in these
regions. The output spectrum from the SFP with a gain and mirror section bias of
80mA and 50 mA is in a current band which offers a dual multimodal output. This is
shown in Figure 6.22, where the output spectrum has been plotted and it is observed to
support two modes of almost equal power. Lasers with such multimodal operation have

applications in optical injection locking experiments, as will be discussed in chapter 7.
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Figure 6.22: Multimodal output of the SFP laser for a gain and mirror section bias of
80mA and 50 mA respectively.

6.4.6 Relaxation Oscillations

When a laser is subjected to changes in its bias current, it exhibits damped oscilla-
tions known as relazation oscillations (RO). These are as a result of the interaction
between injected carriers and the emitted photons from the laser. The frequency of
the oscillations depend heavily on the output power of the laser. For the SFP laser
under investigation here, the ROs were investigated by analysing the SFP output on
an electrical spectrum analyser (ESA). The electrical spectrum was taken as the bias
across the SFP gain section was varied from 70 mA to 100 mA. The results are shown

in Figure 6.23.
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Figure 6.23: Power spectrum of SFP laser output as the gain section bias was varied
with mirror section bias held fixed. Relaxation oscillations are observed.
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The ROs of the laser can be observed with increasing electrical bias. The ROs start to
appear at the threshold current of this particular laser which was 75mA. As the bias
current was increased, the ROs started to approach a peak value of 3 GHz. This was
relevant for the experiments performed in chapter 7 involving the power spectra of mu-
tually coupled lasers, where identifying the RO signal allowed them to be distinguished

from other dynamical effects.

6.5 SFP laser integrated with SOA and MMI

The first fully integrated device investigated in this thesis comprised of an SFP laser
integrated at the input of a 1 x 2 MMI, which had SOA waveguide interconnects. The
device allowed the on chip routing of light via an MMI to be examined for the first time
with these lasers. The device was the building block of the more complex integrated
circuits designed in chapter 5 and that will be examined in chapter 7. Similar integrated
devices have been shown for DFB lasers [165, 166], however, this is the first time such
a device has been formed with a single growth monolithically integrated slotted laser.

The performance of this device, shown in Figure 6.24, will now be investigated.

Figure 6.24: Experimental testing of a device with a tunable laser integrated with an
optical power splitter and SOA /VOA section. The device offers the first demonstration
of an on chip integrated source and power splitter using monolithic integration requiring
only a single growth step.

As described in chapter 5, each sub-block of devices was comprised of two devices based
around 1 x 2 MMIs, and two further devices with 1 x 3 MMIs. As can be seen in Figure
6.24, only the lower 1 x 2 MMI based device was initially examined, with the 1 x 3
MMI based devices out of frame. The device was tested using 4 probes to apply a
bias to the each section of the integrated circuit: the SFP gain, SFP mirror, MMI and
SOA section. To ease in testing, the SOA and MMI output bend sections were shorted
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together electrically on chip as part of the design. Since these sections were simple
waveguide structures, together they formed one large SOA section. This reduced the
number of probes required from 5 to 4, which allowed for significantly easier device
testing. The test chuck temperature was maintained at 25 °C throughout all testing.
Lensed fiber was positioned at the SFP facet side of the device and fiber coupled using
the facet scan technique described in chapter 4. The SFP was biased such that it
operated with single mode lasing behaviour, similar to that shown in Figure 6.16.The
MMI and SOA sections were both biased to 10mA. However, this still resulted in
high absorption losses in the SOA due to insufficient gain being provided from the low
drive current. At these biases, minimal light from the SFP was still detected from the
outputs of the MMI waveguides, and this was used to fibre align lensed fibre at this
side of the device. The bias on the SOA section was increased to provide more gain
which allowed the device to overcome the inherent losses due to the material. Figures
6.25a to 6.25¢ that follow, show the spectra from the output waveguides of the MMI
as the SOA bias was increased from 40 mA to 80 mA, with the MMI section held fixed
at a 10mA bias.

Figure 6.25a shows the output from both ports of the MMI overlapped with the output
from the facet side of the laser for an SOA bias of 40 mA. The light from the facet of
the SFP had a preferential lasing mode at 1565.9 nm. This light was coupled through
the SOA and MMI section, where it was split in two and the power and wavelength
from both MMI outputs were determined. A slight wavelength difference was observed
at the MMI outputs, which were also reduced in power due to the low bias on the SOA
section. This wavelength was shift caused by a limitation of the experimental setup,
where only one MMI could be measured on the OSA at a given time. As a result, the
SFP output was be seen to drift slightly during the time it takes to recouple the optical
fibre due to thermal or air fluctuations. This is most apparent when comparing the
MMI outputs, where the lensed fibre needs to be shifted from one output to another and
recoupled before an OSA trace can be taken. Differences in splitting ratios between the
MMI outputs can also be explained by slight differences in the lensed fibre to output
waveguide coupling efficiencies, or slight variations in the facet structure from cleaving.
Figure 6.25b shows the comparison between the SFP and MMI outputs for an SOA
bias of 60mA. At this SOA bias, an excess loss of 11 dB was seen between the SFP
and MMI output peak power. The increase in MMI output power over the 40 mA SOA
bias was due to the extra gain provided at higher currents. This allowed more light
to couple into the MMI due to the absorption losses being reduced. As can be seen in
Figure 6.25¢, increasing the SOA bias from 60 mA to 80 mA caused the MMI output
power to increase further with respect to laser facet side power. The power difference
between the two was reduced to ~ 7 dB, a 12 dB improvement from the scenario with
an SOA bias of 40mA. The ~ 7 dB loss through the MMI was significantly larger than

the 3 dB loss expected for an optimised 1 x 2 coupler. One possible reason for this loss
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was that the MMI itself may have been insufficiently biased at 10 mA to overcome the
inherent absorption losses in the device. In addition to this, further experiments on
these devices by other members of the IPG indicated that the minimum bend radius

chosen for the MMI output bends may have too short to ensure low loss performance.

Another feature observed in this device was the shift in wavelength of the main lasing
mode of the laser as the SOA bias was increased. Although electrical isolation slots
were present between each device section, current leakage from one section to another
may impact the device performance. Thermal effects may also have played a role in
this behaviour, where heat generated from biasing the SOA contact pad may have
affected the slotted mirror section resulting in tuning of the SFP lasing mode. For the
40mA and 60mA SOA biases, there was a 0.1 nm wavelength shift as the bias was
increased. When this was increased further to 80 mA, a wavelength shift of 3.5 nm was
observed. This sudden hopping of the wavelength mode was a feature of the SFP laser
itself as described previously, where due to Vernier tuning, small current changes can
induce large wavelength jumps in particular areas. The device was shown to operate
successfully despite this, where an SFP laser was shown to be integrated with an MMI

and SOA in a single epitaxial growth, monolithic process.
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Figure 6.25: Optical spectra as measured from the cleaved facet of the SFP and MMI
output waveguides, as the SOA regions were forward biased.
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Figure 6.26: Overlapped optical spectra from the cleaved facet of the SFP and MMI
output waveguides, as the SOA regions were forward biased.
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6.6 Conclusion

This chapter described the initial experimental testing of the photonic integrated cir-
cuits discussed previously. The devices were fabricated in Tyndall, cleaved into smaller
blocks of structures for ease of handling and tested using a custom probe setup. The
primary goal was to investigate the performance of each designed subcomponent before
testing full devices. Of particular importance was the SFP laser, which played a key
role in each of the main integrated devices considered in this thesis. The SFP was
optically examined under various bias conditions across its mirror and gain sections
while its optical output spectra was recorded. From this, the optical characteristics
of the SFP were examined in detail. Particular attention was paid to the tunability
of the laser, while also ensuring that tuning regions existed where the laser had single
mode operation. The multimode behaviour of the laser versus electrical bias was also
examined. After satisfactory characterisation of the SFP laser, the first designed inte-
grated device was then tested. The device consisted of an SFP laser integrated with
an SOA waveguide interconnect and a 1 x 2 MMI coupler. The purpose of this device
was to investigate the monolithic integration of the these components together using a
regrowth free process, where the routing of light on chip via an integrated MMI and
SOA could be examined. The device demonstrated the on chip splitting of light into
two equal power outputs at the end of the MMI coupler. The SOA bias was found to
offer control over the output power coupled from MMI, where it could be varied by as
much as 11 dB. Although the device performed as expected, there was 4 dB extra loss
across the MMI and SOA sections. Despite the loss, this building block performed well
and was the first integrated device demonstrated where SFP lasers, MMIs and SOAs

were monolithically integrated together using a single epitaxial growth step.
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Chapter 7

Injection Locking of Slotted
Fabry Pérot Lasers

7.1 Introduction

As discussed in chapter 1, phase locking via optical coupling of semiconductor lasers has
been an area of immense interest since the early 1980s [167]. Phase locking has found
applications in numerous areas arising from the theoretical and experimental study of
injection locked systems [168]. Much of the recent work on both unidirectional and
bidirectional optical coupling in various semiconductor laser systems [169, 170, 171]
has focused on the non-linear dynamics observed including synchronisation [172, 173],
excitability [174, 175, 176], multistability [177] and chaos [178]. Typically these systems
have been demonstrated using discrete optical components. However, there has been
a shift towards their development in integrated devices [94]. Not only does this offer
exciting research opportunities to the non-linear dynamics community, but it also offers
excellent potential to improve photonic communication systems. Recent applications
of injection locking have demonstrated adaptive optical filters [179] and phase locked
coherent laser outputs [102], a necessary feature of the majority of modern day modula-
tion formats [180]. The work presented in this thesis focused on the development of the
coherent laser system presented in [102]. Multiple injection locked lasers were used to
generate coherent channels on a monolithically integrated device which required only

a single epitaxial growth step.

This chapter investigates the operation of such devices by examining the optical phase
locking properties of the PICs designed and tested previously in this thesis. An inte-
grated power splitter has already been developed and shown to offer excellent promise
in more advanced devices. Based on the success of this device, the integrated circuit
consisting of mutually coupled SFP lasers integrated with an MMI coupler and SOA is

examined. The optical phase locking properties of SFP lasers are first explored under
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injection from an external source. With this in place, a phase locked system is demon-
strated between two SFP lasers on a single device which are coupled externally using
optical fibre and an isolator. The results from this system are then compared where
the external coupling is removed and integrated (on chip) coupling between the two
SEP lasers is considered. An on-chip optically phase locked system is demonstrated for
the first time using single growth monolithically integrated slotted Fabry Pérot lasers
[101]. The chapter concludes by using an optically phase locked system to investigate

the generation of multiple coherent signals on an integrated device.

7.2 Injection Locking of Slotted Fabry Pérot Lasers to an

external Tunable Laser Source

The photonic integrated device investigated in this chapter comes from the designed
and fabricated PIC described previously in chapter 5. Focus is primarily aimed at
the properties of the most complicated integrated device, where a single SF-SFP laser
is coupled to three further SF-SFP lasers through a Semiconductor Optical Amplifier
(SOA) and 1 x 3 Multimode Interference Coupler (MMI). The photonic device under
test is shown in Figure 7.1, where probes have been initially placed on the input SFP
laser, the SOA /MMI sections and the center output SFP laser.

Figure 7.1: Image of the PIC under test. A single SFP laser was integrated at the
input of a 1 x 3 MMI which had three further SFPs integrated on its output arms. The
input and central output SFPs were both probed which allowed for current injection
into the different sections of each laser.

The setup used to test the device was identical to that presented in chapter 6 to examine
the SF-SFP lasers. Lensed fibre was positioned at both sides of the device which allowed
light from both the input and output SF-SFP lasers to be examined simultaneously.
Six probe manipulators were positioned around the device which allowed each section
to be biased electrically. Throughout testing, the device temperature was maintained
at a fixed 25° C.

The first experiment carried out on this device was to investigate the viability of stable
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optical injection locking of SFP lasers by considering the optical injection locking of a
single SFP laser on the device by a commercial external cavity tunable laser source, the
TLS, which had a linewidth < 100 kHz and was tunable in steps of 1 pm. A schematic

outline of this experiment is shown in Figure 7.2.
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Figure 7.2: Outline of a typical injection locking setup.

The TLS (master laser) output, was guided in single mode fibre through port 1 of
a circulator, which provided greater than 40 dB isolation. The light from the TLS
was injected into the SF-SFP laser via port 2 of the circulator through the lensed
fibre positioned at the laser facet. Light from the SFP was then decoupled via the
same lensed fibre and examined on an Electrical Spectrum Analyser (ESA) or Optical

Spectrum Analyser (OSA) at port 3.
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Figure 7.3: Spectral output of the SFP with injected signal from the TLS. The mode
chosen to be injected to is at 1565 nm where the detuned TLS input can also be seen.

Based on the results from the previous chapter, the SFP gain and mirror sections were
biased to have single mode operation with a main lasing mode occurring at 1558.8 nm.

The tunable laser wavelength was set close to that of one of the side modes of the

Photonic Integrated Circuits for the Generation 145 Padraic Morrissey
of Coherent Optical Signals



7. INJECTION LOCKING OF SLOTTED FABRY 7.2 Injection Locking of Slotted Fabry Pérot
PEROT LASERS Lasers to an external Tunable Laser Source

SEP laser output and injected into the SFP cavity via the circulator. A side mode
was chosen rather than the main lasing mode so that suppression of the modes could
be readily seen. Figure 7.3 shows the output from port 3 of the circulator where the

detuned TLS signal can clearly be seen on the OSA trace.
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Figure 7.4: OSA traces from SFP laser as the TLS wavelength was swept across reso-
nance with a chosen mode of the SFP. Two different TLS powers are considered where
the effect of higher injected powers can be seen. For close to zero detuning in both
cases, significant suppression of the side modes of the SFP was observed and the SFP
lases strongly at the injected wavelength.

The chosen free-running mode of the SFP laser is clearly seen at ~ 1565 nm, with
the TLS peak occurring at a slightly shorter wavelength. The TLS power was set to
—7 dBm and swept across resonance with the chosen mode while OSA and ESA traces
were recorded at each swept wavelength. This was then repeated with the TLS power
increased to 0 dBm, again with the optical and electrical behaviour of the SFP being

monitored. Figures 7.4a and 7.4b show a false colour plot of the optical spectrum of
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the SFP as the wavelength of the master laser was detuned across the TLS for each of

the master powers chosen.

Detuning is defined as the frequency of the master laser minus the free-running fre-
quency of the slave laser, in this case the SFP. Bright colours represent higher optical
powers, and the main lasing mode of the SFP can clearly be seen at 1559 nm in the
Figures for large detunings. As the detuning between master and slave laser becomes
smaller, suppression of this main lasing mode is observed and the SFP operates with
a single lasing mode at the injected master laser wavelength of 1565 nm. The width of
this region, where such suppression of the main lasing mode occurs, is shown to increase
for higher injected powers, as can be seen in Figure 7.4b, where now the detuning can

extend to almost 0.04 nm before the output returns to that of the free-running SFP.
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Figure 7.5: ESA traces from SFP laser as the TLS wavelength was swept across reso-
nance with a chosen mode of the SFP. The beat note between the two signals is observed
and a quiet region is observed at close to zero detuning.
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Whether or not the SFP has undergone optical injection locking in the region of small
wavelength detunings between master and slave laser, can most clearly be seen when the
power spectrum of the SFP is considered as the master laser is swept across resonance
with the slave. This is shown for both variations of the injected power in the false

colour plots shown in Figures 7.5a and 7.5b.

Bright colours correspond to higher modulation powers and blue to the noise floor of our
instrumentation. The dynamic range of the plot goes from low intensity (blue) to high
intensity (dark red). From Figure 7.5a there are three regions of distinct behaviours
observed: (i) a quiet region close to zero detuning where the SFP is shown to be
phase-locked to the external master laser; (ii) an unlocked region for both positive and
negative detuning where the ESA displays at least one tone (corresponding to frequency
beating far from zero detuning); (iii) a region of complex dynamics close to the negative
detuning unlocking boundary (i.e. higher external master laser wavelength). While
such regions of complex dynamics have proved to be of immense interest to the non-
linear laser dynamics community over the past few years, this thesis solely focuses on the
stable locking region which clearly indicates that the SFP has been successfully phase
locked to the external master laser. Similar regions are observed for the higher master
laser injected power, as can bee seen in Figure 7.5b, where the quiet region close to zero
detuning is shown to be considerably larger, and a wider stable phase locking region is
present. This compares well to the optical spectra in Figure 7.4, where suppression of

the lasing modes of SFP are seen at the same wavelength detunings.

7.3 Optical Phase Locking of Integrated Single Facet Slot-
ted Fabry Pérot Lasers

Having clearly demonstrated that stable optical phase locking of an SFP laser to an
external master laser is achievable, attention was switched to the possibility of develop-
ing an integrated phase locked system on chip between two SFP lasers. This was done
by investigating the full device shown in Figure 7.1, where the viability of optical phase
locking between the two identical SFP lasers coupled together through a variable gain
SOA/MMI section interconnect was considered. A schematic of the full device with

each variable parameter labelled, is shown in Figure 7.6.
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Figure 7.6: Schematic of PIC. Single Facet SFP Lasers are integrated at the input and
outputs of a 1x3 MMI. The input SFP is used as the master laser in this experiment
and can be tuned by varying the currents Igein 1 and Ipgiror 1. The central output
SFP is used as the slave laser and can be tuned by varying the currents Igqin 2 and
Intirror 2. The outer SFPs are unbiased.

The input SFP laser to the MMI/SOA section can be controlled by independently bias-
ing the gain, Iqein 1, and mirror, Iasirror 1, sections of the SEP. For initial experiments,
only the central SFP laser on the output side of the device was considered, which itself
could be controlled through biasing of sections Igqin 2 and Iyirror 2. Both SFPs were
connected via a short SOA waveguide section, MMI region and MMI bend section,
which required sufficient forward biasing to overcome the inherent losses present due to
the quantum wells near 1550 nm. To reduce the number of variables in the experiment,
these sections were shorted together off chip and an electrical bias, Iy/ar7, was applied
from a common current source. These sections are collectively referred to as the “Vari-
able Gain” section of the device, since forward or reverse biasing of this section allowed
the power coupled between the input and output SFPs to be varied by controlling the
amplification or attenuation of the optical signal. Applying a reverse bias on this sec-
tion allowed it to act as a large photodiode which could be used to measure the power

output from either SFP laser on-chip, without the need for external fibre coupling.

The mirror section biases on each SFP, Insirror 1 and Ipsirror 2, were both set to 30 mA.
The gain section threshold current, I7p eshold, for the SEP at this mirror bias was found
from the SFP characterisation of the previous chapter to be 35 mA. The output SFP
gain section bias, Iggin 2, Was set to Ippresholg and it was found to be lasing with a
series of multiple peaks with a low SMSR. The input SFP laser was operated with a
gain section bias, Iqain 1, Of 3 X IThreshold, Where it behaved as a single mode laser with
high power output and high SMSR. The spectrum of this laser was found to match
well with the results presented in chapter 5, with similar biases. The peak power ratios
between the input and output SFP lasers in this current bias regime was found to
be approximately 90:10. For convenience in what follows, the higher power laser was
referred to as the Master-SFP (M-SFP), with the lower power laser referred to as the
Slave-SFP (S-SFP).

As discussed in chapter 6, varying the gain section bias in any SFP laser considered

in this thesis will result in a tuning of the SFP output over a particular wavelength
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range. Using this mechanism to tune the wavelength, optical phase locking has been
demonstrated between SFP lasers on the same chip by optically coupling the light from
one cavity to another. A stable region was found where the M-SFP could maintain
single mode operation while current tuning allowed it to be swept across a resonance
with the fixed S-SFP laser. This stable locking region was determined for two variations
of coupling between the M-SFP and S-SFP. These were:

Off-Chip Coupling The waveguide interconnect section joining both SFPs was
revered biased to -2 V making it completely absorbing. The SFPs were coupled

externally using an optical circulator.

On-Chip Coupling The waveguide interconnect section joining both SFPs was for-
ward biased to transparency. The SFPs were coupled on the PIC itself through

the waveguide interconnects between the lasers, without the need for a circulator.

In the sections that follow, the optical phase locking performance of the SFPs is exa-

mined and discussed for each different coupling mechanism.

7.3.1 Phase Locking of Single Facet Slotted Fabry Pérot Lasers - Off
Chip Locking

With the device setup as previously described in Figure 7.1, the off-chip SFP coupling
scheme was first investigated. A schematic of the experimental setup for this is shown

in Figure 7.7.
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Figure 7.7: Experimental setup showing the off-chip coupling scheme between two
lasers on the same integrated device. The waveguide interconnect linking both lasers
was reverse biased to - 2V which removed any coupling between them on chip. Instead,
light from the master laser was coupled via a circulator to the slave laser.
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The output from each SFP was fibre coupled as before using lensed fibre. The output
from SFP 1, referred to as the master-SFP, or M-SFP, was input through port 1 of
an optical circulator, which provided a greater than 40 dB isolation between its ports.
Port 2 of the isolator was coupled to the output of SFP 2, referred to as the slave-SFP,
or S-SFP. Port 3 of the circulator was in turn connected to a 1 x 2 splitter where it was
fed to an ESA and OSA, where the electrical and optical characteristics of the signal
could be investigated. This arrangement, as shown in Figure 7.7, allowed the light
from the M-SFP to be injected into the S-SFP cavity through external means. The
variable gain section of the device, which includes the SOA, MMI and MMI output
bends, was reverse biased to —2 Volts to ensure it was completely absorbing. This
prevented any light from coupling between the M-SFP and S-SFP through the on-chip

waveguide interconnects between each SFP.

The mirror and gain sections of the S-SFP, Iyjirror 2 and Igain 2, were set to 30 mA and
35mA, respectively. These biases produced a multimodal spectrum from the S-SFP
laser with a relatively low SMSR compared to results for higher bias conditions. The
mirror section of the M-SFP, In/irror 1, was set to 30 mA, while the M-SFP gain section
bias, Iqaein 1, was varied from 60 mA to 90 mA. Sweeping over this current range caused
the spectral output of the M-SFP to be swept across a resonance with the S-SFP, with
a detuning between a selected mode in the S-SFP and main lasing mode in the M-SFP
of —0.12 nm to +0.12 nm. The resulting evolution of the optical spectrum of the S-SFP

as the M-SFP is swept across resonance is shown in Figure 7.8.
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Figure 7.8: OSA trace from the S-SFP as the injected signal from the M-SFP was swept
across resonance of one of its lasing modes. For close to zero detuning, suppression of
the optical side modes was observed and SFP 2 was shown to lase strongly at the
injected wavelength.

The false colour plot shows a region where optical suppression of the SFP side modes

can be observed as the detuning starts to approach zero nm. This coincides with a
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shift in the lasing wavelength of the S-SFP, where it now starts to lase at the injected
wavelength of ~ 1565 nm. This region shows clear signs of optical phase locking for
detunings between 0.0 nm and 40.03 nm which corresponds to an M-SFP gain bias
(IGain 1) variation of approximately 75 to 78 mA.

Further investigation of the signal was performed by analysing the electrical power spec-
trum of the S-SFP by coupling its output directly to a 40 GHz photodiode connected
to an ESA. This was done as the M-SFP was swept across resonance as before and is
shown in Figure 7.9, where the data was taken simultaneously to the data shown in Fig-
ure 7.8. Figure 7.9 clearly indicates the main regions that one expects in phase locked
systems (as previously observed in Figures 7.4a and 7.5b), namely regions of beating
between the M-SFP and S-SFP indicating unlocked behaviour for large detunings and
the quiet central region indicating phase locked performance of the S-SFP. The intensity
feature observed around 2 GHz corresponds to the relaxation oscillation frequency of
the S-SFP, as shown previously in Figure 6.23. Having clearly demonstrated that it is
possible to stably phase lock the S-SFP using the M-SFP in the “off-chip” scheme, the
viability of obtaining stable phase locking in the far more interesting “on-chip” scheme
is examined, where the circulator is removed and the SFPs were coupled through the

variable gain section itself on chip only.
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Figure 7.9: ESA trace from the S-SFP as the injected signal from the M-SFP was swept
across resonance of one of its lasing modes. Here the beat note between the two signals
is examined versus wavelength detuning.

7.3.2 Phase Locking of Single Facet Slotted Fabry Pérot Lasers - On
Chip Locking

With the device setup and probed as in Figure 7.1, the coupling scheme referred to as

“on-chip” coupling was investigated. This is shown experimentally in Figure 7.10.
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Figure 7.10: Experimental setup showing the on-chip coupling scheme between two
lasers on the same integrated device. The waveguide interconnect linking both lasers
was biased to transparency, causing the lasers to be coupled on chip without the need
for a circulator.
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Lensed fibres were coupled to the outputs of SFP 1 and 2, which are again referred to
as the Master-SFP, M-SFP, and Slave-SFP, S-SFP, respectively. The optical circulator
seen in Figure 7.7, was replaced with a two-way optical switch. This arrangement
allowed either the M-SFP or the S-SFP output to be examined on an OSA or ESA,
where the optical and electrical characteristics of the signal could be investigated. In the
setup shown in Figure 7.10, the variable gain section of the device was forward biased
to provide sufficient gain to overcome the otherwise inherent losses in the quantum well
waveguide at 1550 nm. Through biasing, this section could be made transparent so
that light from the M-SFP could be coupled on chip through the optical waveguide
interconnect, to the S-SFP cavity. The mirror sections of both the M-SFP and S-SFP,
Iptirrort and I ypieroro, were set at 30 mA and the S-SFP gain section, Iguin2, was biased
at 35 mA which resulted in typical multimode lasing spectrum of the SFP. The bias
on the gain section of the M-SFP, Iguin1, was then varied from 65 mA to 90 mA.
This current sweep resulted in the spectral output of the M-SFP to be swept across
resonance with the S-SFP, with a detuning between a selected mode in the S-SFP and
main lasing mode in the M-SFP of —0.12 nm to 4+0.08 nm.
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Figure 7.11: OSA trace from the S-SFP as the injected signal from the M-SFP was swept
across resonance with one of its lasing modes. For close to zero detuning, suppression
of the optical side modes was observed and the S-SFP was shown to lase strongly at
the injected wavelength.

The ratio of laser powers around this Iggein1 sweep means that the system is quite
far from the unidirectional limit and instead displays highly asymmetric bidirectional
coupling. Nonetheless, for ease we will continue to refer to the higher power laser as
the M-SFP and the lower power laser as the S-SFP. From the point of view of the
stability diagram, even at this ratio the behaviour is quite similar to the master-slave
system as shown in [98]. For delay-coupled quantum well (QW) lasers a commonly
observed feature is chaotic synchronization [173] and chaos is also a common feature
in QW lasers undergoing external optical feedback. In both cases the chaos results
from the weak damping of the relaxation oscillations (ROs) in these devices. In our
system however, the delay between the two lasers is only ~ 0.01 ns which is significantly
shorter than the period of the ROs and with such short delays it is well-known that the
laser behaviour while undergoing external optical feedback is significantly more stable
than in the conventional long-cavity configuration [181]. That such a short delay-
time also allows stable phase-locking in bidirectionally coupled configurations even in
weakly damped lasers was demonstrated theoretically in [182] and experimentally in
[172] where the coupling was face-to-face without the use of isolators. Thus one would
expect a region of optical phase locking in the system under investigation here between
our M-SFP and S-SFP. The resulting evolution of the optical spectrum of the S-SFP
as the M-SFP is swept across resonance is shown in Figure 7.11. The false colour
plot shows a clear region where optical suppression of the SFP side modes can be
observed as the detuning starts to approach zero nm. In this band, the S-SFP lasing
wavelength has also been shifted to 1565 nm, the wavelength of the main lasing mode
of the injected M-SFP. As the detuning between the M-SFP and S-SFP increases on

the positive side of the Figure to > 0.04 nm, a sharp transition is seen where the
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observed optical suppression of the side modes of the S-SFP disappears and it begins
to lase multimodally. To further investigate the S-SFP behavior in this area of side
mode suppression, the electrical power spectrum of the S-SFP is considered over the
same M-SFP gain section current sweep. The false colour plot in Figure 7.12 shows

this data which was taken simultaneously to that in Figure 7.11.
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Figure 7.12: ESA trace from S-SFP as the injected signal from the M-SFP was swept
across resonance of one of its lasing modes. Here the beat note between the two signals
is examined versus wavelength detuning. Close to zero detuning, the beat note is shown
to disappear and the SFP lasers enter a stable phase locked regime.

Figure 7.12 clearly indicates the main regions that one expects in phase locked systems,
namely regions of beating between the M-SFP and S-SFP signals for large detunings
indicating unlocked behaviour, and the quiet central region indicating phase locked
performance of the S-SFP. This region shows clear signs of optical phase locking for
detunings between 0.0 nm and 40.03 nm which corresponds to an M-SEFP gain bias
(IGain 1) variation of approximately 75 to 78 mA. Both Figures 7.11 and 7.12 demon-
strate the successful stable phase locking in the on-chip optical coupling scheme, the
first time to our knowledge that an integrated phase locked system has been successfully

demonstrated between SFP lasers.

7.3.3 Phase Locking of Single Facet Slotted Fabry Pérot Lasers - Vari-
able Gain

The use of the variable gain section as a variable optical attenuator (VOA) or semicon-
ductor optical amplifier (SOA) in the on-chip coupling scheme is an interesting feature
of the system. Biasing of this section allows the coupling between the lasers to be
varied. Higher currents provided larger gain which reduced the inherent losses in the

optical waveguide in this section due to the quantum wells. Reverse biasing of this sec-
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tion caused it to become completely absorbing, decoupling the M-SFP and S-SFP on
chip. This results in no phase locking region being formed as the M-SFP was detuned
across the S-SFP, unless the SFPs were coupled externally as in the off-chip coupling
scheme. The ability to control the coupling between the M-SFP and S-SFP makes
this system attractive for studies of non-linear dynamics in coupled oscillator systems,
particularly if the width of the phase locking region can also be shown to vary with the

SFP coupling.

The gain and mirror section biases of the S-SFP in the same system as before, were
both biased to 35 mA with the mirror section of the M-SFP set to 40 mA. The M-SFP
was again swept across resonance with the S-SFP while the power spectrum of the
S-SFP signal was taken on an ESA. This was done for three different variable gain
section biases: 40 mA, 50 mA and 60 mA. The power spectrum for each variation is

shown in Figure 7.13.

For a variable gain section bias of 40 mA, the power spectrum 7.13a, shows a very
narrow stable phase locking region around a M-SFP bias of 100 mA. As the variable
gain section bias is increased to 50 mA and 60 mA, the width of the stable phase locking
region is shown to grow, as can be seen in Figures 7.13b and 7.13c. This wider phase
locking region is a direct result of the injected power from the master into the slave
laser cavity increasing. This is due to the variable gain section becoming less lossy for
higher biases. This begins to saturate for variable gain section biases > 60 mA, where
the width of the phase locking region sees no appreciable change for an increase in
current bias. With this section biased to > 70 mA, the operational wavelength of the
slave and master SFPs began to shift as a result of excess leakage current flowing into
their mirror sections. In this regime, finding a stable locking region proved difficult as it
was not possible to sweep the main M-SFP lasing mode across resonance with a lasing
mode of the S-SFP. For this reason, the variable gain section bias was primarily kept at
50 mA which provided excellent power coupling between the M-SFP and S-SFP, while
minimising issues with leakage currents and unwanted wavelength detunings. It should
be noted that successful stable phase locking on chip has been observed for various

values of the biasing on all sections, in addition to those included in the text.
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Figure 7.13: ESA traces showing the beat note between the S-SFP and M-SFP as the
main lasing mode of the M-SFP was swept across resonance with one of the S-SFP
lasing modes.
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7.4 Simultaneous Injection Locking and Coherent Signals

In the previous section, stable phase locking was demonstrated in a master-slave sys-
tem between two monolithically integrated SFP lasers on a single device. Of the two
coupling schemes investigated, the on-chip mechanism clearly has the most promise
for research purposes and further applications. The ability to create a master-slave
system between integrated lasers on PIC offers many exciting possibilities which will
be discussed further in this chapter. Of particular interest to the work presented in
this thesis is the ability to generate multiple coherent signals using such a system by
making use of optical phase locking between two or more identical S-SFPs and one

M-SFP. To this end, the device shown in Figure 7.14 was investigated.

S-SFP1°  S-SFP2

Figure 7.14: Device used to investigate the simultaneous optical phase locking of mul-
tiple lasers on the same chip to a single master laster. The master laser (M-SFP) was
integrated at the input of a 1 x 2 MMI, with two further identical SFP lasers integrated
on the outputs of the MMI. By forward biasing the central variable gain section con-
sisting of MMI, SOA and MMI output bends; light from the M-SFP could be coupled
into both output lasers simultaneously.

Figure 7.14 shows the fabricated device incorporating three identical SFP lasers mono-
lithically integrated on the same structure. As with the device investigated earlier in
this chapter, the SFPs are coupled together via an MMI, in this case, a 1 x 2 MMI
coupler. In the previous device, only one of the SFP lasers on the output of the MMI
was biased during the experiment. Here, both output lasers are free to be operated
at the same time along with the input laser. As before, for convenience the SFP con-
nected to the input of the MMI is referred to as the master SFP (M-SFP), and the top
and bottom SFPs connected to the output of the MMI are referred to as Slave SFP 1
(S-SFP 1) and Slave SFP 2 (S-SFP 2), respectively. The addition of the extra SFP on
the output makes testing of the device challenging experimentally. Two more probes
are required to bias the extra gain and mirror section of the device. The probe setup
is shown in Figure 7.15, where the three SFP lasers are biased from individual current
sources with each region of the variable gain section (MMI and SOA) probed separately

but treated as one common section from a bias point of view.
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Figure 7.15: Experimental setup showing the device from Figure 7.14 under test. Eight
probes were required to bias all three two-section SFP lasers along with the MMI and
SOA section. Lensed fibres are coupled at the input and output of the device.

7.4.1 Free-Running Slotted Fabry Pérot Lasers

The variable gain section of the integrated device was initially reverse biased which
decoupled the lasers from each other. The free-running spectrum of each SFP could
then be examined without the other lasers influencing its behaviour. The gain and
mirror sections of both S-SFPs were set to 45 mA and 35 mA, respectively. The M-
SEFP was biased with a gain section current of 105 mA, and mirror section current of
30 mA. The free-running spectrum of each SFP under these operating biases is shown

in Figure 7.16.

Figure 7.16a shows the free-running M-SFP laser as measured by an OSA. A preferential
lasing mode is seen at 1577 nm with an SMSR of ~ 30 dB. Figures 7.16b and 7.16c,
show the free-running spectra of S-SFP 1 and S-SFP 2, respectively. Although, both S-
SFP lasers are biased identically, different spectra are observed for each laser. S-SFP 1
lases with a preferential lasing mode at 1567 nm, with S-SFP 2 lasing at 1563 nm. The
difference between the performance of both lasers results from irregularities during
fabrication and metal deposition, which can slightly vary the electrical properties of

each contact pad.

Even with this in mind, it is clear to see that each SFP has an identical wavelength
spacing between modes, as defined by the slot separation of each SFP mirror section.
This indicates that the cavity and overall structure of each SFP laser is nominally

identical. As can be seen from Figure 7.16a, the M-SFP preferential lasing mode at
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1577 nm coincides with a lasing mode of each S-SFP at the current bias conditions. It
is this mode on each S-SEFP that is intended to be mutually locked to, once the M-SEFP

signal is injected into S-SFP cavities via the forward biased variable gain section.
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(c) Trace from an OSA showing the free-running spectrum of the S-SFP 2.

Figure 7.16: Optical Spectra of free-running SFP lasers

Photonic Integrated Circuits for the Generation 160

Padraic Morrissey
of Coherent Optical Signals



7. INJECTION LOCKING OF SLOTTED FABRY 7.4 Simultaneous Injection Locking and
PEROT LASERS Coherent Signals

7.4.2 Optically Phase Locked Slotted Fabry Pérot Lasers

For the SFP lasers shown in Figure 7.16, the reverse biased variable gain section ef-
fectively decoupled the lasers from each so that they could be considered free-running
and not subject to any optical injection. Forward biasing of the variable gain section,
as described in the previous section, allowed the coupling between M-SFP and S-SFPs
on chip to be controlled to a high degree. Biasing this section such that it is close to
transparency allows all the SEFPs to be coupled together. The influence of light cou-
pling from the S-SFPs to the M-SFP is minimised by insuring that the relatives powers
between M-SFP and S-SFP are kept at approximately 90:10. This was accomplished
by operating the M-SFP at ~ 3 X Ippreshoig While the S-SFPs were at ~ 1 X Ippreshold-
This allowed us to operate in a highly asymmetric coupling regime, which minimised

the impact of having no optical isolator on chip.

Due to current leakage between sections on the device while under probing, biasing the
variable gain section also induces slight current variations in the mirror sections of all
the SFPs on the device. These variations can shift the optical spectra of each laser,
resulting in some fine tuning being required to ensure that the main lasing mode of the
M-SFP could phase lock to a preferential lasing mode of both S-SFPs simultaneously.
This fine tuning determined that a variable gain section bias of 50 mA put us in the
correct experimental space to observe simultaneous phase locking. This was determined
by monitoring the output from each S-SFP optically and electrically, as the M-SFP was
swept across resonance, as with the experiment discussed in the previous section. Figure
7.17 shows the optical output from each SFP, with the variable gain section biased to
50 mA, in the highly asymmetric coupling regime.

Figure 7.17a shows the output from the M-SFP after its signal has been injected into
both S-SFP cavities via the variable gain section MMI. The output remains unchanged
compared to that of the free-running M-SFP, prior to optical injection. This was to
be expected due to being in the highly asymmetric coupling regime, which limited the
impact the slave SFPs had on the master. Figures 7.17b and 7.17c¢ show the optical
output from both S-SFPs. These outputs are distinctly different to the free-running
outputs shown in Figures 7.16b and 7.16¢. Significant suppression of the optical side
modes of the laser spectra is observed, with each laser now operating at 1577 nm, the
main lasing mode of the injected M-SFP as seen in Figure 7.16a. The free-running
lasers S-SFP 1 and S-SFP2 show peak powers at their preferential lasing modes of
~ —30 dBm. After the M-SFP has been coupled to the S-SFPs an increase of ~ 5 dB
in their peak power was also observed along with the suppression of their side modes.
This can best be seen in Figure 7.18, which shows the overlapped output from each
SEP laser around the main lasing mode. The SFP lasers are each clearly lasing at the

same wavelength of the M-SFP and have been phase locked.

These S-SFP lasers should not only be coherent with each other, but also coherent with
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the M-SFP if they are correctly and stably optically phase locked. In the next part of

this chapter, the coherence properties of these signals is investigated experimentally.
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(a) OSA trace from the M-SFP while being injected into the S-SFP cavity,
with the system in an optically phase locked regime.
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(b) OSA trace from the S-SFP 1 while in an optically phase locked regime.
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(c) OSA trace from the S-SFP 2 while in an optically phase locked regime.

Figure 7.17: Optical spectra of SFP lasers in optically phase locked regime.
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Figure 7.18: Optical spectra from each SFP laser with the system in the phase locked
regime. The S-SFP lasers are now lasing at the injected M-SFP wavelength with an
increase in their peak powers.

7.4.3 Coherence of Phase Locked Slotted Fabry Pérot Lasers

With both S-SFP lasers now optically phase locked to the M-SFP laser via the on-chip
coupling scheme, the coherence properties of each optical signal is next considered. As
a direct result of being optically phase locked, the S-SFP signals should not only be
coherent with each other, but also coherent with the M-SFP which they are locked to.
Investigating coherence between the S-SFPs directly was not possible using the exper-
imental setup previously described. This was due to the limitation of the lensed fibre
coupling system used, where it was not possible to use a lensed fibre array to examine
both outputs simultaneously. Due to this, coherence between the S-SFP outputs was
shown by demonstrating that they were both coherent with the M-SFP individually,

and by extension must be coherent with each other.

A schematic of the experimental setup used to examine the coherence between each
S-SFP and M-SFP while being optically phase locked is shown in Figure 7.19. As
previously discussed, due to being unable to fibre couple both S-SFP outputs simulta-
neously, only the output from S-SFP 1 or S-SFP 2 could be investigated at any given
time. The chosen output can be changed rapidly by adjusting the position of the lensed
fibre and realigning the system. With the lensed fibre coupled to S-SFP 1, the phase
locked output was passed through a MZM which was driven at 10 GHz and biased at
the null. This generated two sidebands which were 20 GHz apart with the carrier sup-
pressed (although still present). The modulated signal was passed through an optical
amplifier and then coupled together with the fibre coupled output from the M-SFP, as
seen in the Figure 7.19. Coherence between the signals was determined by investigating

the linewidth of the beat note between these signals on an ESA.
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Figure 7.19: Experimental setup showing the system used to test for coherent S-SFP
in the optically phase locked regime. The phase locked signal from slave laser 1 or 2 is
modulated and coupled with the unmodulated master laser output.

The modulated S-SFP laser was first examined on an ESA where the linewidth of the
tone generated between the beating of the two 10 GHz sidebands was examined. This
is shown in Figure 7.20, where the 20 GHz tone due to the beating of both sidebands
is observed. The same procedure was applied to the modulated M-SFP and its 20 GHz
tone is overlapped with the S-SFP result for comparison. The linewidth for both tones
was found to be approximately 30 kHz.

0
—RF Source at 20 GHz
—Slave Laser modulated at 10 GHz ;
-20/—Master Laser modulated at 10 GHz|- - e :
o
T.-40
)
8
a -60
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Figure 7.20: ESA traces showing the 20 GHz beat note between both side bands of the
modulated M-SFP or S-SFP.
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The trace of the RF source used to drive the MZM was examined on the ESA and is also
shown in Figure 7.20. The linewidth of the RF source was found to be 30 kHz, which
agreed with the measured linewidth of the S-SFP and M-SFP 20 GHz tones. Attention
was next turned to the beating of the modulated S-SFP laser 1 with the unmodulated
M-SFP signal. Figure 7.21 shows a trace of the 10 GHz beat note between these signals.

-55
—Modulated S-SFP 1 beating with M—SFP

-60|—Modulated S-SFP 1 beating with itself (sideband with carrier) 1
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Figure 7.21: ESA trace of the 10 GHz tone generated from modulated S-SFP 1 beating
with itself, overlapped with the tone generated from the modulated S-SFP 1 beating
with the unmodulated M-SFP in the optically phase locked regime.

Also shown is the ESA trace of the 10 GHz tone generated from just the modulated
S-SFP beating with itself. The 10 GHz tone is a result of the S-SFP sidebands beating
with the suppressed carrier. As can be seen from the plots in Figure 7.21, the linewidth
of the beat note between the modulated S-SFP and unmodulated M-SFP remains at
30 kHz, the linewidth of either modulated SFP by itself. An increase in the noise floor
level was also observed, this was due to the addition of both signals. For incoherent
signals, a broadening of the beat note would be expected as the signals beat together.
The lack of broadening indicates that the S-SFP was indeed coherent with the M-SFP.
The experiment was repeated with everything held fixed, except with now the S-SFP
2 coupled to the lensed fibre and modulated at 10 GHz. The ESA traces for S-SFP 2
are shown in Figure 7.22, and again indicate that it is coherent with the M-SFP. With
both phase locked S-SFPs shown to be coherent with the M-SFP, it can be concluded
that they are coherent with each other.
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Figure 7.22: ESA trace of the 10 GHz tone generated from modulated S-SFP 2 beating
with itself, overlapped with the tone generated from the modulated S-SFP 2 beating
with the unmodulated M-SFP in the optically phase locked regime.

7.5 Conclusion

The integrated devices investigated in this work consisted of several identical SFP
lasers monolithically integrated together with pseudo-passive waveguide sections to
form complex coupled devices. First, the injection locking behaviour of SFP lasers
was examined by considering an integrated device where a single SFP laser was biased
and free-running. Light from a tunable laser source (TLS) was injected into the SFP
cavity, where its optical and power spectra could be observed as the TLS was swept
across resonance with a preferential lasing mode of the SFP. This was done for various
injection strengths of the TLS, where it was found that stable phase locked regions

existed for powers of as little as —7 dBm.

With this known, attention was next switched to whether such a master-slave system
could be developed between two identical SFP lasers on the same integrated device.
This was done for two cases where different methods of coupling SFPs together were
investigated. The off-chip coupling scheme coupled the SFPs externally via lensed fibre
placed at each SFP output facet. The optical and power spectrum of the slave SFP was
examined as the master SFP was swept across resonance with it. A stable phase locked
region was observed in the system where the detuning between the master and slave
was close to zero. The next case considered dealt with the far more interesting on-chip
coupling scheme. With this, the SFPs were coupled together via the MMI and SOA
waveguide sections which connected the SFPs on chip. This allowed light to be coupled
between the master and slave lasers directly on-chip. Despite the lack of an optical

isolator on chip between the devices, stable phase locking was demonstrated between
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the SFPs in a highly asymmetric coupling regime, where the master was operated at a

much higher power than the slave.

Biasing of the variable gain section which connected the SFPs together, allowed the
coupling between them to be varied considerably. Leaving this section unbiased resulted
in close to zero coupling, whereas forward biasing caused the section to become more
transparent and increase the coupling strength. Varying the coupling resulted in the
injection strength between master and slave to be controlled, which affected the width
of the stable phase locked region of the system. This was examined for various gain
section biases, where it was found that the width of the stable phase locked region

could indeed be controlled.

With optical phase locking between SFPs coupled together on the same monolithically
integrated device demonstrated for the first time, the possibility of having multiple
simultaneously phase locked SFP lasers on chip was investigated. By coupling a master
SFP to two slave SFP lasers simultaneously, a stable phase locked region was found
though suitable tuning of the lasers and control of the coupling between them. Finally,
these phase locked slave lasers were shown to be coherent with each other, and also

coherent with the master laser.

In conclusion, this work has shown stable injection locking of an SFP laser by both
an external cavity laser and another SFP laser in an off-chip configuration. Based
on the successful locking performance of the SFP laser, an integrated on-chip phase
locked system was developed. The PIC is comprised of two SFP lasers, coupled via a
waveguide section which can act as a variable gain section. Stable phase locking has
been successfully demonstrated in this on-chip integrated system without the need for
an optical isolator, for the first time to our knowledge. The variable gain section can
be used as a VOA/SOA to allow for the coupling strength to be varied. By controlling
the bias across this section it has been shown that the width of the stable phase locking

region can be varied.
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Chapter 8

Conclusions and Future Work

The work presented in this thesis has focused on the design and development of Photonic
Integrated Circuits (PICs) for advanced coherent communication systems. Photonic in-
tegration offers excellent potential for combining otherwise discrete system components
together on a single device to provide robust, power efficient and cost effective solutions.
In particular, the design of optical modulators has been an area of immense interest in
recent times. Not only has research been aimed at developing modulators with faster
data rates, but also there is a push towards making modulators as compact as possible.
The realisation of compact modulators on integrated devices was discussed in chapter

1, where some of the main topics of this thesis were also introduced.

The primary goal of this work was to develop a photonic integrated device for use with
compact high speed EAM based modulators [5]. In particular, the work investigated the
integration of passive waveguide components with lasers to generate coherent optical
signals on chip. Such a device offers significant advantages over current technologies,
where losses due to fibre couplings can be reduced by having integrated lasers while also
allowing the use of on-chip optically phase locked slave lasers to improve the overall

power performance.

The full development of a compact high speed EAM based modulator would require
the integration of multiple lasers, EAMs and passive components together to form a
functioning device. This development was not possible on the time-scale of this thesis.
Instead, this work was aimed at developing the passive waveguide components for such
modulators, along with their monolithic integration with multiple lasers, by developing
new PICs. Ensuring that multiple coherent signals can be generated on a device using
optical phase locked slave lasers was of particular importance to this work. Without
multiple coherent signals available, an EAM based modulator cannot be realised on

chip.

In chapters 2 and 3 of this thesis, MMI couplers were investigated as a means of

combining or splitting optical signals on integrated devices. Numerical models were
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developed in C++ to optimise MMI designs, which were validated by experimentally
testing fabricated devices. A new method of fibre coupling to ridge waveguide devices

was discussed in chapter 4, which provided an efficient means of testing passive devices.

In chapters 5 and 6, the design and development of photonic integrated devices which
combined SFP lasers, MMIs and SOAs was covered in detail. The simplest of these
devices investigated the monolithic integration of MMIs with SOAs and SFP lasers;
and demonstrated the splitting and routing of light from an SFP laser on a PIC for
the first time. Based on this device, a PIC was formed which integrated SFP lasers on
the input and output arms of an MMI coupler, in effect forming a system of mutually

coupled lasers. Both these PICs are shown in Figure 8.1.

Figure 8.1: (a) Image of SFP laser integrated with an MMI and SOA. (b) Image of
device with a system of mutually coupled SFP lasers.

The highlight of the work presented in this thesis was discussed in chapter 7 and
involved the experimental testing of the device shown in Figure 8.1b, where multiple
SFP lasers were coupled together via an MMI and SOA. Optical phase locking was
demonstrated between integrated SFP lasers for the first time, where a master-slave
system was formed in a highly asymmetric coupling regime. Based on this result, the
simultaneous optical phase locking of multiple SE'P lasers on a single integrated device
was shown to be possible. This was accomplished on a device using one master and two

slave lasers, which were shown to be coherent after undergoing optical phase locking.

The work presented in this thesis has successfully demonstrated the design of photonic
integrated devices for coherent signal generation. The devices combined SFP lasers,
MMIs and SOAs in single epitaxial growth, monolithically integrated PICs. The de-

vices have the potential to play a key role in future optical communication systems. In
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particular, they offer exciting potential for use in compact QPSK EAM based modula-

tors.

8.1 Outlook and Future Work

The work presented in this thesis has demonstrated a photonic device capable of gener-
ating coherent optical signals using a single epitaxial growth, monolithically integrated
process. The lasers chosen for these integrated devices were based on single facet
Slotted Fabry Pérot (SFP) designs. As shown in chapter 5, the optical output of these
lasers was only tunable only over a very short range before mode and wavelength jumps
occurred. This limits the use of these devices to applications which require only sin-
gle wavelength operation, with little wavelength tuning through electrical bias, or else
where thermal heating can be used to tune the laser. A natural extension of this work
is to use lasers which can provide tunability over wider ranges. Moving to a fully facet-
less SFP is one such option, where the single cleaved facet is replaced by a secondary
etched mirror. This extra mirror section provides finer control over the output laser
spectrum by allowing precise Vernier tuning of each sections transmission spectrum.
Devices based on these lasers were included on the lithographical mask designed during
this work. However, due to their added complexities and extra probes required for
biasing each section, they were not investigated. An example of an array of facetless

SFP lasers is shown in Figure 8.2.

Figure 8.2: An array of facetless Slotted Fabry Pérot lasers.

MDMIs were investigated extensively in this thesis, where the models developed during
this work demonstrated excellent agreement with experimentally tested devices. A
limitation of MMIs is their behaviour when acting as optical combiners. Strict phase
relations must exist between optical signals to be combined, or the coupling efficiency
of the MMI will be adversely affected. When considering MMIs for use as optical
couplers in the compact QPSK modulators discussed in chapter 1 and in Ref. [5],
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MDMIs are seen to be a poor choice for combining the channels after being modulated
by the EAMs. This is due to the phase differences which exist between each arm of
the QPSK modulator. Instead, star couplers are used as optical combiners where they
can linearly combine signals with different phase relationships. Although star couplers
were discussed and modelled in Appendix B, they were not examined experimentally
during this work. Similarly to the facetless SFP lasers discussed previously, star coupler
designs were included on the lithographical mask used to create the devices covered in
this thesis. A star coupler device designed to combine the optical signals from three
facetless lasers to a single output waveguide, is shown in Figure 8.3. The testing of
such a device was beyond the scope of this work, due to the experimental difficulties
associated with testing such a large and complex PIC. Fourteen single tip probes are
required to bias each contact pad, which is impractical using the probe station setup

described in chapter 5.

Figure 8.3: An array of facetless Slotted Fabry Pérot lasers integrated with a star
coupler which can combine their outputs into a single waveguide.

Facetless lasers and star couplers have the potential to be used in conjunction with the
integrated devices considered in this thesis, to form ever more complex and interesting
PICs. In particular, this work has laid the foundation for future investigations of PICs
where mutually coupled SFP lasers can be examined experimentally. The most complex

PIC envisioned throughout this work is shown in Figure 8.4.

Figure 8.4: Facetless SFP lasers integrated together to form a system of mutually
coupled system of lasers similar to device based on single facet SFP lasers examined in
this thesis.

This device combines almost all the elements required to make a QPSK modulator

that relies on mutually coupled, integrated SFP lasers. The realisation of such a device
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requires significant work from an experimental testing viewpoint, along with further
analysis of star couplers. Such a device almost certainly necessitates the use of a custom
multi-contact probe to allow individual biasing of each of the twenty-one contact pads
present. With the ability to test such a device in place, the results from this work lend
confidence to its ability to create three or more coherent SFP laser outputs which can be
combined together into a single waveguide. In addition to this, it is hoped that future
work in the area can incorporate EAMs with such a design. Previous research in the
field has shown that SFPs can be integrated with EAMs [97]. With the application of
EAMs to the work already discussed in this thesis, the schematic outline of a proposed
QPSK modulator is shown in Figure 8.5. This modulator relies on phase locked lasers
to generate coherent power efficient output signals. By controlling the EAMs on the
two outer channels of the device, the signals can be combined together to form the
four required symbols of a QPSK modulation scheme, as discussed in chapter 1. The
development of such a modulator is a highly ambitious goal, but one that offers excellent

potential for applications in the area of integrated transmitters.

SFP Laser
MMI Coupler

SFP Lasers

EAMs

Star Coupler

Figure 8.5: Schematic of proposed QPSK modulator.

8.2 Summary

The main results presented in this thesis focused on the testing of an integrated pho-
tonic device for coherent signal generation. The development of such a PIC required
careful design of different sub-elements required to form more complex devices. In
particular, the modelling and optimisation of MMIs played a key role in the successful
implementation of the integrated power splitter discussed in chapter 5. Demonstrating
an integrated source and splitter on chip using a monolithically integrated process with
a single growth step, offers wide spread applications in any number of different devices.
The primary device considered in this thesis relied on MMIs to split and combine the

optical signals from multiple integrated SFPs. The resulting mutually coupled system
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was used to investigate optical phase locking of lasers in a strongly bi-directional cou-
pling regime. Phase locking between integrated SFP lasers was demonstrated for first

time and was used as a means to generate coherent optical signals.
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Appendix A

Matlab MMI Optimisation Code

A.1 MMI Code

: Determine Mode - .
Main MMI Code Fourier Coefficients > Modal Propagation
A
A 4 A4
Define Grid, Step | Solve MMI Waveguide .
Sizes and Wavelength - Modes e

Figure A.1: Overview of MMI Optimisation Code

An overview of the developed Matlab MMI design and optimisation code is given in

Figure A.1. The general design procedure for modelling MMIs using the methods

developed in this thesis is as follows:

The main function sets and defines the computational grid along with the waveg-

uide parameters.

The modes of the input and MMI waveguides are solved using the waveguide

analysis techniques investigated in chapter 2.
The fourier coefficients of these modes are determined.

The determined modal parameters and fourier coefficients are used with modal
propagation analysis to determine the E-field distribution of the MMI are partic-

ular propagation lengths.

The optimised MMI parameters are determined from this E-field distribution by

analysing where the field is maximised for particular MMI variations.
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A. MaTtLAB MMI OPTIMISATION CODE A.1 MMI Code

In what follows, the subroutines required to model MMIs in this way are described and

given.

A.1.1 Main MMI Code

The main function of the MMI Design Code sets the computational grid, step-sizes
and MMI waveguide structure of the device to be modelled. These parameters are
used in the MMI Optimisation Subroutine, where the optimised MMI length and field
distribution at this length are returned. The full input and output parameters are given
in Table A.1.

Table A.1: Input and Output Parameters - Main MMI Code

Input Parameters ‘ Output Parameters
Max Grid Width (Extent) Optimised MMI Length (Length of MMI)
Grid Step Size (Size) Calculated MMI Widths (Widths of MMI)
Input Waveguide Width (Winput) MMI E-Field (Optimum MMI Field)
Start MMI Width (WmmiStart) MMI Coupling Efficiency (Coupling of MMI)

End MMI Width (WmmiEnd) -

Step MMI Width (WmmiStep) -
Substrate Refractive Index (nl) -
Core Refractive Index (n2) -
Cladding Refractive Index (n3) -
Wavelength (lambda) -

Steps in propagation direction (NStepsZ) -

Step Separation (SepStep) -

%% Set Waveguide Parameters

Extent=10; Step=0.05; % Grid

Winput=1.2;

q=0; n1=1.0; n2=3.45; n3=1.0;

WmmiStart=1.2; WmmiStep=0.2; WmmiEnd=6.0;
lambda=1.55;

N_ StepsZ=50; % Propagation Parameters

Sep_ Step=50; % Waveguide Separation Parameters

[Optimum_ Parameters , Optimum_ MMI_ Field , Widths__of MMI,
Length_of MMI, Coupling_of MMI| = Optimise_1x2_ MMI (Extent ,
Step , Winput , WmmiStart , WmmiStep , Wmmiknd,, lambda , q ,nl ,n2 ,n3,
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A. MaTtLAB MMI OPTIMISATION CODE A.1 MMI Code

N_ StepsZ,Sep_ Step) ;

A.1.2 MMI Subroutine

This subroutine is responsible for setting the computational grid and fully modelling
and optimising the MMI structure. The input waveguide and MMI modes are solved,
their fourier coefficients found and are then propagated until the optimised MMI length
is determined. The subroutine uses the functions described later in this work. The input

and output parameters are given in Table A.2.

Table A.2: Input and Output Parameters - MMI Subroutine

Input Parameters ‘ Output Parameters
Max Grid Width (Extent) Optimised MMI Length (Length of MMI)
Grid Step Size (Size) Calculated MMI Widths (Widths of MMI)
Input Waveguide Width (Winput) MMI E-Field (Optimum MMI Field)
Start MMI Width (WmmiStart) MMI Coupling Efficiency (Coupling of MMI)

End MMI Width (WmmiEnd) -

Step MMI Width (WmmiStep) -
Substrate Refractive Index (nl) -
Core Refractive Index (n2) -
Cladding Refractive Index (n3) -
Wavelength (lambda) -

Steps in propagation direction (NStepsZ) -

Step Separation (SepStep) .

function [Optimum_ Parameters,Optimum_MMI_Field , Widths_of MMI,
Length_of MMI, Coupling_of MMI| = Optimise_1x2_ MMI (Extent ,
Step , Winput , WmmiStart , WmmiStep , Wmmiknd, lambda , q,nl ,n2 ,n3,
N_ StepsZ,Sep__Step)

%% Setting up grid
[x,dx|=Setup_1D_ Grid_1(Extent , Step);

%% Setting up some general parameters
k0=2x1xpi/lambda;k=k0;c=2.9998%(10"8) ;
V__parameter=k0(Winput /2) *((n2*n2—nlsnl) " (1/2));
M=ceil (V_parameter/(pi/2));
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A. MaTtLAB MMI OPTIMISATION CODE A.1 MMI Code

o
[Fu

Fundamental Mode
ndamental__Mode , G_ fitted_mode ,x,neff ;B TE] = TE_mode_1(
Winput,q,nl,n2,n3,k0, Extent ,dx) ;

%% MMI Waveguide

ind

for

end

Phot

ex1=0;

Wimmi=WmmiStart : WmmiStep : WmmiEnd
indexl=index1+1;
V__parameter=k0 x (Wmmi/2) * ( (
M=ceil (V_parameter/(pi/2))
MMI_Modes=zeros (length (x) M+1);
Neff MMIE=zeros (M+1);
B MMEzeros (M+1);
for q=0:1:M

[MMI_Modes (:,q+1),G_fitted _mode ,x,Neff MMI(q+1) ,B_MMI(

q+1)] = TE_mode 1 (Wmmi,q,nl,n2,n3,k0,Extent ,dx);

n2+«n2-nlsnl) " (1/2));

)

end

%% MMI Parameters

N=2;

Lmmi=WmmixWmmixn2 /lambda ;
MMI  Length=Lmmi/N;

%% Overlap & Propagation of modes

[ReducedTE_ Input,ReducedTE_MMI, overlap ,B,
Summed_ Field_Input| = Overlap (Fundamental Mode
MMI_ Modes, dx ) ;

clear coupling; clear Field;

Zstart=0; Zend=Lmmix*(2/3)

z=linspace (Zstart ,Zend,N_StepsZ); Zstep=z(2)—z(1);

[Field ,z] = Propagation (B,overlap ,B_MMI,MMI_Modes, Zstart ,
Zstep ,Zend) ;

Saved__Field (:,:,index1)=Field;

%% Coupling as I vary the separation between the outputs
Sep_ Start=1«Wmmi/6; Sep_End=2«Wmmi/5;

[Widths_of MMI(index1) ,Length_of MMI (index1),
Coupling_of MMI(index1)] = Coupling_Vary_ Separation(x,
Fundamental_Mode ,dx,z, Field ,MMI_ Length, Zstep , Zend,

Sep_ Step , Winput , Wmmi) ;%
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A. MaTtLAB MMI OPTIMISATION CODE

A.1 MMI Code

eee = dsearchn (Coupling of MMI’  max(Coupling of MMI));

Optimum_ MMI_ Width=Widths_of MMI(eee ) ;
Optimum_ MMI_ Length=Length_of MMI (eee) ;
Optimum_ MMI__ Coupling=Coupling_ of MMI (eee) ;
Optimum_ MMI_ Field=Saved_ Field (: ,: , eee);

Optimum_ Parameters=[Optimum_ MMI_ Width ; Optimum_ MMI_ Length ;

Optimum__ MMI_ Coupling] ;
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A.1 MMI Code

A.1.3 Mode Solver Subroutine

This subroutine implements the waveguide solver described in chapter 2 and is used to

determine the waveguide modes in the both the narrow input waveguide and wide MMI

waveguide. The material and waveguide structure is set and the routine returns the

normalised E-field distribution of the waveguide mode, along with the effective index

and propagation constant. The full input and output parameters are given in Table

A3.

Table A.3: Input and Output Parameters - Mode Solver Subroutine

Input Parameters

Output Parameters

Waveguide Width (W)
Mode Number (q)
Substrate Refractive Index (nl)
Core Refractive Index (n2)
Cladding Refractive Index (n3)
Wave Number (k)

Max Grid Width (Extent)
Grid Step Size (Size)

Normalised E-Field (Normed Ey)
Gaussian Mode Fitted to Ey (G Fitted mode)
Mode Effective Index (neff)

Mode Propagation Constant (B Te)

function [Normed_ Ey,G_fitted_mode,x,neff ;B TE|] = TE_model (W,q,

nl,n2,n3,k0,ext,stepl)

neff=bisect_TE1(nl,n2,n3,k0,q ,W);

B TE=kO*xneff;
a=W/2;

xl=linspace(—ext,—a,abs((1/stepl)*(—ext+a)));

x2=linspace(—a+stepl ,a,abs((1/stepl)*(—a+stepl—a))):

x3=linspace (at+stepl ,ext ,round(abs((1/stepl)*(2xext—length (x2)x
stepl—length (x1)*stepl))));

xx=[x1 x2 x3];

length (xx);

squiggle=k0*(neff™2—nl1"2)7(1/2);
kappa=k0x(n2"2—neff"2) (1/2);
sigma=k0*(neff™2-—n372)7(1/2)

u=kappaxa;
w=squiggle xa;

W__prime=sigma xa;

phi=qxpi/2+(0.5)*atan (w/u) —(0.5)*atan (w_prime/u) ;
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A. MaTtLAB MMI OPTIMISATION CODE A.1 MMI Code

B=1;

A=(Bxcos (axkappa—phi))/cos (kappaxa—phi);
C=Bxcos(—axkappa—phi) /(cos (kappaxa+phi)xexp(squigglex(—ata)));
Ey3=A.x cos (kappa*a—phi)xexp(—sigmax(x3—a));
Ey2=B.xcos (x2.xkappa—phi) ;

Ey1=C.x cos (kappa*a+phi)*xexp (squiggle x(x1+a) ) ;
Ey=[Eyl Ey2 Ey3];

X=XX ;

y=Ey;

newnorm2=sum (y.x*y)s*stepl;

y=(1/sqrt (newnorm?2) )x*y;

Normed_ Ey=y ;

length (y);

[sigmaNew ,muNew, Anew|=mygaussfit (x,y);
y=Anewsxexp(—(x)."2/(2«sigmaNew 2));
newnorm2=sum (y.x*y)s*stepl;

y=(1/sqrt (newnorm?2) )x*y;

G_ fitted__mode=y;

A.1.4 Overlap Subroutine

This subroutine determines the fourier coefficient between the input waveguide mode

and the MMI modes. The full input and output parameters are given in Table A.4.

Table A.4: Input and Output Parameters - Overlap Subroutine

Input Parameters ‘ Output Parameters

Input Waveguide Mode (ReducedTE Input) | Input Waveguide Mode (ReducedTE Input)
MMI waveguide Modes (ReducedTE MMI) | MMI waveguide Modes (ReducedTE MMI)
Grid Spacing (dx) Mode Effective Index (neff)

- Overlap Coefficients (overlaps)

[ReducedTE_ Input,ReducedTE_MMI, overlap ,B, Summed_Field] =
Overlap (ReducedTE_ Input,ReducedTE_MMI, dx)

[L B]=size (ReducedTE_MMI) ;

Summed_ Field =0;

for i=1:1:B
norm=((sum (ReducedTE_ MMI (: , i) .*ReducedTE_ MMI (: ,i))x*dx));
ReducedTE_ MMI (: ,i)=(1/sqrt (norm) )*ReducedTE_ MMI (: ,1i);
norm=((sum (ReducedTE_Input.«ReducedTE_Input)*dx) ) ;
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8 ReducedTE_Input=(1/sqrt (norm) )«ReducedTE_ Input;
9 overlap (i )=(sum(ReducedTE_Input.*ReducedTE_ MMI (:,1i) ") *dx) ;
10 Summed_ Field=Summed_Field+(ReducedTE_ MMI(: ,i))*(overlap (1)
) ;
1 end
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A.1.5 Propagation Subroutine

This subroutine takes the calculated modes, propagation constants and fourier coefhi-
cients which were calculated earlier in the analysis and uses them in modal propagation
analysis. The routine calculates the E-field distribution of the MMI based on its waveg-
uide structure over a given length range. The full input and output parameters are given
in Table A.5.

Table A.5: Input and Output Parameters - Propagation Subroutine

Input Parameters ‘ Output Parameters
Mode Propagation Constant (B) MMI E Field (Field)
Overlap Coefficients (overlaps) Position Variation (z)

MMI Modes (ReducedTE MMI) -

MMI Propagation Constants (BReducedTE MMI) -
Initial Propagation Position (Zstart) -

Final Propagation Position (Zend) -

Step Propagation Position (Zstep) -

1 function [Field ,z] = Propagation (B, overlap ,B_ReducedTE_MMI,
ReducedTE_MMI, Zstart , Zstep , Zend)

2 Zindex=0;

3 for z=Zstart:Zstep:Zend

4 Zindex=Zindex+1;

5 Sum=0;

6 for ii=1:2:B

7 Sum=Sum-+ (ReducedTE_ MMI (: , ii))*(overlap (ii))*exp(—j=*
B_ReducedTE_MMI( ii )*z);

8 end

9 Field (:,Zindex )=Sum;

10 end

1 z=Zstart:Zstep:Zend;
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Appendix B

Star Coupler Design

B.1 Star Couplers

In addition to MMIs which were discussed earlier in this work, star couplers provide
another means of splitting/combining light on PICs. A star coupler is arranged by
setting a series of arrayed waveguides at opposite ends of a Rowland circle [183], with
the input array of waveguides directed towards the central waveguide of the output
array. Light from the input array is allowed to propagate in the free-space region

between the waveguides where it can couple to the output array of waveguides.

Output Arrayed
Waveguides

Input Arrayed
Waveguides

Figure B.1: Schematic of an optical star coupler. Light from the input waveguide array
can be coupled to the output waveguide array.

Unlike MMIs, the operation of a star coupler does not rely on any phase relationships
between optical signals to perform as a coupler. This makes them an ideal candidate
for use as general optical combiners/splitters. Star couplers are extensively used in
wavelength multiplexers such as arrayed waveguide gratings [184, 185, 186] for not only
power splitting, but also as light combiners with conservation of phase. In a typical
AWG, star couplers are arranged as in Figure B.2 where they are used to couple light

to and from waveguide arrays.
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B. STAR COUPLER DESIGN B.2 Gaussian Mode Analysis

Waveguide Array

Star Coupler Star Coupler

Input Fibre Array
—>

Output Fibre Array
—

Figure B.2: Arrangement of star couplers as used in an AWG.

Different methods have been devised for modelling star couplers with large numbers of
input and output arrayed waveguides [187, 188]. For the star couplers considered in this
work, only < 3 waveguides on the input or output ports are considered which simplifies
the design process. Such couplers can be modelled by considering how the guided modes
in the input waveguide array propagate through the free-space region and couple to the
output waveguides. By assuming single mode input and output waveguides, Gaussian
mode analysis [189] can be used to determine the propagated field which is incident on
the output ports, and from this the power coupled can be determined. In the sections
that follow, Gaussian beams are first considered before Gaussian mode analysis is used

to investigate the operation and design of star couplers.

B.2 Gaussian Mode Analysis

The fundamental mode of a symmetric slab waveguide is Gaussian in nature and its
divergence in free space can be described mathematically using the following Equation

[190]:

U(zx,z) = Yowgexp(—t—— — —— — tk2) (B.1)

In Equation (B.1), z is the transverse distance from the central beam axis, z is the
length of propagation in free-space, wy is the minimum beam width, w(z) is the beam
width where the field amplitude is reduced to 1/e of its peak value and R(z) represents
the radius of curvature of the Gaussian beam wavefront as it propagates. A Gaussian
beam diverging in free-space will have its minimum beam width of wy at z = 0, in

general the beam width at a particular propagation distance is given by:

w(z) = woy /1 + (W;j(o) )2 (B.2)
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B. STAR COUPLER DESIGN B.2 Gaussian Mode Analysis

R(z) represents the curvature of the phase fronts as the Gaussian beam propagates and

is given by:

x2

R(:) = 21+ (g5 ) (B.3)

The propagation of a Gaussian beam in free-space can be modelled by considering
the how the transversal extent of the Gaussian beam varies with distance. For a slab
waveguide of width 2a=2.0 pm, ncore = 3.38, Neeg=1.0 and A = 1.55 pm; the divergence
of the Gaussian beam in air as it propagates from z = 0 pm to z = 20 pm is shown in
Figure B.3.

15

10

X (um)

-10

-15

10
Propagation Length (um)

Figure B.3: Propagation of a gaussian beam in free-space.

Gaussian mode analysis can be used to quantify the light coupled between two waveg-
uides separated by a free-space region. By considering the situation shown in Figure
B.4, the light coupled from input waveguide A to output waveguide B can be deter-
mined by calculating the overlap integral between the propagated Gaussian beam from
waveguide A incident on waveguide B, with the fundamental mode of waveguide B.

The overlap integral in this case can be written as:

B Jap
M2 = Thsia [ bpin (B-4)

where 14 is the propagated field from input waveguide A at B; and g is the funda-
mental mode of output waveguide B. The power coupled from one waveguide to another

can then determined by calculating |n; 2.
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Figure B.4: Coupling from two waveguides axially aligned with a fixed separation.

The coupling efficiency between two identical waveguides (identical to those described
above) was next examined as the separation between them was increased from 0 pm to
20 pm while maintaining axial alignment, as in Figure B.4. The propagated mode from
the input waveguide A and fundamental mode of the output waveguide B are shown

overlapped together in Figure B.5.
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Figure B.5: Propagated mode from input waveguide A incident on output waveguide
B, overlapped with the fundamental mode of waveguide B.
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Using Equation (B.4), the coupling efficiency between the two waveguides as they are
stepped apart from 0 pm to 20 pm can then be calculated. The results of this are shown
in Figure B.6. For a propagation length of 0pm, the two waveguides are essentially
butt coupled and a coupling efficiency of unity is observed as expected. For lengths
of >0pm, the coupling efficiency shows an exponential drop off as the waveguides are
brought further apart. If the waveguides were not axially aligned but instead misaligned
through an offset of tilt, then coupling efficiency can also be determined by calculating
the overlap integral of the modes. This has been discussed by Marcuse [191] where
the coupling efficiency for butt coupled waveguides with tilt, offset and end separation

losses has been described.
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Figure B.6: Coupling efficiency between two optical waveguides that are axially aligned
as the separation between them in increased from 0 pm to 20 pm.

In the case of a star coupler, a similar analysis can be applied to investigate the coupling
efficiency of the device when considering 1 x M splitters or combiners where M < 3. The
propagation of beams must now be considered with both offset and tilt misalignment.

In the section that follows, star couplers will be modelled using Gaussian mode analysis.

B.3 Star Coupler Design using (Gaussian Mode Analysis

The star couplers modelled in this work were restricted to 1 x 2 and 1x 3 variations. The
operation of a 1 x 3 star coupler can be described by the schematics shown in Figures
B.7 and B.8. Determining the coupling efficiency of the star coupler involves calculating
the power coupled from input waveguide A to the output waveguides A, B and C. The
power coupled from input A to output B can be found by applying similar analysis
to above, where the coupling efficiency between axially aligned beams was considered
with varying separations. Determining the coupling between input waveguide A and
the remaining output waveguides is more complex due to the waveguides being axially
misaligned and tilted. Due to symmetry, the power coupled to both of these output
waveguides must be identical, so further analysis will only consider the coupling between

input waveguide A and output waveguide A.
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Output A

Output C

Figure B.7: Star coupler operating in forward direction where light couples from input
waveguide A to the output waveguides A, B and C.

For a star coupler of fixed radius, the output waveguides are placed on a circular
arc centered on the input waveguide, with a fixed separation between them. In this
situation, the angle the output waveguides make with the input waveguide can be
readily determined. As the star coupler radius of curvature is reduced, the angle the
output waveguides make with the input waveguide starts to approach /2. Clearly at
such star coupler radii, the device performance will be significantly reduced as almost
no light from the input waveguide can couple to the outputs due to the extreme angle.
As the star coupler radius of curvature is increased, the output waveguide angle is
reduced and approaches zero as the radius goes to infinity. The coupling in this case is
again reduced due to light from input waveguide A having a larger free-space region to
propagate in. The resulting increased divergence of the propagated mode reduces the
power coupled to the output waveguides. At a specific radius of curvature, the total
power coupled to the output waveguides is maximised due to a balancing between both

of these loss mechanisms.

A star coupler can be optimised by using Gaussian mode analysis to determine the
coupling efficiency between input and output waveguides arranged on the star coupler,
while its radius (R) is varied. Due to the symmetry of the star coupler, its performance
must be identical in forward (acting as a splitter) and reverse (acting as a combiner)
directions. Both these situations are shown in Figures B.7 and B.8. The analysis of the
star coupler in each case is slightly different, due to the orientation of the waveguides in
the forward and reverse directions. In the forward direction, the beam from the input
waveguide propagates a distance equal to the star coupler radius and the power coupled
to output waveguide B is calculated from the overlap integral. In this case, the output
waveguide A is axially misaligned and tilted relative to input waveguide A. However,
for large values of R, the phase fronts of the propagated input waveguide mode become

circular and match that of the star coupler radius. From the perspective of output
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waveguide A, these phase fronts appear to be directly incident on the waveguide and so
the angular tilt of the waveguides can be ignored. This allows the coupling efficiency to
be approximated by considering the overlap integral between the propagated mode from
input waveguide A and the axially misaligned fundamental mode of output waveguide

A. The overlap integral is given by:

f Q/)InputAfProp. Q/)OutputA—Offset (B5)

7’] =
f wlnputA—Prop. wlnputA—Prop. f wOutputAfOffset wOutputAfOffset

Where Yrpputa—prop. is the propagated field from the input waveguide A at output

waveguide A; and Youtputa—offset is the axially offset fundamental mode of output

waveguide A.

Output A

Output C

Figure B.8: Star coupler operating in the reverse direction where light is examined as
it couples from output waveguide A to input waveguide A.

The reverse direction is shown in Figure B.8 where the beam from output waveguide A
propagated a distance equal to the star coupler radius, R. However, from a Gaussian
mode analysis point of view, the propagated mode from output waveguide A and fun-
damental mode from input waveguide A are axially aligned but angled relative to each
other. This changes the mode overlap calculation used to determine the power coupled
from one waveguide another. In this case, the two beams are in effect axially aligned,
due to the output waveguide A pointing directly towards the input waveguide. How-
ever, as the beam from output waveguide A propagates towards the input waveguide,
the phase fronts are not matched and coupling is reduced due to the acceptance angle
of the waveguide. The coupling efficiency can then be approximated by considering
the overlap integral between the propagated Gaussian mode from output waveguide A
with the axially aligned fundamental mode of input waveguide A. In addition to this,
an acceptance angle term is required to take into account reduction of light coupled

into the waveguide at large angles of incidence. The overlap integral is given by:

Photonic Integrated Circuits for the Generation 206 Padraic Morrissey
of Coherent Optical Signals



B.3 Star Coupler Design using Gaussian Mode
B. STAR COUPLER DESIGN Analysis

n = fwlnputA wOutputA—Prop A(@) (BG)
f wfnputA 'L/}InputA f'L/}OutputA—Prop wOutputA—Prop

Where 91nputa is the fundamental mode of input waveguide A, YoutputA—pProp is the
propagated field from the output waveguide A at a distance R and A(#) is the accept-
ability of input waveguide A. The acceptability is given by:

A(6) = exp(- 220 (B.7)

sin2 90

Where 6 is the divergence angle in the far-field and is given by:

Oy = —— (B.8)

with wg as the minimum beam width of the Gaussian mode. For a slab waveguide of
width 2a=2.0 pm, neore = 3.38, neeq=1.0 and A = 1.55 nm; Equations (B.5) and (B.6)
were used to determine the coupling efficiency of a star coupler in both the forward and
reverse directions. The star coupler radius was considered between 0pm and 100 pm
for output waveguides separated by 5nm (center of waveguide to center of waveguide).

The results of the simulations are shown in Figure B.9.

1
—Coupling — Input A to Output B & Reverse
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Figure B.9: The green curve indicates the power coupled from input waveguide A to
output waveguide A (forward). The red curve indicates the power coupled from output
waveguide A to input waveguide A (forward). The blue curve represents the power
coupled between the central waveguides in the forwards and reverse directions.

The blue curve represents the coupling efficiency between the central waveguides of the
star coupler in the forward and reverse directions. These are mathematically equivalent

and has similar behaviour to plot shown in Figure B.6 with increase in star coupler
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radius. The red and green curves indicates the coupling efficiency calculated as light
couples from input waveguide A to output waveguide A, and vice versa as the star
coupler radius becomes larger. An optimum bend radius is found in each case, where the
coupling efficiency to the outer waveguides is maximised. At this radius, the combined
propagation and angular losses to the outer waveguides is minimised. Good agreement

is observed with the simulations for the forwards and reverse cases.
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Appendix C

Comparison of Optimising MMIs
using SFEM-MPA & EIM-MPA

Designing MMIs using the SFEM-MPA method can be computationally intensive due
to time and number of calculations required when calculating MMI modes accurately
using the SFEM mode solver. For larger MMI waveguide widths, the number of modes
supported can become large and slows down the analysis considerably. The EIM-MPA
offers a far more efficient method for designing MMIs, where they can be optimised
rapidly. However, the EIM approach to solving waveguide modes is only applicable
to certain waveguide types, as discussed in Chapter 3. In this Appendix, the SFEM-
MPA and EIM-MPA methods are applied to the design of MMIs based on InP and
Si waveguides, where shallow and deep etched MMIs are considered. Where the EIM
starts to break down is examined in detail.

C.1 InP based waveguides

(a) Si Waveguide (b) InP Waveguide

Figure C.1: Waveguide Variations. (a) Si Waveguide. (b) InP Waveguide.
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C. COMPARISON OF OPTIMISING MMIS USING

SFEM-MPA & EIM-MPA C.1 InP based waveguides
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Figure C.2: Maximum coupling efficiency versus MMI width for (a) shallow etched
MMI and (b) deep etched MMI.

MMIs were designed around the InP based waveguide structure shown in Figure C.1b
with typical InP refractive indices. The MMI had an input waveguide width, MMIf,,,¢,
of 2.5pym and MMIs were investigated as the MMIyy ;4 was varied. The InP layer
had a thickness of 1.25 pm which allowed for shallow and deeply etched MMIs to be
examined. For this structure, shallow etched MMIs were taken to have an etch depth
of 0.7 pm, while deeply etched MMIs were taken to have an etch depth of 1.25 pm. For
a fixed MMl width, optimum MMIs were examined as the MMIyy ;4 was varied
from 5.0 pm to 15 pm using both the EIM-MPA and SFEM-MPA methods. The EIM-
MPA method provided a rapid solution to all waveguides whereas the SFEM-MPA
took several hours to perform the analysis. Figures C.2a and C.2b show the maximum
coupling from each optimised MMI as the MMlIyy ;4 was varied for both methods.
For both shallow and deeply etched MMIs, relatively poor agreement between the
absolute coupling for both methods was observed. For the shallow etched MMI, the EIM
and SFEM methods both agree that the MMIyy ;4 for maximum coupling approaches
15 pm. This is not the case for the deeply etched MMI, where the EIM predicts a peak
coupling at an MMlIy ;4 of 7.8 pm whereas the SFEM shows an optimum at greater
than 15um. Although there is a discrepancy when comparing the solutions of both
methods for the deeply etched MMI, it is observed that they are still within 10% of
each other as the MMI becomes larger.

Figures C.3a and C.3b show the MMI 4, for each optimised MMI as the MMIyy a4,
is varied for both methods. For the shallow etched MMI, poor agreement was seen
between the EIM-MPA and SFEM-MPA methods, with a typical error variation of
~13 pm around MMlyy ;4 equal to 10 pm. The deeply etched MMI shows excellent
agreement between the EIM-MPA and SFEM-MPA cases, with a typical error variation

of ~1.5 pm around MMl ;45 equal to 10 pm, an order of magnitude improvement over
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C. COMPARISON OF OPTIMISING MMIS USING
SFEM-MPA & EIM-MPA C.2 Si based waveguides

the shallow etched case. This result was expected and clearly shows that the EIM-
MPA is an appropriate technique for modelling MMIs with deeply etched waveguides
and not shallow etched waveguides. Although agreement regards coupling efficiency is
relatively poor, the method still allows the dimensions of an MMI to be determined

precisely and optimum MMI designs to be found.
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Figure C.3: Optimised MMI Length versus MMI width for (a) shallow etched MMI
and (b) deep etched MMI.

C.2 Si based waveguides

Following on from the results in the previous section, MMIs were now designed around
the Si based waveguide structure shown in Figure C.1a with typical Si refractive indices.
The MMI had an MMI,,p,; of 0.9 pm and MMIs were investigated as the MMIyy 4, was
varied. The Si layer had a thickness of 0.3 pm with shallow and deeply etched MMIs
considered. For this structure, shallow etched MMIs were taken to have an etch depth
of 0.15 pm, while deeply etched MMIs were taken to have an etch depth of 0.15 pm. For
a fixed MMy, width, optimum MMIs were examined as the MMIyy;q, was varied
from 5.0 pym to 15 pm using both the EIM-MPA and SFEM-MPA methods. Again, the
EIM-MPA method provided a rapid solution to all waveguides whereas the SFEM-MPA
took several hours to perform the analysis, as with the SFEM-MPA solution for the InP
waveguide. Figures C.4a and C.4b show the maximum coupling from each optimised
MMI as the MMIyy ;40 is varied for both methods. For both shallow and deeply etched
MMIs, good agreement is seen between the absolute coupling for both methods, with
peak coupling occurring at approximately the same MMl ;4. For the shallow etch
case, the SFEM code predicted a peak value at 5.8 pm, with the EIM code predicting
a peak value at an MMl ;4 of 6.0 nm. In the case of the deeply etched MMI, peak

values occur at ~3.7 pm.
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SFEM-MPA & EIM-MPA C.2 Si based waveguides
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Figure C.4: Maximum coupling efficiency versus MMI width for (a) shallow etched
MMI and (b) deep etched MMI.

Figures C.5a and C.5b show the MMI 4, for each optimised MMI as the MMlIyy 44,
is varied for both methods. Shallow and deeply etched MMIs both show excellent
agreement when modelled using the EIM-MPA and SFEM-MPA codes. This is due
to the high index contrasts in the Si waveguide providing increased confinement of
the optical mode. Examining the figures, a 0.2 pm disagreement is seen between the
SFEM-MPA and EIM-MPA methods for the deep etched MMI; and a 1.0 pm difference
between the methods for the shallow etched MMIs. From this, it can be seen that the
EIM-MPA is a suitable method for modelling MMIs based on Si waveguides, shallow
or deeply etched.
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Figure C.5: Optimised MMI Length versus MMI width for (a) shallow etched MMI
and (b) deep etched MMI.

It has been shown that the EIM-MPA is a suitable method for designing MMIs which

are based on high index contrast waveguides. The method does show applicability
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to low index contrast waveguides, however, it starts to break down for waveguides
which are not deeply etched. Where the EIM-MPA can be applied, errors of typically
1.0pm to 5.0 pm are observed. As discussed in the main body of this thesis, MMIs
are particularly insensitive to deviations around their optimum length. As such, this

method shows good applicability to the design of MMIs.
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Appendix D

Ridge Waveguide Processing

D.1

Processing of a Ridge Waveguide

A summary of the typical steps required to fabricate a ridge waveguide structure are

shown in Figure D.1 and are described below.

Deposition and Patterning: An oxide layer is deposited on the epitaxial ma-
terial which then has photorealist spun on. This is then brought into contact with
the mask using a mask aligner. This mask has a transparent photolithographic
image of the waveguide structure to be formed. Exposing the mask to UV light
from above causes the photorealist to be patterned with the waveguide structure.

See Figure D.1a.

Resist Developed: The photorealist which was patterned by the lithographical
mask is developed, creating a resist mask on top of the oxide layer. See Figure
D.1b.

Oxide Patterned: Using the resist mask as protection, the oxide mask is pat-

terned. See Figure D.lc.

Resist Removed: The resist mask is then removed, leaving a patterned hard

oxide mask. See Figure D.1d.

Waveguide Etch: The substrate epitaxial material is then etched, which forms
a ridge waveguide structure with the remaining hard mask protecting the ridge

waveguide regions. See Figure D.le.

Oxide Removal: Finally, the oxide layer is removed leaving a ridge waveguide

formed on the wafer. See Figure D.1f.

The integrated devices examined in this thesis were fabricated using the process steps

summarised in Figure 5.10. As can be seen from Figure D.1, there are three lithograph-
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D. RIDGE WAVEGUIDE PROCESSING D.1 Processing of a Ridge Waveguide

ical stages required. These are 1) the Ridge Etch, 2) the Oxide Opening and 3) the
Metal Deposition.

¢ UV Light ¢

(a) Deposition and Patterning (b) Resist Developed

(c) Oxide Patterned (d) Resist Removal

(e) Waveguide Etch (f) Oxide Removal

Figure D.1: Overview of the steps required to fabricate a ridge waveguide using a
typical process.
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Appendix E

Compound Semiconductor
Device Fabrication Ridge Laser

Process

E.1 Ridge Laser Structure

The laser fabricated was a ridge structure on a GaAs substrate with two GalnP quan-
tum wells designed to lase at 650 nm. Multiple ridge waveguides with widths between
10 pm to 50 pm were examined. The material structure is shown in Table E.1. The

process is based on three lithographical stages:
1. Trench etch to isolate waveguide ridges
2. Oxide opening over ridge waveguides
3. P-Metal lift off lithography
The process steps will be explained below and the fabrication process described.

Table E.1: Ridge Laser Parameters

Layer | Material | Thickness (pm)
12 GaAs 0.2
11 GalnP 0.05
12 GaAs 0.2
11 GalnP 0.05
12 GaAs 0.2
11 GalnP 0.05
12 GaAs 0.2
11 GalnP 0.05
12 GaAs 0.2
11 GalnP 0.05
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E.1.1 Ridge Lithography

The first step of the process involves the patterning of trenches in the wafer using UV

lithography. Alignment marks were also patterned in this step for the Oxide and Metal

mask layers. Once patterned, the wafer was wet etched to form the laser ridge profile.

With the wafer cleaned and resist removed, silicon dioxide was deposited using Plasma

Enhanced Chemical Vapour Deposition (PECVD). The process steps are as follows:

1. S1813 resist was spun on wafer (P side up) at 4000 RPM for 60s
2. Soft baked on a hot plate at 60 °C for 120s
3. Exposed on UV mask aligner with exposure time set for 11s
4. Pattern developed using MF-319 for 25s
5. Use profileometer to measure step height
6. Rinse with DI water for 555
7. Use PLASMOD at 50 W for 60s to treat wafer surface before etch
8. Selective etch of GaAs cap layer by using 1 : 1 : 10 Sulphuric Acid: Hydrogen
Peroxide: DI for 50s
9. Selective etch of GalnP layer on AlGalnP using 1 : 4 HCL: Phosphoric Acid for
15s
10. Non-selective etch of AlGalnP layer using 1 : 4 HCL: Phosphoric Acid for a
further 60s to ensure etched atleast 0.5 pm into AlGalnP layer and confirmed
using profileometer
11. Surface cleaned and resist removed using IPA and acetone. Rinsed with DI water
12. 200 nm of silicon dioxide was deposited on wafer using PECVD
(a) Trench Etch.
Figure E.1
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E.1.2 Oxide Opening Lithography

With oxide deposited over the entire wafer, the next lithographical step involves opening

an oxide window over the ridge waveguide to form an opening for the metal contact.

This was carried out using UV lithography to pattern the window and wet-etching.

The process is described below:

1.

2.

10.
11.

12.

51813 resist was spun on wafer at 4000 RPM for 60s

Soft baked on a hot plate at 60 °C for 120s

Exposed on UV mask aligner with exposure time set for 11s
Pattern developed using MF-319 for 25s

Use profileometer to measure step height

Use PLASMOD at 50 W for 50s to treat wafer surface before wet etch of oxide
Wet sample in DI for 15s

Dip sample in 5 : 1 BOE for 50s

Dry sample using nitrogen gas

Confirm step height of oxide plus resist using profilometer
Clean and remove resist using acetone and 1PA

Measure oxide step size using profilometers

(a) Oxide Deposition over sample. (b) The opening in the resist.

Figure E.2

E.1.3 P-Metal Lift-Off Lithography

With window opening now formed over the ridge waveguide it was necessary to deposit
the resist for the P-Metal lift-off lithography step. With LOR10A and S1813 resist
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(a) After BOE etch. (b) After IPA and acetone etch

Figure E.3

deposited over the wafer, UV lithography was used to pattern the area where the P-
metal is to be deposited. The pattern was exposed and developed to form the undercut
of the LOR and resist. Metal was deposited over the entire wafer using an E-Beam
evaporator and then a solvent was used for the lift off process. The process steps are

as follows:
1. LOR10A resist was spun on wafer at 4000 RPM for 60s
2. Sample was baked on a hotplate at 150 °C for 180s
3. 51813 resist was spun on wafer at 4000 RPM for 60 s
4. Wafer was soft baked on a hot plate at (115°C) for 120
5. Exposed on UV mask aligner with exposure time set for 5.5s
6. Pattern developed using MF-319 for 90s
7. Surface adhesion was improved by using PLASMOD at 50 W for 60

8. E-Beam evaporator was pumped down over night and angled evaporation of 30 nm

Ti and 250 nm Au performed
9. Lift-off performed using 1165 solvent at 100 °C for 30 min

10. Sample was cleaned and washed off using acetone and IPA

E.1.4 Substrate Thinning and Chip Preparation

With the P-Metal now deposited, the next step involved thinning the sample by etching
the GaAs substrate so that the wafer would be thin enough to cleave at the end of the
process. The wafer was stuck to a glass slide using black wax (P-doped side down) and
cleaned using a CHEMLOX solution. It was then etched using Bromine Methanol to

the desired thickness. The detailed process steps are as follows:
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. Py CREAN

(a) P-metal lithography. (b) Post P-metal liftoff.

Figure E.4

1. Profilometer was used to determine the thickness of the chip at the four corners
2. Chip was stuck to a clean glass side, metal side down, using black wax.
3. Thickness of the chip and wax on the glass slide was again measured

4. Using CHEMLOX, chip was cleaned and mechanically polished until surface was

smooth and shiny

5. Chip was etched using a Bromine Methanol solution to the desired thickness of
120 pm (plus wax thickness)

6. Using CHEMLOX again, chip was cleaned and mechanically polished until surface

was smooth and shiny
7. Wax was removed from P-side of the chip and cleaned
8. Chip was dipped in HCL:DI solution for 15 s to prepare it for N-Metal evaporation

9. E-Beam evaporator was pumped down over night and evaporation of 30 nm Ti
and 250 nm Au performed

10. Thickness of the chip was confirmed using profilometer

11. Using a Rapid Thermal Annealer, the P and N metal contacts were annealed for
180s at 400 °C with a Ho N inert forming gas
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