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Abstract

Abstract

With the development of Internet technology, the number of Internet users and
Internet traffic has increased exponentially every year, and there is a large-scale
demand for photonic components at the core of optical communication networks.
Semiconductor lasers are the heart of photonic devices which are attractive for
their low form factor, mass producibility and compatibility with photonic
integrated circuits (PICs). Quantum well intermixing (QWI) is one of the
important monolithic techniques used in the integration of PICs. QWI is a post-
growth technique, which is used in the preparation of integrated devices and
creates a modified energy band gap of a quantum well without any regrowth. QWI
in Indium phosphide (InP) based AlGalnAs multiple quantum well active regions
was demonstrated in this dissertation by applying QWI to monolithic tunable
single frequency narrow linewidth lasers. This design reduces both the potential
cost and power consumption of the devices. This work has been focused on
creating small size coherent optical laser sources, making them attractive devices

to satisfy the rising demand for photonic components.

This work investigates the development of components that can be simply
fabricated without requiring any epitaxial regrowth. A regrowth-free monolithic
InP-based laser / photonic integrated circuit (P1C) was demonstrated with tunable
single-frequency operation in the C + L bands and a sub 10 kHz linewidth. The
laser PIC integrates a gain section with a 1>2 multimode interferometer (MMI), a
linear curvature ring reflector on one side and a slotted mirror on the other. The
MMI and ring reflector were made transparent to the gain wavelength using the
impurity-free vacancy disordering (IFVVD) quantum well intermixing technique to
extend the cavity for narrow linewidth. The slotted mirror acts as higher order
distributed Bragg reflector (DBR) to select the lasing mode. The laser was
fabricated using the typical Fabry Perot (FP) laser process used in the Integrated
Photonics Group, with a self-aligned technique for achieving two etch depths. The
fabricated laser demonstrated single longitudinal mode tunability over a 39 nm
range with a side mode suppression ratio (SMSR) of greater than 35 dB and a 3.79
kHz linewidth at room temperature with 87 mA current injection on the gain
section and 115 mA on the slotted mirror section.
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Chapter 1 Introduction

Chapter 1

Introduction

Fibre optic communication is a method of transmitting information from one port
to another by sending light over an optical fibre. Light is modulated to carry
information. Fibre optics are preferred over electrical cables when higher
bandwidth distance product, or immunity to electromagnetic interference are
required. The bandwidth distance product is a product of bandwidth and distance,
typically expressed as MHz or GHz multiplied by km. In addition, the low
attenuation of fibre optic signals is ideal for high-speed, long distance transmission,
in comparison to electrical signals as where the attenuation in copper cable is
significantly higher. For example, very short electrical USB - C cables can transmit
data at 40 Gbps, which is very fast. Similarly, very long electrical cables were used

for the telegraph, but those used very slow data rates.

This introductory chapter is divided into 4 parts, starting with a very broad
introduction, and becoming more specific as the chapter progresses. First, in
section 1.1, the optical fibre communication network is introduced, and its
developmental history is discussed. Section 1.2 will cover semiconductor lasers,
which form the backbone of optical communication networks and are of great
significance in the field of photonic integration. In section 1.3, the research
progress of quantum well intermixing technology is introduced. Finally, the

motivation and outline of the thesis are elaborated in section 1.4.
1.1 Fibre-Optic Communication

People rely more and more on optical fibre communication technology. Although
its developmental history is not very long, it has become a necessity of human life.

Optical fibre communication systems typically include optical transmitters, optical
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fibre cables that transmit signals, optical amplifiers, and optical receivers. The

information transmitted is usually digital information generated by a computer.

Optical transmitters. Theodore H. Maiman at Hughes Research Laboratories
built the first laser in 1960, based on theoretical work by Charles Hard Townes
and Arthur Leonard Schawlow. This provided a good foundation for optical
transmitters and optical communication technology. Different types of
optoelectronic devices such as modulators, amplifiers, detectors and other
functional devices were then gradually developed by scientists [1]. All these
photonic devices play an increasingly important role in optical communication
systems. On the other hand, the more recent monolithic functional integration of
devices, such as laser arrays and multiplexers, has greatly increased the

transmission capacity of the entire optical communication system [65].

Optical fibre cables. Charles K. Kao and George A. Hockham of the British
company Standard Telephones and Cables (STC) were the first, in 1965, to
promote the idea that the attenuation in optical fibres could be reduced below 20
decibels per kilometre (dB/km), making optical fibres a practical communication
medium [2]. In 1970, Corning Glass Works researchers Robert D. Maurer and his
colleagues obtained the critical attenuation limit of 20 dB/km for the first time.
Then they reduced the fibre attenuation to 17 dB/km by doping silica glass with
titanium, and further reduced the attenuation to 4 dB/km using germanium dioxide
as the core dopant a few years later [3]. At present, 1.55 um wavelengths are used
for long distance fibre communications. At this wavelength loss is at a minimum
(0.2 dB/km) when compared to other wavelengths. On the other hand, erbium-
doped fibre amplifiers (EDFAS) can be used to compensate for these fibre losses,

which are then no longer a limiting factor for transmission distances [4].

If the transmission distance is too long, there will be new problems in the system,
such as the effect of optical dispersion in the fibre and nonlinearities [5]. Optical
dispersion in the fibre is where different colours of light have different velocities
in the fibre and therefore reach the destination in different times through the fibre.
This causes a broadening of light pulse as it travels through the fibre. One solution
to these problems is to improve the performance of optoelectronic devices in
optical communication systems, for example, using single mode light sources with

narrow linewidth.
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Optical receiver. The main component is a photodetector which converts light
into electricity using the inner photoelectric effect, which occurs when the energy
of the light is greater than the bandgap of the photodiode. The primary
photodetectors for long distance telecommunications are made from indium
gallium arsenide. The photodetector is typically a semiconductor-based
photodiode, including P-N photodiodes, P-I-N photodiodes, and avalanche
photodiodes [6].

The optical communication system is nowadays an optical communication
network with multiple functions such as optical cross-interconnections and cross-
multiplexing. Its continued development urgently requires further improvement of
optoelectronic devices, which include various active and passive devices. Active
devices include lasers, modulators, detectors, amplifiers. Passive devices include
multiplexers, optical isolators, and passive waveguides. This dissertation focuses

on the narrow linewidth lasers and passive waveguide integrated devices.
1.2 Semiconductor Lasers and Photonic Integration

Semiconductor lasers have become inseparable from our lives. They form the
backbone of telecommunications networks as they provide the light used to
transmit data. As with other lasers, semiconductor lasers typically emit a very
narrow spectrum. In contrast to other lasers, such as solid-state and gas lasers,
semiconductor laser typically have a much better efficiency. The main advantages
of semiconductor lasers are high reliability, small size, and lower cost, making

them ideal for optical communications.
1.2.1 Semiconductor Lasers

A semiconductor laser is a light-emitting diode. An un-doped semiconductor
material in placed between p-type and n-type semiconductor material, making a p-
i-n junction which emits light from the active area (i.e., multiple quantum wells)
when it is pumped directly with electrical current. The recombination of an
electron with a hole generates a photon when the diode is forward biased.
Spontaneous emission happens when an electron transits from a higher energy
level to a lower energy level and generates a photon which has a random phase
and direction. When there is a sufficient number of electrons in the higher energy
levels, an incoming photon can interact with an excited electron, causing it to drop

3
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to a lower energy level which is known as stimulated emission as seen in figure
1.1a). In the stimulated generation, the energy of the photon is used to lift electrons
from the valence band to higher energy levels in the conduction band, leaving a
hole in the valence band as seen in figure 1.1b) [7].

Conduction
O I:> Band <:|
" 9) @ Electron

In ~—~—p In (O Hole
Out
Valence
O E> Band <j .
(a) (b)

Figure 1.1 Illustration of the a) stimulated emission, b) stimulated generation
(Photons are depicted in orange color).

The wavelength of the laser is determined by the bandgap of the semiconductor
material used, which currently covers a range from infrared to ultraviolet (UV) in
today’s laser diodes. The most popular form of laser is the laser diode, which has
a wide range of applications including fibre optic communications, barcode
scanners, LIDAR, laser pointers, laser printing, and reading CDs and optical discs

[7]1

Current

I
.

Active region

Facet

Figure 1.2 Illustration of an edge emitting laser diode.
The ridge on top of the semiconductor material in figure 1.2 is used to make what

is referred to as a ridge waveguide laser. This is a common method for making an
edge emitting laser device, and it has been used in this thesis. Waveguides can be
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used to confine the light. An active waveguide is a waveguide that generates or
absorbs light. A laser uses an active waveguide that needs to be electrically
pumped to generate light (current is injected through the waveguide on top, which
flows through the active region in the laser, generating light.). Passive waveguides
also can be used, where passive waveguides do not generate or absorb light and
hence do not need to be electrically pumped. Ideally a passive waveguide will have

very low optical loss.
1.2.2 Photonic Integrated Circuits

A photonic integrated circuit (PIC) is a device that integrates multiple optical, or
photonic components to achieve multiple functions in a single device. For example,
the integration of a laser with a modulator to obtain a modulated optical signal, or
an integration of a laser with a modulator and an amplifier to achieve an amplified
optical signal, which would otherwise require three different discrete components

without integration.

Indium phosphide (InP) is the most popular base material used in PICs. To extend
the functionality of a PIC, the integration of optically active and passive devices
on the one chip is highly desirable. For example, a distributed Bragg reflector
(DBR) laser consists of two independently controlled device sections. One part is
a gain section, the other part is a DBR mirror section. As a result, PICs encompass
all monolithic tunable lasers, widely tunable lasers, electro-absorption modulated
lasers and many receivers. Bell Laboratories did the initial ground-breaking work
in this field. More recently, the University of California in Santa Barbara and
Eindhoven University of Technology in the Netherlands are two of the most
famous academic centres of expertise in PICs based on InP [8].

Monolithic photonic integration is the simplest method for photonic integration,
since all the components are fabricated on the same substrate during a single
fabrication process. However, it is impossible for one epitaxial growth to provide
the different bandgap materials for the different sections of the PIC that are
required to achieve the different functions. Epitaxial regrowth is therefore
commonly used to provide these different materials on the same wafer. The
regrowth is done in different areas for different bandgaps. Some different types of
monolithic integrated methods are shown in figure 1.3.



Chapter 1 Introduction

Active Active
; Passive Active
@ Passive @ Passive
p - Metal @ @ @

p-InP

MQw

n-InP

n - Metal

Butt-Joint Selective Area Quantum Well
Regrowth Growth Intermixing

Figure 1.3 A methods of monolithically integrating active and passive regions.
Between the blue lines is intrinsic core including MQWs and SCH layers,
between the red lines is the passive section and between the black lines is the
active MQW region.

1) Butt-Joint Regrowth

The Butt-Joint regrowth [9] technique is to grow one material first, then etch away
a part, and then re-grow another desired material. The biggest advantage is that the
material composition and thickness of each region can be optimized separately.
The disadvantage is that the requirements for etching and regrowth processes are
relatively strict. The ideal butt-joint interface is the key to ensuring the quality of
the device, and the multiple epitaxial material growths leads to the high cost of
device fabrication. Using the butt-joint growth technique, adjacent layer stacks can
be independently designed and chosen in terms of material, thickness, and doping
level. High speed electro-absorption modulated lasers (EML) were demonstrated

by Kobayashi et al. by using butt-joint integration [10].

The butt-joint growth technique enables the integration of passive and active
devices, which can be separately optimized for different optoelectronic properties
like bandgap during the growth and regrowth. For example, a cross-section of the
Butt-Joint regrowth epitaxy is shown on the left in figure 1.3. The intrinsic core
region of the active region includes multiple quantum wells (MQW), and the
passive region is the bulk material, which is intended to be transparent. The
thickness of the bulk intrinsic core is usually thicker than that of the active area for
6
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efficient optical coupling between two regions. However, the biggest challenge is
to achieve a perfect interface at the butt-joint of the sections, especially for
multiple sections where different bandgaps are required, so the total loss is

minimised in the whole integrated circuit.
2) Selective Area Growth

Selective area growth (SAG) [11] is a technique where a patterned dielectric is
formed on the wafer on which the material cannot grow during epitaxy. The
presence of the mask locally increases the concentration of gas precursors in its
vicinity, thus inducing a growth rate enhancement and modification of the material
composition. When growing quantum wells, this growth rate enhancement induces
a significant band gap shift due to the modification of grown quantum well
thickness [70]. The co-integration of a distributed feedback (DFB) laser and an
electro-absorption modulator (EAM) was demonstrated by Takahashi et al. using
this method [12].

Selective area growth technology can achieve multiple bandwidths in a certain
range. For example, a cross-section of Selective area growth epitaxy is shown in
the middle of Figure 1.3. The multiple quantum wells in the intrinsic core of the
active region is relatively thicker than that in the passive region due to the proper
dielectric mask design, so that the bandgap of the passive region is larger, thus
transparent. The increase in the bandgap is due to the narrowing of the QWs and
the increase in the energy of the bound states in those narrow QWSs. However, it
cannot optimize the material structure of each region separately, and the amount
of band gap change is limited, which also limits the application of this technology
for photonics integration.

The Butt-Joint regrowth and Selective area growth are two different integration
methods. Selective area growth is multi-bandgap structures that can be defined in
single epitaxy step by the shape and the dimension of the mask. Areas near the
mask see enhanced growth, while areas away from the masked regions see normal
growth. The bandgap difference is limited using selective area growth, due to the
practical limits of the growth enhancement. For processing of these devices
alignment marks can be made before the epitaxial steps. However, this technique

results in a non-planar structure, because the material is grown only in the
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unmasked regions, and additionally, the regions with different bandgaps also have
different surface heights. In contrast, Butt-Joint regrowth is done by growing one
epitaxial stack on the entire wafer first, and then selectively removing some parts
that stack in the areas where the other layer stack is required. This is accomplished
by placing a dielectric hard mask over the area of the wafer where the first stack is
required. The second stack is then grown while keeping the areas that have been
masking from getting any new material. The bandgap of different regrown region
can be optimized separately. However it is very challenging to get a smooth

interface for low coupling loss between the different regions.
3) Quantum Well Intermixing

Quantum well intermixing (QWI) [13] is a post-growth technique that allows the
energy band gap of a quantum well (QW) to be modified without any regrowth
and thus can be used in the fabrication of PICs to reduce or eliminate epitaxial
regrowth [14]. During the QWI process, after high temperature annealing, defects
are generated in the quantum well, and the diffusion of different atoms into the
QW changes the material composition of the well. The bandgap of the QW
typically increases (thus blue-shifts) as a result of the QWI. The disadvantage of
QWI is similar to selective area growth in that different material regions cannot be
individually optimised. The advantage of QW1 is that the process is simple, and
the refractive index and wavelength of the selective area can be changed according
to demand, high coupling efficiency and low loss when light is transmitted in the

active area and the passive area. The next section will explain QWI in more detail.
1.3 Quantum Well Intermixing Technique

Quantum well intermixing technology is a post-growth process. It has been
successfully applied to change the optical and material properties of
semiconductor heterostructures. Its biggest advantage is that it can achieve
monolithic integration of materials with multiple band gaps without re-growth. It
has excellent optical alignment and low transmission loss in optical waveguides,
which has good potential for multi-functional integration. Dr. Laidig demonstrated
the disordering of an AlAs-GaAs superlattice using Zinc (Zn) as the active species
in 1981. This was the first quantum well intermixing technique to be ever

demonstrated [17]. After that, many QWI methods have been reported, including
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impurity induced disordering (11D) [17, 18], photo-absorption-induced disordering
(PAID) [19] and impurity-free vacancy-disordering (IFVD) [20, 21].

Stewart D. McDougall from University of Glasgow started research of IFVD QWI
method by using defect generation during the deposition of sputtered SiO. and
annealing to achieve a blue-shift in the InGaAsP material systems in 1998 [22].
For InAlGaAs and InGaAsP samples covered by sputtered SiO2 and SiO>
deposited by plasma enhanced chemical vapor deposition (PECVD) and then
annealed, the material bandgap had shift. For InGaAsP material covered by
sputtered SiO. the intermixing effect was obvious, as the bandgap shifted at
temperatures as low as 550°C. When using the PECVD SiO» covered material the
bandgap shift occurred at a higher temperature of 650°C. The samples covered by
sputtered SiO> demonstrated bandgap shifts that increased with annealing
temperature up to over 70 meV at 650°C. For the InAlGaAs system a similar result
was observed, with material covered by sputtered SiO, samples showing bandgap
shifts from 600°C and shifts of 100 meV at 750°C. However, for InAlGaAs
samples covered by PECVD SiO2 no bandgap shift was observed at the same

temperature [22]. The results from this study are shown in figure 1.4.
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Figure 1.4 The bandgap shift vs the annealing temperature. For InGaAsP
covered by sputtered () and PECVD (OJ) SiO2, and InAlGaAs covered by
sputtered SiO (@) [22].

For the InGaAsP samples covered by sputtered SiO2 and annealed at temperatures
from 625 to 700°C, the bandgap shift is obvious. It is clear to see that a PECVD
SiO. protective zone does not completely inhibit intermixing, and the covered

material had bandgap shifts of 70 meV at 700°C. The PECVD SiO> provided
9
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protection, but this was not sufficient to prevent the generation of a significant
point defect density in the semiconductor [22]. However, 1.8 jum photoresist can
suppress the intermixing process at 650°C, preventing the formation of point
defects [22]. The results shown in figure 1.5.
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Figure 1.5 Bandgap shift against anneal temperature, for InGaAsP samples that
are: uncapped (H), covered by PECVD SiO; (A), and covered by 1.8 pm
photoresist layer (O) [22].

These results show that the QWI technique provided a simple, low cost and reliable
process for Il - V material systems. It has significantly simplified the fabrication
of photonic integrated circuits compared to regrowth techniques.

1.4 Motivation and Outline

The importance of photonics integration for optical communication is self-evident.
PICs allow more devices with different functions to be integrated on a single
semiconductor chip. Thus, the size of the PIC is reduced, the process flow is
simplified, and the cost is reduced, in comparison to the individual fabrication and
integration of separate photonic components. QWI technology is the simplest
integration technology that has been developed and has seen considerable attention
in the last few decades. It has also been used in different PICs. In this thesis, the
aim is to demonstrate a low-linewidth laser PIC with an extended cavity, which
will be made transparent with the QWI technique. This process also reduces the
power required to operate the PIC, compared to the previous design described in
chapter 2 which requires biasing to be transparent. This PIC proves the
effectiveness of QWI within a PIC, while also greatly improving the overall

efficiency of the device compared to that made without QWI.

10
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This thesis is outlined as follows:

The first chapter is an introduction to the development of optical fibre
communications. The significance of semiconductor lasers and monolithic

integration was discussed. Then the QWI technology was briefly introduced.

The second chapter describes the theory of single-mode tunable lasers, narrow
linewidth lasers and teardrop laser. The theoretical research and types of QWI

technology are introduced.

Chapter 3 presents the process of successfully implementing the IFVD method.
These include experimental design, processing, and testing, followed by a

demonstration of a successfully fabricated FP laser using the IFVVD method.

Chapter 4 describes the successful fabrication of active and passive device
integration with the IFVD method, demonstrating a laser with good single-mode

performance.

Chapter 5 describes the successful fabrication of single-mode tunable narrow-
linewidth lasers and use of IFVVD method to integrate a passive section in the PIC.
The characterisation and analysis of the PIC are also presented.

Chapter 6 concludes this thesis. The main results are summarised, and further

commentary is made regarding what could be done or improved in the future.

11
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Chapter 2

Theoretical basis and research

background

The first section of this chapter discusses single mode lasers, including multi-
quantum well gain spectrum, grating theory, DBR grating reflection spectrum,
DFB laser lasing theoretical analysis, and slotted Fabry Perot (FP) lasers. Section
two discusses the relevant design principles for narrow linewidth lasers. The third
section introduces three different quantum well intermixing techniques and
analyses the mechanism of the IFVD method. The fourth section is the summary

of this chapter.
2.1 Tunable single frequency lasers

Single Frequency is defined based on the side mode suppression ratio (SMSR) of
a laser. All of the power generated by a laser in an ideal situation is contained in
its primary spectral peak. In actuality, the laser signal contains side peaks, also
known as side modes, which have some power. The amplitude difference between
the main mode and the largest side mode is expressed in decibels as the side-mode
suppression ratio (SMSR) of a laser [23]. A single frequency laser’s SMSR is
usually larger than 30 dB, suggesting that the main mode contains the majority of
the power. Different ways have been reported to achieve single frequency lasers
including using Bragg gratings to select the desired mode or using coupled cavity
effects. Grating-based DFB lasers and DBR lasers generate the majority of the
optical power in the main mode, and thus they have high SMSR values. Figure 2.1
shows the optical spectra of a laser and highlights the side mode suppression ratio
(SMSR).

12
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Figure 2.1 The typical side mode suppression ratio (SMSR) of a laser.

A tunable laser is a laser whose lasing wavelength could be tuned by changing the
operating conditions such as the bias current or the temperature. The laser’s
tunability is the capability to change the lasing wavelength over a certain range.
Both continuous or fine tuning, and course or discrete tuning are useful for a
tunable laser. Fine tuning is required to ensure the wavelength fits in a specified
optical communications channel, or that a laser is at the right wavelength for a
sensing application. Course tuning is typically used to change the wavelength of a
laser from one optical channel to the next. A tunable laser usually consists of a
semiconductor gain section and a wavelength-tunable optical filter to tune the
selected wavelength by changing the filter wavelength. Typical tunable lasers
include external cavity lasers, coupled cavity lasers, DFB lasers and DBR lasers.
DFB and DBR type tunable lasers have been widely used however it requires high
resolution gratings and more complex design and fabrication process than other
type of single mode lasers. An example is a sampled-grating DFB or DBR laser
providing a tuning range of more than 30 nm, which is required for dense
wavelength-division multiplexing (DWDM) systems [68]. Figure 2.2 shows the

optical spectrum of a tunable laser.
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Figure 2.2 The optical spectrum of a tunable laser.

2.1.1 Distributed feedback laser background and research

A distributed feedback laser (DFB) [24] is a semiconductor laser diode, which
comprises a grating structure used for feedback that is integrated with the gain
section. The grating structure modulates the index of refraction in the material,

thus causing localised reflection (Bragg scattering [25]) within the laser.

—P - Metal

—Cladding
—Grating
—Active

—Cladding
—N - Metal

Figure 2.3 The schematic diagram of the typical DFB laser.

Figure 2.3 shows the schematic diagram of the typical DFB laser. Here is an easy
and quick way to understand how a DFB laser operates. FP lasers rely on the two
facets at the end of the cavity to provide optical reflection back and forth in the
cavity, while in DFB lasers the optical reflection happens at the periodic and
continuous gratings along the cavity to provide optical feedback and construct the

lasing mode as shown figure 2.4a) and 2.4b).
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a) Light in FP laser cavity

Light in grating structure

Figure 2.4a) Light propagation in the laser cavity of the FP laser, Figure 2.4b)
Propagation of light in the laser cavity of a DFB laser and the relative amplitudes
of two counter-running waves.

In figure 2.4b), light propagates from the left side to right side (or from the right
side to left side) in a DFB laser. It will be partially reflected at each interface of
the grating. The light will partially return to origin point of the waveguide, as part
of the reflected light will itself be reflected again. At the origin point of the
waveguide, the total reflected light will be the superposition of light from of all the
multiple reflections, which may add through constructive or destructive
interference. When the wavelength of the light is equal to the Bragg wavelength,
a net constructive interference reflection will be observed as the light will
experience a m phase shift, while all other wavelengths will experience phase shifts
between 0 and = thus resulting in some destructive interference and leading to a
reduced reflection coefficient. Therefore, the dominant wavelengths reflecting
back through the device will be close to the Bragg wavelength of the grating, the
lasing wavelength of the DFB laser. The Bragg condition: the coupling occurs only

for wavelengths (1) satisfying [71]:
mAB = Zneff/l (2.1)

In the equation, m is the order of the grating, n.f is the effective refractive index
and A is the grating periodicity. Due to the Bragg reflector, DFB lasers can achieve
single-mode operation over wide current and temperature ranges. Figure 2.5 shows
the wavelength of DFB lasers made of different 111V materials covering
wavelengths ranging from 760 nm to 2.5 pm [30].

DFB lasers have evolved over more than 40 years, from conceptualization to

realization in 1970s to the present. They have good single-mode performance, can
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be made to generate a high output power, have good fine-tuning ability, are much
more stable than Fabry-Perot or DBR lasers [26]. Therefore, DFB lasers dominate
the long-distance communication market [24, 27]. DFB lasers can be integrated
with other devices in a photonic circuit, such as semiconductor optical amplifier
(SOA), or electro-absorption modulators (EAM) [28, 29] using epitaxial regrowth.
DFB laser diodes are used as coherent single mode light sources for laser
spectroscopy and for a wide variety of sensing applications. The only
disadvantages of DFB lasers include the complexity of the fabrication
requirements for material regrowth and the high-resolution manometer level of
gratings through E-beam lithography. Both are time consuming and costly. In
addition, commercial DFB diode lasers typically have emission linewidths on the
order of 1-10 MHz [30].
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Figure 2.5 DFB laser diodes can be covered wavelength range [30].

2.1.2 Slotted Fabry-Perot laser background and research

1) Fabry-Perot lasers
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A schematic of the simplest semiconductor laser, the Fabry-Perot (FP) laser is
shown in figure 2.6. This is a FP resonator that includes a gain section using
quantum well material, and two facets. The two mirrors form a resonant cavity.
The photons bounce between the two mirrors incessantly while experiencing

optical gain from the active region, and loss through the mirrors.

Gain Material
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N
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Figure 2.6 Schematic of a semiconductor FP laser.

This also means that there is a lot of reflection at both ends and multiple

longitudinal modes are supported by the FP resonator as shown in figure 2.7.
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Figure 2.7a) Schematic illustration of light transmission in a FP resonator.
Figure 2.7b) The longitudinal modes existing in the resonator.

All longitudinal optical modes must be standing waves within the cavity, which
would have a corresponding wavelength of:

2 =2t (2.2)

m

In the equation 2.2, L is the cavity length, m is the optical mode number, n is the
refractive index of the cavity. The wavelength separation between adjacent modes
iISAA = A, — Apyq. Therefore:

2nL 2nL 2nL
AN = — ~ (2.3)

m m+1 m?2
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By combining Equations 2.2 and 2.3:

2
AL = 2o

"~ 2nL (2:4)

In the equation 2.4, A, is the dominant or peak laser resonant wavelength.

For a FP laser, only a number of active longitudinal modes can exist whose
wavelength is within the gain spectrum bandwidth of the active gain medium and
amplified to compete the loss in the transmission, as shown in Figure 2.8. The

number of the modes that can be supported by the gain material is calculated as:

In the equation 2.5, mr,, is the total number of allowed modes, 44, is the laser

material gain spectrum bandwidth.
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Figure 2.8a) Schematic illustration of the resonant modes overlapping with the
optical gain curve (in red). Figure 2.8b) The lasing longitudinal modes of the FP
laser.

In most manufactured FP lasers, the ridge waveguide structure is cleaved to a
specific length. The cavity is formed by the cleaved facets. A p-n (or p-i-n) junction
is formed by the doped cladding layers and intrinsic quantum well layers between
the deposited metal on top of the FP ridge (p metal) and the deposited metal on the
back side (n metal). A current is applied between the contacts to provide the gain
required to electrically drive the laser, so that the lasing emission will be generated.
The spectrum of a FP laser is shown in figure 2.9.
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Figure 2.9 Typical 1550 nm spectrum of a FP laser.

2) Slotted Fabry-Perot lasers

FP lasers have multi-mode spectral output, and as a result the transmission distance
for high-speed optical communications is relatively short due to modal dispersion.
Since each mode has a different wavelength, the modal dispersion is a result of the
optical dispersion of the fibre. In comparison, a single-mode laser is suitable for
long-distance optical communications, due to the elimination of modal dispersion.
Single-mode lasers are therefore more suitable for integration with other devices
when the application is long distance optical communications. The Slotted Fabry-
Perot (SFP) laser is a variant of a simple FP laser which uses optical defects (etched
slots) in a FP laser to specifically select a single mode. The slots are around 1 pm
wide, formed by etching into the ridge waveguide of the laser. Single or multiple
slots can be used to achieve single mode operation. A single slot etched into the
FP waveguide splits the FP cavity into sub-cavities, thus a single mode spectrum
can be obtained through the coupled cavity effect. The mechanism of coupled
cavity effect is illustrated in figure 2.10. The cavity is made into two sub-cavities
of FP laser L1 with a length of 300 pm, and FP laser L2 of 290 pm which share
the same active quantum well layer thus have the same effective index. Equation
2.3 shows that the mode separation between resonant wavelengths in a cavity is

proportional to the cavity length so only one wavelength is resonant, since the two
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sub-cavities (L1 and L2) have different lengths. If the sub-cavity lengths are
similar, only one wavelength can be resonant in both cavities, and also within the
gain bandwidth of the laser. When A1 equals A2, a new spectrum with a dominant
wavelength A3 will be formed. Tuning between these peaks, also known as
supermodels, can be achieved through the Vernier effect [64]. The Vernier effect
is observed by inciting an offset in refractive index (by increasing or decreasing
current injection) in the FP laser 2 section with respect to the other section. This
causes the lasing wavelength to hop to an adjacent super-mode due to a new set of

peak overlapping.
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Figure 2.10 Schematic of laser coupled cavity effect.

Multiple slots are usually adopted to form a high order DBR mirror to select the
single mode as well as replace the cleaved facet for integration [31, 32]. A
schematic configuration of a laser using etched facets as front and back mirrors is

shown in figure 2.11.
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Figure 2.11a) Schematic configuration of a SFP laser with a series of slots as
the front and back mirrors and Figure 2.11b) Cross-section of a single slot from
[31].

In figure 2.11b), the etch slots are etched to the same depth as the waveguide ridges.
Using an etch stop layer, the slots depth may be precisely controlled during the
etching process, and each slot can accomplish reflection and transmission. The
reflectance spectrum of mirrors can be designed with specific spectral
characteristics to achieve single-mode lasers, as well as lasers with tunable
properties [31]. In the paper, the designed laser consists of a gain section of 500
jm, a front mirror section of 972 m and a rear mirror section of 873 jm in a total
length of 2345 m. Each slot is 0.88 um long and each mirror section has 9 slots.
The gain section and each mirror section of the SFP laser were designed for
independent bias control.
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Figure 2.12a) Measured optical spectra of SFP laser under different current.
Figure 2.12b) Measured SMSR versus wavelength under different current [31].

The spectrum of the laser is shown in figure 2.12a). All spectra were collected via
fibre coupling. Using different bias currents, the SFP laser demonstrated single-
mode performance, and tunability. The SFP laser includes a gain section and two
9 slotted mirror sections, enabling tunability using the vernier effect as described

in the previous section. The three sections are used to independently inject current
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into the gain section and the two slotted mirror sections. To demonstrate the
tunable operation, the gain section current was fixed at 100 mA, while the current
into the front and back mirror sections were swept from 10 to 100 mA. By
increasing current injection in slotted mirror section, the effective length is altered,
and this causes the lasing wavelength to hop to an adjacent resonance due to a new
set of peaks overlapping. Due to this Vernier effect, the SFP laser is able to operate
as atunable laser. The laser wavelength, SMSR and the peak power were recorded
using a fibre for collection. This fully demonstrates the tunable properties of SFP

lasers.

Figure 2.12b) shows the operating wavelength of the laser and the corresponding
SMSR at each wavelength. It can be seen that the laser is tunable with a tuning
range of over 30 nm. The SFP laser has 13 discrete wavelengths spaced about 3
nm, with an SMSR larger than 25 dB. When different currents are injected into the
slotted mirror sections, the power of the laser changes, and the value of the SMSR
is directly related to the output power. This also fully demonstrates the tuning
characteristics of the lasers.

2.2 Narrow line-width lasers

For past decades, semiconductor lasers have been regarded as reliable and stable
light sources. However, with the rapid development of communication and sensing
technology, the demand for high-quality coherent light sources is increasing, and

narrow linewidth lasers are very suitable for this demand.

Narrow linewidth sources directly translate to high resolution in many systems. A
particularly important field of application is the field of sensors, such as fibre optic
sensors for strain and/or temperature [33], various types of interferometric sensing
[34], trace gas detection using differential absorption lidar (DIAL) [35], or the use
of Doppler LIDAR for wind speed measurements [36]. Some fibre optic sensors
require a linewidth of only a few kilohertz, while 100 kHz is sufficient for
applications such as lidar measurements [37]. However, optical frequency
metrology [38] requires sources with very narrow linewidth, usually a sub-10 kHz

level.
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2.2.1 Narrow linewidth laser background and research

Here is a quick way to understand of the principle of the linewidth of a laser. The
linewidth of a laser is the width of its optical spectrum, which is extracted from
the full width at half-maximum (FWHM). In theory, the emission of a laser is
based on stimulated emission where the light wave is generated through
interference of in-phase (constructive) and anti-phase (destructive) of reflected
light in the laser cavity so the laser should be monochronic and highly coherent,
I.e. the linewidth of the laser should be zero. However, in reality this is not true,
and the laser has a finite linewidth which arises from a few factors. The
fundamental one is from the spontaneous emission (random phase and direction)
in the laser cavity, which is inevitable and coupled to the stimulated emission thus
causes phase noise that broadens the linewidth of the laser. The calculation of laser

linewidth has been investigated by many researchers.

Schawlow and Townes calculated the corresponding linewidth even before the
first laser was experimentally demonstrated [44]. Since then, different models have
been presented to predict the lasing linewidth, including the one from Henry who
introduced the linewidth enhancement factor of a% to the laser linewidth model,
leading to the following FWHM linewidth formula for a Laser diode with a

Lorentzian line-shape. The linewidth is then expressed as follows [39, 62]:

_ T _ Ry 2
4, = = (1+a;) (4.1)

In the equation, 4, indicate the laser linewidth, T,,,; represents the coherence time,

R, is the time-averaged total spontaneous emission rate of laser mode coupled to

the laser cavity, and F is the time averaged total photon number in the laser

cavity. a is the linewidth enhancement factor and defined as by:

4 an

— T 9N

ag = —TE, 4.2)
ON

In the equation 4.2, A is the emission wavelength, g is the material gain, n is the

refractive index and N is the carrier density.
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For a single frequency laser, if the photon density in the laser cavity grows

exponentially, equation (4.1) can be expressed as [39, 62]:

A = vghvns, am(am+a;)
v 8TP,

(1 + a@)k,, (4.3)

In equation 4.3, v, indicates the group velocity, h represents the Planck’s constant,
v is optical frequency, n,,, is the population inversion factor, a,, is the mirror loss

factor per unit length, «; is the internal loss factor per unit length, and k.. is the

Petermann factor.
The output power per facet (P,) above the threshold current (1) is given by [62]:

hvn;(I1-1 am Vyct N
P, = Ni(I—Itp) , with Iy, = QVact th, 4.4)
q amta; Tc

In equation 4.4, n; is the internal quantum efficiency, I is the bias current, q is the
elementary charge, V. is the active region volume, N, threshold carrier density,

and . is the carrier lifetime.

From the equation, the laser linewidth can be reduced by reducing the internal loss
«; and mirror loss «,,, and increasing the differential gain and injection efficiency.
Hence the linewidth of the laser can be minimized through a series of optimizations
(simulation and design of the optical path, the size of the waveguide, for example)
The influence of quantum noise (basically spontaneous emission noise) can be
minimized through designing the laser with high output power, low loss of the
resonator and long round-trip time of the resonator. It is also necessary to suppress
the influence of external noise on the linewidth (vibrations, fluctuations of voltage
in the electric power supply) as much as possible, and the external influence can
be further reduced to ensure that measurement noise has a negligible effect during

the measurement.

As described above, DFB lasers have demonstrated excellent performance in terms
of single frequency over a large wavelength tuning range, and so have been the
most popular commercial laser source for many applications. However,
commercial DFB diode lasers typically have emission linewidths on the order of
1-10 MHz [30, 40]. In figure 2.13, the typical linewidth of each DFB laser that was
measured using the self-heterodyne method is shown [40, 70]. For each DFB laser,
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the black curve is measured data and the red curve is a Lorentzian fit. The linewidth

of the DFB laser was measured between 3 and 7 MHz.
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Figure 2.13 Measured linewidth of four DFB lasers under same current [40].

2.2.2 Teardrop laser background

Different approaches have been investigated to simplify the laser structure to
achieve a single frequency, tunability, and also narrow linewidth in a

semiconductor laser.

Narrow linewidth can be achieved by extending the cavity length of a single mode
semiconductor laser. In figure 2.14a), a teardrop laser integrating a deep-etched
linear curvature loop reflector with a 1x2 multimode interferometer (MMI) [53]
has been reported [54]. This laser was designed to operate as an extended cavity
laser. Rather than merely using two cleaved facets with a long gain section, one of
the facets was replaced by the MMI and loop mirror. The operating mechanism of
the MMI and loop mirror is shown in figure 2.14b). The light from the gain section
passes into the 1 x 2 MMI, which acts as a 1x2 splitter, with equal parts entering
the two sides of the loop. After passing through the loop, the light enters the MMI
from two inputs, where the interference of those inputs will result in a re-imaging

of the light onto the waveguide on the right of the MMI, thus acting as a 2x1
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combiner. This light then returns to the gain section and is reflected at the cleaved
facet on the right. The cavity is defined between the cleaved facet and the loop
reflector. In this design the cavity length is extended through the loop which also
acts as high reflection mirror. The MMI and loop creates a long cavity, which is

used to achieve low linewidth.

The 1x2 MMI and the loop need to be transparent to reduce the optical loss, so
electrodes were required to apply current to these sections, which means extra
power consumption. On the other hand, the single frequency performance of the
design depends on the coupled cavity effects between the loop and the MMI. There
should be no reflection in an ideal MMI, however this design took advantage of
the small reflections that take place in the actual, non-ideal MMI. Thus wavelength
tuning can be achieved by changing the index of the 1x2 MMI and the loop through

current injection. However, this tuning ability is limited.

slots P electrode 1 | shallow etch

— " . \EM—

A
v

h
deep etch 1x2 MMI Loop reflector = 1x2 MMI

Figure 2.14a) Schematic configuration of designed teardrop laser with etched
slots [53] and Figure 2.14b) Schematic diagram of light transmission in 1x2
MMI and loop reflector.

The pictures of the fabricated teardrop laser and its measured linewidth [53] are
shown in figure 2.15. The teardrop laser demonstrates a narrow linewidth of 75
kHz. Its manufacturing process is simple, and the yield is high. However, the
power consumption is high with the need of pumping the MMI and loop reflector,
and its single mode tunability needs to be improved. The ultra-narrow linewidth
(<75 kHz) and better tunability with low power consumption could be achieved
through further extending the laser cavity length with a larger bend radius loop,
adding a high reflectivity back mirror such as a slotted mirror, as well as changing
the bandgap of the 1x2 MMI and loop reflector to make it transparent to the

operating wavelength without need of pumping, which is the target of this thesis.
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Figure 2.15 Scanning electron microscope (SEM) pictures of the fabricated
teardrop lasers (left). Measured linewidth spectrum and the Lorentzian fit (right)
[41].

In order to achieve the target, one solution uses integrated silicon photonics, where
the external cavity lasers is made through assembling 111-V gain with silicon-based
structures (like passive waveguide or rings) to narrow the laser linewidth [42, 63].
However, the IlI-V-silicon integration with silicon is always challenging for
material growth, device fabrication and assembly, which increases the complexity

of the fabrication and thus results in low yield and high cost.

The alternative solution is using monolithic integration on InP to achieve the target.
The proposal from this thesis includes increasing the loop bend radius, using the
quantum well intermixing method to blue shift the 1x2 MMI and loop section to
make it transparent without needing current injection, and adding a slotted mirror

to replace the cleaved facet to achieve single mode emission and tunability.
2.3  Quantum well intermixing

Quantum well intermixing (QWI) is a post-growth technique that allows the
energy band gap of a quantum well (QW) to be modified without any regrowth.
The QWI technology offers greater flexibility on pattern shapes and number of
bandgaps compared to the Selective area growth and butt-joint regrowth. QWI is
low-cost and simple to implement due to the requirement of only once epitaxial
growth. A multi-functional PIC needs both active and passive devices realised on
the same chip. For example, if a laser is to be integrated with a waveguide coupler

which has the same bandgap, then the waveguide loss would be high in the coupler.
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To achieve low losses in a waveguide, the bandgap of the coupler would need to
be larger than that of the laser [45].

2.3.1 Variations in quantum well intermixing techniques

QWI processing techniques can be used in the fabrication of photonic integration
circuits (PICs) to reduce or eliminate epitaxial regrowth. Several variations in QWI
processing techniques exist and have been successfully applied in the realisation

of many photonic devices.
1) Impurity induced disordering (11D)

In the process of impurity induced disordering, impurities are introduced into
semiconductor epitaxial materials by diffusion or ion-implantation [17]. In the
GaAs/AlGaAs material system, the commonly used impurities are Zn for p doping
and Si for n doping. It is believed that the role of impurities in the disordering
process is to generate free carriers and increase the number of equilibrium
vacancies at the annealing temperature. However, since the impurity species used
are usually electroactive, the electrical properties of the device may be affected
and the waveguide propagation loss may also increase, mainly due to the free
carrier absorption mechanism [45]. For InGaAsP materials, in order to avoid
electroactive doping caused by ion implantation, As-ion or P-ion implantation is
usually used to realize quantum well mixing. P-ion implantation is used to realize
the hybridization of the InGaAsP multiple quantum well material system, which is
very effective and has good repeatability, and the PL spectrum intensity of the
material does not change after the hybridization [46]. However, if the injection
energy is higher, it will cause deterioration of the material quality and increase of
the threshold current of the laser.

2) Photo-absorption-induced disordering (PAID)

The photo-absorption-induced disordering (PAID) mainly uses continuous laser
irradiation to introduce defects in the semiconductor materials. By irradiating the
active region of the epitaxial structure with a high-power laser, the local carrier
density can be significantly increased through the band absorption of photons.
Subsequent carrier cooling and nonradiative recombination results in the
generation of heat [47]. With this PAID method, a maximum blue shift of 160 nm
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can be obtained in the intermixed region and has been used to successfully achieve

selective intermixing in several photonic devices [47, 48].

However, the PAID method uses a laser to generate heat, as the technique is based
entirely on thermal diffusion the spatial resolution performance tends to be rather
poor with a blurred region around 100 um in size, and the laser can cause non-
uniformity in the mixed region. Another problem caused by non-uniformity is that
the high temperature heating process will cause the deterioration of the surface
flatness, which will cause difficulties to the subsequent process.

3) Impurity-free vacancy-disordering (IFVD)

In impurity induced disordering, higher impurities lead to larger losses in the
intermixed region. The impurity-free vacancy-discording (IFVD) technique was
subsequently developed. IFVD induces disorder through vacancy defects. First, a
certain thickness of SiO2 or SisNs dielectric coating is deposited on the
semiconductor quantum well material by plasma-enhanced chemical vapor
deposition (PECVD) or sputtering, then annealed at high temperature by rapid
thermal annealing (RTA). The atoms on the surface of the material diffuse into the
dielectric film, producing vacancy defects on the surface of the material. There
will also be a certain amount of vacancy point defects in the dielectric film, which
can enter the quantum well through high temperature diffusion to promote mixing.
In the GaAs/AlGaAs material system, when the IFVD method is used to achieve
intermixing, high-temperature annealing causes Ga atoms to diffuse out from the
P-doped layer into the dielectric layer, and Ga atoms also diffuse outward from
quantum wells, and the vacancies will increase in the quantum wells. Certain
dielectric layers like SisN4 can enhance vacancy diffusion, other dielectric layers
like SiO2 can suppress intermixing [49]. In this way, different dielectric layers can
be defined in different regions by photolithography, so that selected regions can

be intermixed.
2.3.2 Mechanism of impurity free vacancy disordering method

The IFVD method is the simplest method to create different amounts of inter-
diffusion in different regions of a sample by using dielectric coatings like SisN4 as
a promoter, which is compatible with standard semiconductor processing

techniques. IFVD results in little or no damage to the surface of the epitaxial wafer
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and requires no extra treatment to the epitaxial wafer, such as a sacrificial layer.
Si3N4 has been reported as a QWI promoter and SiO; as a prohibitor in the InP
based QWSs material system. More group Ill and V vacancies are created under the
Si3N4 and the semiconductor cap layer of the InP interface compared to the SiO»-
InP interface during the QWI process [49]. However, the degree of QWI is
dependent on the film quality and/or the film growth process, as well as the
semiconductor cap layer, the quantum wells, and the distance between cap layer
and the QWs [50, 51]. Therefore, for specific epitaxial wafers, the QWI effect
needs to be characterized before being applied in the fabrication of the components
and PICs.

Before QWI Rapid Thermal Annealing After QWI

InGaAs InGaAs I InGaAs I I |nGaAs|
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Figure 2.16 QWI process, the diffusion of different atoms into the QW changes
the material composition of the well.

IFVD induces disorder mainly through vacancy defects. Intermixing is also
induced by the diffusion of Ga atoms from the I11-V material into a dielectric film,
particularly SisNs, deposited on the sample surface. For monolithic photonic
integration, spatial control over the band-gap shift is required in order to realise
passive devices, thus this method employs dielectric layers that both enhance the
Ga out diffusion process, and films that suppress it. Upon exposure to high
temperature annealing for QWI enhancing films, increased Ga vacancies are
generated near the semiconductor surface and subsequently thermally diffuse into
the active area during the anneal step, promoting interdiffusion between the well
and barrier atoms [52]. As shown in figure 2.16, during the QWI process, the
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diffusion of different atoms into the QW changes the material composition of the
well. The bandgap of the QW typically increases (thus blue-shifts) as a result of
the QWI.
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Figure 2.17 The bandgap of the QW typically increases (thus blue-shifts) as a
result of the QWI.

In figure 2.17, the red colour is the as-grown photoluminescence (PL) spectrum,

after the QWI process, while the blue colour is the blue-shifted PL spectrum due

to intermixing. The next section will explain PL in more detail.
2.4 Chapter summary

This chapter introduces tunable single-mode lasers, and summarises background
research and lasing theory for DFB lasers and slotted FP lasers. After introducing
the background knowledge and applications of narrow linewidth lasers, the
linewidth of the DFB laser and the teardrop laser are described in detail and the
goal of this thesis work to create an optimized teardrop laser for low power
consumption, better tunability and narrower linewidth is described. Then, the
classification of quantum well intermixing is introduced, including impurity-
induced disordering, light absorption-induced disordering, and impurity-free
vacancy disordering. Among them, the impurity-free vacancy disordering is
introduced in detail, which is the focus of this study and the mechanism of this

method is introduced.
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Chapter 3

QWI with IFVD method process

research

Based on the previous introduction, we have introduced several methods to
achieve QWI. This chapter mainly studies the process selected for the research,

which is impurity-free vacancy-disordering (IFVD).
3.1 Experimental design

The quantum well intermixing with the IFVD method is investigated using InP-
based AlGalnAs/AlGalnAs multiple quantum well epitaxial material as shown in
figure 3.1, which was grown by metal-organic chemical vapor deposition
(MOCVD). The epitaxy includes 5 pairs of compressive strained quantum wells
(QW, +1.2% strain, 6 nm thick quantum well and 10 nm thick barrier, Ap. = 1.55

um, by photoluminescence) on an n-doped InP substrate.

P-GalnAs(200nm)

P-GalnAsP(50nm)

P-InP(1.67um)

pP-GalnAsP(20nm)
P-InP(50nm)

p-AlGalnAs(130nm)
MQw

n-AlGalnAs(130nm)
n-InP(800nm)

n substrate

Figure 3.1 Schematic layer structure of the epitaxial wafers.
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In the experiment, the effect of both plasma-enhanced chemical vapor deposition
(PECVD) and sputtered SizN4 and SiO> films were investigated. All four variants
of single layer SizN4 and SiO> films were deposited on the top surface of four
pieces of as-grown epitaxial wafers, where 50 nm thick SisNs (PECVD and
sputtered) and 200 nm thick SiO> (PECVD and sputtered) films were used. 50 nm
of SisNs was used as we found that thicker SisN4 layers cracked following the
annealing. These were compared with a non-capped, as-grown wafer for the QWI
process. The samples with SiO2 and SisN4 coatings by sputtering showed non-
repeatable results with some samples cracking after annealing, thus they were not
suitable for the QWI process. Samples without any dielectric coating had
significant surface damage as a result of the annealing process. Only the PECVD
coatings proved to be sufficiently robust during the annealing.

3.2 Experimental process and results

3.2.1 Experimental process

In this experiment, the effect of plasma-enhanced chemical vapor deposition
(PECVD) SizN4 and SiO- films were investigated. Three samples were prepared
for investigation of QWI effect under three different annealing temperatures. The
size of the three samples was 4>6 mm rectangles and all samples received the same
process other than the surface coating. First, 50 nm SisNs was deposited by
PECVD, standard lithography was used to define the QWI regions, and buffered
oxide etchant (BOE: a HF based etch) was used to remove the SisN4 from the non-
QWI regions. Then 200 nm thick SiO, was deposited on top of the wafer by
PECVD. These were compared with a non-capped as-grown wafer for the QWI
process. Then the samples with different dielectric coatings and the as-grown
wafer were annealed under the same conditions by rapid thermal annealing (RTA)
at 675°C, 700°C and 725°C. After the RTA, each group of samples was immersed
in BOE, which removes both the SisN4 and SiO> coatings, and can protect the
integrity of the sample surface. Then the top p-doped GalnAs, GalnAsP and InP
layers were removed using an Oxford inductive coupled plasma (ICP) etcher, to
prepare the samples for photoluminescence measurements. The following is a

process flow diagram of the IFVD method in figure 3.2.
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50nm SisN4 (PECVD) ::

QW

1. Deposition 50nm SisN4 by PECVD 2. Defining QWI regions using lithography

3. Using BOE remove Si3N4 4. Using 1165 remove Photoresist

200nm SiO2 (PECVD)

6. Annealing three group of samples
at 675°C, 700°C and 725°C by rapid

QW thermal annealing (RTA)
5. Deposition 200nm SiO2 by PECVD
Removed SiO2 & Si3N4 E>
7. Using BOE remove SiO2 & Si3N4 8. Using ICP-Oxford remove top p-doped layers

Figure 3.2 QWI processing flow.

1) The photoluminescence (PL) spectra test

Photoluminescence spectroscopy, abbreviated as PL, is when light energy, or
photons, stimulate the emission of a photon from any matter. It is a hon-contact,
non-destructive method of probing materials. In essence, light is directed onto a
sample, where it is absorbed and where a process called photo-excitation can
occur. The photo-excitation causes an electron to jump to a higher electronic state,
and will then release energy, (photons) as it relaxes and returns to back to a lower
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energy level [53]. The emission of light or luminescence through this process is

photoluminescence, PL in figure 3.3.

\/—\/’
—1 @ [—

Figure 3.3 Schematic for the processes of photoluminescence.

The emission wavelengths of the AlGalnAs structures in this study are in the range
of 1400 - 1550 nm. Therefore, a shorter wavelength, continuous wave (CW) diode
laser was used to excite the sample, with a wavelength of 660 nm. The light from
the laser was divergent. So, to ensure that more light enters the sample, a group of
lenses was used to expand, collimate, and then focus the light on the sample, with
a smaller light spot and a stronger light intensity. Long pass dichroic mirrors have
a transmission and reflection band that are divided by a cut-off wavelength. This
type of dichroic mirror is highly reflective below the cut-off wavelength and highly
transmissive above it. The reflection band was 400 - 900 nm (Rave = 95%), the
transmission band was 990 - 1600 nm (Tave = 90%). Thus, 95% of the pump light
was reflected vertically to the sample and was focussed to spot of about 1 - 1.5 mm
in diameter. The laser excites the sample, and then the sample emits light. The
emitted light was collected by the plano - convex lens, thus collimating the emitted
light from the sample. After passing through the long pass dichroic beam splitter
the emitted light is coupled into a fibre and then transmitted into an optical
spectrum analyser (OSA). In the end, the OSA signal will present a clear

fluorescence spectrum. The PL set up is shown in figure 3.4.
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Figure 3.4 Schematic diagram of photoluminescence measurement set-up.

3.2.2 Experiment results and analysis

The photoluminescence (PL) spectra of the samples were measured at room

temperature (20°C) and are plotted in figure 3.5a) and figure 3.5b).
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Figure 3.5a) PL spectra of the samples capped with SisN4 (Left) by PECVD and
Figure 3.5b) PL spectra of the samples capped with SiO; films by PECVD
(Right) annealed under different temperatures. The PL was measured at room
temperature (20 °C).

From figure 3.5a), it can be seen that the PL wavelength of the as-grown non-QWI
material is at 1530 nm while the PL wavelength of the sample with SisN4 by
PECVD blue shifts after annealing with an increasing blue shift as the annealing
temperature increases. It shifts to 1521 nm at 675°C, to 1457 nm at 700°C and to
1410 nm when annealed at 725°C. From figure 3.5b), the PL wavelength of the
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samples with a surface coating of SiO. by PECVD is shown to blue shift by only
5 to 15 nm after annealing at 675°C, 700°C and 725°C. In both cases, a noisier and
degraded PL signal (40% reduction of peak intensity after QWI processing) has
been observed on the samples after the QW1 process compared to that of non-QWI
as-grown wafer due to the defects generated in the material. This degradation can

be seen in Figure 2.17 in the previous chapter.
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Figure 3.6a) Annealing temperature and time change, the samples bandgap shift
has change capped with SisN4 (Left) by PECVD and Figure 3.6b) Annealing
temperature and time change, the samples bandgap shift has change capped with
SiO; films by PECVD (Right).

All samples go through the same process. 50 nm SizsNs and 200 nm SiO, were
deposited by PECVD to verify the blue shift results of the band gap under different
annealing temperatures and annealing times. The specific results are shown in
figure 3.6. In the results from figure 3.6a), the surface of the sample is covered by
SisNa. With the increase of annealing temperature and annealing time, the blue-
shift of the band gap becomes more obvious. Intermixing can occur at 650 <C, with
a blue shift of about 25 nm in 160 seconds; Above 675<C, there will be more blue-
shift in same intermixing time. When the annealing temperature is 700 <C, the blue-
shift of the band gap of 100 nm can be obtained in 160 seconds. When the
annealing temperature is 725<C and 750 C, the blue-shift of the band gap can reach
150 nm and 163 nm in 160 seconds. However, an excessively high annealing
temperature will cause damage to the surface of the sample and affect the

properties of the material.

The results shown in figure 3.6b) were obtained when the surface of the sample is
covered by SiO. Although SiO2 was used as an inhibitor, the bandgap also blue-

shifted with increasing annealing temperature and annealing time. When annealing
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temperature at 650<C, a blue-shift of about 13 nm occurs in 160 seconds; when the
annealing temperature is 675<C, the blue-shift of the band gap can reach 17 nm in
160 seconds. When the annealing temperature is set 675<C and 700<C and the
annealing time is less than 140s, the blue-shift of the band gap can be less than
7nm. When the annealing temperature is 725<C and 750<C, the blue-shift of the
band gap can reach 32 nm in 160 seconds. Finally, after annealing 700 <C for 120
seconds, the sample has a blue shift of 73 nm when covered by SizsN4, and 7 nm
when covered by SiO2 , which is sufficient for the integration of active and passive

devices.

3.3 FP laser fabricated using the QWI method

3.3.1 Design FP laser using IFVD method

The schematic configuration of the FP lasers with and without QW1 is shown in
figure 3.7a). The laser chips are 605 um long and 145 um wide, including a gain
section with and without QWI, and a cleaved facet on the left and an etched facet

mirror to the right as reflectors. The details of each section are as follows:

Gain Section: The gain section is a ridge waveguide 520 um long and 2.5 um
wide. It is shallow etched down 1.85 um to the etch stop layer while the etch facet
mirror is deep etched down 4.1 um with metal contact to the p contact layer along
the full length. A metal pad for probing is isolated from the 111-V material by SiOx.

For the FP laser with QWI: The QWI mask on the waveguide is 522 pm long and
52.5 um wide. The QWI fully covers the ridge waveguide, which is same as the

waveguide of the FP lasers without QWI.

Etched Facet: Itisa T bar which is 1 pm wide and 5 pm long covered with metal.
These are deep etched through the QWSs into the substrate to maximise the

reflection.

The corresponding schematic cross-section is shown in figure 3.7c).
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Metal B om - Deep etch

Figure 3.7a) 2 lasers(the name on the chip design represent the one is UNQWI
FP laser, the other one is QWI FP laser)(Left) and Figure 3.7b) Microscopic
picture of the fabricated FP lasers (Right).

P - MetalTi: Au = 20:300nm

250nm InGaAs

N - Metal Au:Ge:Au:Ni:Au = 14:14:14:11:250 nm

Figure 3.7c) Schematic cross-sectional diagram of a shallow etched ridge
waveguide laser.

3.3.2 Fabrication

The same epitaxial material as used for the QWI experiments was used in
fabricating the FP lasers. The fabrication process is a typical FP semiconductor
laser process using conventional photolithography and etching techniques, except
that QWI areas were first defined by using PECVD SiO as protector and PECVD
Si3N4 as promoter. First, 50 nm thick SizN4 was deposited on top of the wafer by
PECVD, followed by standard photolithography and a wet etch, which was

performed to define the QWI zone (promoted zone) as shown in figure 3.8.
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Figure 3.8 Using standard photolithography to define the QWI zone (Tan color
is QWI zone, dark red color is non-QWI zone).

Then 200 nm thick SiO2 was deposited on top of the wafer by PECVD (the 111-V-
SiO> contacted surface defined the inhibited zone). The wafer was then annealed
in a nitrogen ambient at 700°C for 2 minutes and then the SiO2 and SizNs masks
were removed from the wafer. Next, 500 nm thick SiO> was deposited on top of
the wafer by PECVD, followed by standard photolithography, which was

performed to define the waveguide as shown in figure 3.9.

—

Figure 3.9 Using standard photolithography to define the waveguide (Lavender
color is waveguide).

Inductively coupled plasma (ICP) dry etching of SiO, with CF4/CHF3 was then
performed to transfer the pattern into the SiO, mask. A scanning electron

microscope (SEM) image of the SiO> etch step as shown in figure 3.10.
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Figure 3.10 SEM pictures of the waveguide (Waveguide is 2.5 um wide).

After removing the photoresist, 400 nm SisNs was deposited on top of SiOa,
followed by photolithography and selective ICP dry etching using SFe to remove
the SisN4 over the SiO2 in the deep-etch region. Then room temperature ICP dry
etching with Clo/CHa/H2 was used to first etch around 2.25 um of the deep etched

region. The deep etched region as shown in figure 3.11.

Figure 3.11 Microscopic picture of the deep etched facet.

The SisN4 was then fully removed by selective dry etching and both the shallow
and deep etched regions were dry etched another 1.85 um so that the deep-etch
waveguides are 4.1 um deep in total (through the QWs) while the shallow-etch
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ridges are 1.85 um deep (above the QWs). The shallow etch step as shown in figure
3.12.

Figure 3.12 Microscopic picture of shallow etch steps (Aqua color is waveguide,
the square on the right is the deep etched area.).

After wafer passivation using 300 nm of SiO, a window was formed in the SiO;
by ICP dry etching as shown in figure 3.13, followed by a p metal

photolithography and p metal (Ti/Au: 20/300 nm) deposition. The p metal step is
shown in figure 3.14.

Figure 3.14 Using standard photolithography to define the p metal region (Teal
color is p metal region, tan color is non-metal region).
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When the p-metal deposition is complete, the sample is placed in 1165 solution
(photoresist remover) for about 2 hours to complete the p-metal lift-off as shown
figure 3.15. Finally, the sample was thinned to 120 pum, and an n metal
(Au/Ge/Au/Ni/Au: 14/14/14/11/250 nm) stack was deposited on the back side of

the wafer, which was then annealed at 400°C for 5 minutes in a nitrogen oven.

QWI

Figure 3.15 Microscopic picture after p metal lift-off process step.

3.3.3 Characterization

The fabricated FP lasers were cleaved into bars as shown in figure. 3.7b) with
arrays of 520 um long single facet (the other is a metal-coated etched facet) lasers.
The light - current - voltage (LI1V) characteristics were tested at room temperature
(20°C) with electrical probing under continuous wave (CW) current injection and
using an integrating sphere to collect the light output from the cleaved facet. The

LIV set up is shown in figure 3.16.

Current Source

Computer

J Channel B

Probe Station
Integrating Sphere

laser source

% Devices
&—— Sample Syage

Figure 3.16 Schematic diagram of measuring LIV using an integrating sphere
set-up.

In the test, both FP lasers after the QWI process lase continuously with threshold
currents of 23.8 and 37 mA. This proves that the fabrication of the lasers was
successful. The non-QWI laser (the laser area is fully covered by SiO- during the

QWI process) lases continuously with a threshold current of 23.8 mA and the
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output power linearly increases with current up to around 28.1 mW at a 300 mA
bias. The full-QWI FP laser (with the ridge waveguide in the centre of the SizNa4
mask during the QW1 process) lases CW at a 37 mA threshold current and the
output power reaches 17 mW at 300 mA. The turn-on voltage of the full QWI laser
increases to 1.13 V, compared to 0.88 V for the non-QWI1 FP laser, which indicates
a bandgap increase of the material during the QWI process, and another reason is
that SisN4 is an inhibitor, and the annealing process causes a little damage to the
GalnAs contact layer in the QWI region, which may lead to a poor Ohmic contact
and ultimately increase the turn-on voltage of the QW1 FP laser. The LIV results

are shown in figure 3.17.
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Figure 3.17 Characteristics of current--voltage and output power--current at
20°C of non-QWI FP laser, Full-QWI FP laser.
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Figure 3.18 The lasing spectra of the FP laser annealed at 700°C with QWI FP
laser and non-QWI FP laser.
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The lasing spectra of the FP lasers were then measured by coupling light into a
lensed fibre and using an optical spectrum analyser (OSA). Figure 3.18 shows the
spectra for the FP lasers, which were annealed at 700°C for 120 seconds with
different QWI mask conditions. The peak lasing wavelength of the non-QWI1 laser
is 1547 nm due to the SiO, mask protection during the QWI, while the peak
wavelength of the full-QWI laser blue-shifts to 1478 nm, which proves the success
of the QWI process. This result is close to the material characterization studied in
the previous chapter. The difference is due to the repeatability of the annealing
furnace, which is currently being replaced by a more repeatable piece of

equipment.
3.4 Chapter Summary

This chapter introduces a QWI technique using the IFVD method with SizN4 by
PECVD as promoter and SiO; by PECVD as inhibitor and protector. Under the
annealing condition of 750°C for 160 seconds, the maximum blue shift of the PL
spectrum of 163 nm was achieved. Although the higher the annealing temperature,
the greater the blue shift of the PL spectrum, the performance of the material also
decreases. After the annealing time of 120 seconds, the blue shift basically reaches
a pre-saturation state. In order to test the performance of the material after
annealing at 700°C for 120 seconds, a 69 nm blue shift was obtained using InP-
based AlGalnAs/AlGalnAs multiple quantum wells sample, further proved by
Fabry-Perot ridge waveguide lasers fabricated with this technique. The FP laser
wavelength was blue-shifted from the original 1547 nm wavelength to 1478 nm.
Comparing the QWI FP laser with a non-QWI FP laser, the threshold increased
from 23.8 to 37 mA, and the slope efficiency was reduced from 0.18 W/A to 0.12
W/A. This QWI technique result will be beneficial for the monolithic integration
of photonic devices using the AlGalnAs quantum well material. As will be
introduced in the next chapter, QWI technology will be used in monolithic

integrated chips.
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Chapter 4

1x2 MMI Teardrop laser with QWI
using the IFVVD method

This chapter describes the design of a monolithic integration process for photonic
integrated circuits (PICs) using the IFVD method, where light can propagate with
low loss without bias in the QWI region. The purpose of this PIC process was to
reduce power consumption and achieve single-mode performance in an extended

cavity laser.
4.1 Device design and process

4.1.1 Teardrop laser with QW1 design

A single-facet 1x2 MMI teardrop laser integrating a 1x2 MMI and a loop reflector
demonstrated tunable single frequency and narrow linewidth emission was
described in chapter 2. Here QWI using the IFVD method was applied to the
different sections of the 1x2 MMI teardrop laser to compare the effect on the laser

performance.

Figure 4.1 Four teardrop lasers with different QWI zones (the blue shadow is
QWI zone).
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Using the IFVD QWI technique described in last chapter, teardrop lasers with
different QW1 zones (blue shadow) using the SizN4 mask were designed as shown
in figure 4.1. The 1021 pum long and 250 um wide PIC monolithically integrates a
gain section with 1x2 MMI plus a teardrop linear curvature loop as the reflector.

The details of each section are as follows:

Gain Section: The gain section is a ridge waveguide 400 pm long and 2.5 um
wide. It is shallow etched to 1.85 um with a metal contact deposited onto the p
contact layer along the full length.

1x2 MMI Section: The 1x2 MMI is 195 pm long and 12.9 pm wide with 50 um
long tapered waveguides at the input and outputs, tapering from 3.5 pum linearly to

2.5 um to connected with the gain waveguide and the loop reflector.

Teardrop Loop Reflector: An effective radius of curvature of 75 um was used for
the loop waveguide, which was designed with linear curvature sections near the
MMI and a circular section making up the remainder of the loop. The MMI and
the loop waveguide were deep etched through the quantum wells into the substrate
to minimize the optical loss from the bend.

From top to bottom in figure 4.1, the first teardrop laser is a reference, as all the
sections are non-QWI. The second teardrop laser has a QWI zone for the MMI,
while the gain waveguide and ring are non-QWI. The third teardrop laser has a
QW] zone for the ring, while the gain and MMI sections are non-QWI. The fourth
teardrop laser has a QWI zone covering both the ring and the MMI, while the gain
waveguide is non-QWI. 7° angled slots etched down to the etch stop layer above
the QWSs were used between the ring and the MMI sections as well as between the
gain and the MMI sections to achieve electrical isolation while minimizing the
optical reflection at the slots. Figure 4.1 shows the designed angled slots which
were 1 um wide. In the bottom design, the slot and 5 um waveguide on each side
were left as a non-QWI region for comparison and consistency between the
designs. All the dimensions of the teardrop laser structures are kept the same as

the reference laser.
4.1.2 Processing

The designed teardrop lasers were fabricated using the same material as used for
the QWI experiment in chapter 3 and the reported single-frequency, single-facet
47



Chapter 4 1x2 MMI Teardrop laser with QWI using the IFVD method

1x2 MMI teardrop laser [53-55]. The processing is the same as our typical
processing for a Fabry-Perot semiconductor laser with common photolithography
and etching techniques, except a QWI processing was used in the beginning and a
self-aligned technique was used to achieve the two etch depths [53-57].

QWI areas were first defined as previously described. After the removal of the
SiO2 and SisNs masks, 600 nm thick SiO- is deposited on top of the wafer by
PECVD, followed by standard photolithography, which was performed to define
the whole structure including MMI, waveguides, slots and the loop. ICP dry
etching of the SiO, with a CF4/CHF3 was then done to transfer the pattern into the
SiO2 mask. After removing the photoresist, 450 nm SizN4 was deposited on top of
SiOy, followed by photolithography and selective ICP dry etching using SFs to
remove the SisN4 over the SiO> in the deep-etch region. Then room temperature
ICP dry etching with Cl2/CHa/H2 was used to first etch around 2.25 pm of the deep-

etch region as shown figure 4.2.

Figure 4.2 Microscopic picture of the deep-etch process for the ring section.

The SisN4 was then fully removed by selective dry etching and both the shallow
and deep etched regions were dry etched down another 1.85 um so that the deep-
etch waveguides are 4.1 um deep in total (through the QWs) while the shallow-
etch ridges are 1.85 pum deep (above the QWs) as shown figure 4.3.
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Figure 4.3 Microscopic picture of the shallow-etch process for Gain and MMI
section.

Following a wafer passivation using 300 nm of SiO, a window opening was made
in the SiO2 by ICP dry etching as shown in figure 4.4, which was followed by a p
metal (Ti/Au: 20/300 nm) deposition. After that, put sample into 1165 solution

(photoresist remover) for the metal lift-off process as shown figure 4.5.

Figure 4.5 Microscopic picture of the p metal lift-off completed.

Finally, the samples were thinned to 100 um and an n metal (Au/Ge/Au/Ni/Au:
14/14/14/11/250 nm) stack was deposited on the back side of the wafer, followed
by annealing at 400°C for 5 minutes in a nitrogen furnace. Figure 4.6 shows the
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scanning electron microscopic (SEM) pictures of the fabricated teardrop lasers
with 75 pum radius loops. Figure 4.7 shows the inset in the microscopic picture of

the fabricated teardrop laser.

-
s

HV | HFW |[spot|mag O] WD | ———————— 500 pm
20.00 kV|1.07 mm| 3.0

Figure 4.6 SEM pictures of the fabricated teardrop lasers with 75 um radius
loops.

Figure 4.7 Microscopic picture of the fabricated teardrop lasers array.

4.2 Device measurement and analysis

The fabricated teardrop lasers were cleaved into single facet devices for
characterization (the cleaved length of the gain waveguide was 400 pum). Firstly,

the LIV characteristics of the bare die were tested at room temperature (20°C) with
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electric probing under CW current injection and using an integrating sphere to
collect the light output from the cleaved facet. The results are shown in figure 4.8.
The thermal dissipation between the laser die and the test system were non-ideal,
resulting in the rollover of the LI curves, a characteristic that was repeatable
between different die. The teardrop laser with a QWI region covering both the
MMI and ring lases CW with a bias current above 40mA only applied to the gain
section and the output power is around 12.6 mW at a bias of 108 mA. However,
the reference non-QWI teardrop laser does not show lasing if only the gain section
is biased between 60 and 160 mA. This is due to light absorption in the non-QWI

MMI and loop reflection regions which are non-transparent to the light without

biasing.
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Figure 4.8 Characteristics of current - voltage and output power - current at 20°C
of non-QWI teardrop laser, QWI MMI & Ring of teardrop laser.

The lasing spectra of the teardrop lasers are shown in figure 4.9, which was
measured using an OSA with light collected from a lensed-fibre coupled to the
gain waveguide facet. It shows the lasing spectra with similar lasing peak power
of the four teardrop lasers with different QWI regions for comparison. All the
lasers can lase when current is injected into the non-QWI regions to a certain level.
To obtain a similar level of fibre-coupled lasing peak power around -7 dBm shown
in figure 4.7, the reference non-QWI teardrop laser is biased with the current on
the gain biased at 42 mA, MMI at 36 mA and ring at 33 mA respectively, the
teardrop laser with a QWI zone only covering the MMI section is biased with
current on the gain at 45 mA and the ring at 53 mA, the teardrop laser with a QWI
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zone covering only the ring section is biased with a current on the gain of 42 mA
and the MM of 46 mA, while the teardrop laser with a QWI Zone in the MMI and

ring section only needs biasing on the gain section with 64mA current.

Lasing Spectra of Teadrop Laser
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Figure 4.9 The lasing spectra of the teardrop laser annealed at 700°C with
difference QWI Zone and comparing them at the same output power. The
required current is different.

From the comparison of the teardrop lasers using the QWI process in the different
sections, it can be seen that the QWI process successfully makes a section
transparent and therefore removes the need for electrical biasing, thus reducing
power consumption. The teardrop laser with transparent MMI and ring sections
through QWI works efficiently with only the gain section requiring current
injection to achieve single frequency lasing. This is a demonstration of the
successful integration of active and passive devices using the QWI process. Four
different spectra are demonstrated in figure 4.9 under different biasing conditions.
The single frequency of this teardrop laser is achieved through the coupled cavity
effect, so the lasing resonant peak is different due to the index changes caused by
different biasing conditions. Because each laser has a different QWI area,
demonstrating similar output power from the four lasers, required different biases

for the gain, MMI and ring sections. The total current required for lasing correlates
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directly with the temperature of the device, which in turn results in different

wavelengths at the lasing peaks.

The lasing spectrum of the teardrop laser with QWI in both MMI and ring sections
(annealed at 700°C) was measured with an OSA. Figure 4.10 plots the spectra
under 77.3 mA current injection demonstrating that the laser operates in a single
longitudinal mode at 1552.53 nm with a SMSR of 32.6 dB.
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Figure 4.10 The measured lasing spectrum of the QWI MMI & RING teardrop
laser under 77.3 mA.

The Fourier Transform [58] of the wavelength data was taken near threshold, to
examine the resonant cavities present in this lasing spectrum [43, 72] and the result
is shown in figure 4.11. The main peak is at a cavity length of 1043 um, which
corresponds to a length from the cleaved facet to the centre of the ring resonator.
This indicates that the main cavity of the laser is through the ring, and the other
small peaks show the intra-cavities due to the light reflection at the interface
between the waveguide and MMI. The coupled cavity effect of these extra
reflections at the MMI leads to the single frequency output, which agrees with the

design.
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Figure 4.11 The Fourier analysis of the spectrum.

4.3 Chapter Summary

This chapter introduces the application of QW1 using the IFVD method for an
integrated 1x2 MM I teardrop laser. The QW1 effect for the laser performance was
studied through applying QWI on different sections of the teardrop laser. A
teardrop laser was successfully designed and fabricated with the MMI and ring
fully intermixed to transparency, thus reducing the power consumption. The fully
QWI teardrop laser demonstrated continuous wave (CW) lasing above 40 mA and
single frequency operation with a side mode suppression ratio of 32.6 dB at 77.3
mA bias on the gain region. However, the non-QWI teardrop lasers do not lase if
only the gain section is biased. The light absorption in the non-QWI MMI and loop
reflection regions are non-transparent to the light without biasing and this
absorption leads to the non QWI devices not lasing. The Fourier Transform of the
wavelength data was taken to examine the resonant cavities present in the lasing
spectrum. The main peak is at a cavity length of 1043 pm, this indicates that the
main cavity of the laser is through the ring, and the other small peaks show the
intra-cavities due to the light reflection at the interface between the waveguide and
MMI. This QWI technique result will be beneficial for the monolithic integration

of active and passive components using the AlGalnAs quantum well material.
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Chapter 5

Tunable single mode teardrop laser
using the IFVVD method

Tunable single-frequency lasers, with spectral linewidth of kHz level or lower, are
of significant interest for a broad range of applications, such as laser gyroscopes,
LiDAR, coherent communications, optical sensing, and spectroscopy [53, 54, 59].
Such low noise lasers are typically only commercially available in solid-state
lasers, fibre-based lasers with blazed-gratings or fibre based external cavity lasers.
Thus, these lasers tend to be bulky, expensive, and not scalable for mass

production.

This chapter describes the design and development of a monolithic InP-based laser
to achieve tunable single frequency operation with ultra-narrow linewidth of kHz
level. The laser will be based on previous work on the slotted FP laser and the
teardrop laser by integrating them with a previously developed QWI technique
using IFVD. The effective bandgap shift of the quantum wells will be selectively
applied to a portion of the laser cavity thus this part will be transparent to the
operating wavelength of the light. This intermixed region no longer needs to be

biased thus reducing power consumption in the laser.
5.1 Experimental design

In order to achieve good tuning ability and narrower linewidth, a slotted mirror
section was integrated with the teardrop loop. The design is shown in figure 5.1.
The 2287 um long and 358 pm wide PIC monolithically integrates a gain section
with a slotted mirror to its left as one reflector, and a 1x2 MMI plus a teardrop
linear curvature loop to the right as the second reflector. The details of each section

are as follows:
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Figure 5.1 Schematic configuration of the designed laser PIC.

Slotted Mirror: The slotted mirror is 756 pm long, comprised of 7 straight etched
slots which are 1 pum wide with 107 pm separation in between. The waveguide is
2.5 pm wide, shallow etched to the etch stop layer above the quantum wells to the
same depth of the slots. It is covered with a 10 pm wide metal strip, which makes
contact to the p contact layer on the top of the waveguide in the area between the
slots, while being isolated from the rest of the 111-V by SiO; in the slots. The slotted
mirror acts as a reflector and a high order DBR in selecting a single longitudinal
mode. Electrical pumping is used to compensate the optical loss from the slots in
the waveguide and also to achieve tunability by changing the bias current. The
design of the slotted mirror is based on the previous work on the slotted FP lasers
[66, 67].

Gain Section: The gain section is a ridge waveguide 650 um long and 2.5 um
wide. It is shallow etched to the same depth to the mirror waveguide with metal
contact to the p contact layer along the full length. A metal pad for probing is
isolated from the I11-V material by SiOx.

1x2 MMI and Teardrop Loop Reflector: The 1x2 MMI is 195 pm long and 12.9
pm wide with 50 um long tapered waveguides at the input and outputs, tapering
from 3.5 um linearly to 2.5 um to connected with the gain waveguide and the loop
reflector. The loop waveguide is designed with linear curvature sections near the
MMI and a circular section making up the remainder of the loop. The MMI and
the loop waveguide are deep etched through the QWSs into the substrate to
minimize the optical loss from the bend. An effective radius of curvature of 150
um is adopted based on the earlier published work to optimize between efficiency
and linewidth [53]. The MMI including the input and output tapered waveguides

and the loop reflector are designed to be transparent to the operating wavelength
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by increasing the bandgap using QWI. This eliminates the need for electric
pumping, reducing the power consumption and packaging complexity. This
assumption has been successfully confirmed in the previous chapter. A 25 um long
section between the gain section and the MMI input waveguide serves as an
electric isolation component by removing the top 200 nm thick p contact layer and

intermixing.
5.2 Experimental process

Epitaxial wafers were used in fabrication of the laser PICs which are the same

material as that used fabricating the QWI teardrop laser in last chapter.

Firstly, quantum well intermixing was applied to the section for the 1x2 MMI, loop
reflector and electric isolation section using the IFVD method. 50 nm thick SizNs
was deposited on top of the wafer by PECVD, followed by standard
photolithography and a wet etch from BOE, to define the QW!I zone (promoted
zone using the SisNs as QWI promotor, it includes 1x2 MMI, loop reflector and
electric isolation section) as shown in figure 5.2. Then 200 nm thick SiO2 was
deposited on top by PECVD to define the non-QWI zone at the I1I-V- SiO;
contacted surface (inhibited zone using SiO> as prohibitor, it includes gain and slot
mirrors section). The wafer was annealed in a nitrogen ambient at 700°C for 2

minutes then the SiO» and SisN4 masks were removed from the wafer.

Electric isolation \1’ _
zone QWI zone Waveguide

Figure 5.2 Layout of defined QWI region (the blue shadow is QWI Zone, it is
cover electric isolation, 1x2 MMI and Ring section).

The process used to define the deep-etch and shallow-etch waveguides was the
same used for the QWI teardrop laser as described in the last chapter. Since a
slotted mirror was not used in the previous chapter, a section of the slotted mirror

section is shown in figure 5.3.
57



Chapter 5 Tunable single mode teardrop laser using the IFVD method
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Figure 5.3 Microscopic picture of waveguide slotted mirror section.

In addition, the newly added electrical isolation part of the process needs to be
explained. After completing the shallow etch, 200 nm SiO; was deposited on top
of the wafer, followed by standard photolithography, which was performed to
define the electrical isolation region and ICP dry etching of the SiO> with a
CF4/CHF3 to remove the SiO. in the electrical isolation region. Then room
temperature ICP dry etching with Cl2/CHa4/H2 was used to etch the isolation region
around 0.3 pm deep to remove the highly doped contact layers. Following a wafer
passivation using 300 nm of SiOg, the isolation region avoids the step of opening

the window as shown in figure 5.4.
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Figure 5.4 SEM picture of the fabricated electric isolation region.
The new isolation steps were followed by a p metal (Ti/Au: 20/300 nm) deposition.
After that, the samples were put into 1165 solution (a photoresist remover used for
stripping positive photoresist from sensitive substrates) for the metal lift-off
process step as shown figure 5.5. Finally, the samples were thinned to 110 um and
an n metal (Au/Ge/Au/Ni/Au: 14/14/14/11/250 nm) stack was deposited on the
back side of the wafer, followed by annealing at 400°C for 5 minutes in a nitrogen
furnace. Figure 5.6 shows SEM pictures of the fabricated laser PIC and figure 5.7
includes microscope pictures of the fabricated laser PIC after cleaving.
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Figure 5.5 Microscope picture of the fabricated laser after the metal lift-off
process step.

Figure 5.6 SEM picture of the fabricated waveguide of 1x2 MMI and loop
reflector.

Figure 5.7 Microscope picture of the fabricated laser PIC after cleaving.

5.3 Device measurement and analysis

5.3.1 Light-current-voltage (LIV) analysis

The fabricated lasers were cleaved into bars for characterization. Firstly, the LIV
characteristics of the bare die were tested at room temperature (20°C), using
electric probing under CW current injection and an integrating sphere to collect

the light output from the cleaved facet. The results are shown in figure 5.8 where
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output power and voltage vs current on the gain section is displayed with different
fixed currents on the slotted mirror for each trace. In figure 5.9 the output power
and voltage vs current on the slotted mirror section is displayed with fixed currents
on the gain section for each trace.
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Figure 5.8 Output power and voltage vs current on gain section when the mirror
section is biased at 0, 40, 60, 80, 100, 120mA.
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Figure 5.9 Output power and voltage vs current on mirror section when the gain
section is biased at 0, 40, 60, 80, 100, 120mA.

From figure 5.8, when the mirror section is non-biased, the laser does not lase as
current increases to the gain section since the mirror section acts as an absorber
and thus no light is emitted from the cleaved facet. When the current on the mirror

is above 40mA, the laser lases with the current increase on the gain section. From
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figure 5.9, even when no current is injected into the gain section, the mirror section
does lase by itself when the current is more than 60mA. In both cases, kinks are
observed in the LI curves showing the mode hopping (tuning). The thermal
dissipation between the bare laser die and the test system was non-ideal, resulting
the rollover of the LI curves, a characteristic that was repeatable between different

dies.
5.3.2 Optical spectra analysis

The fabricated lasers were cleaved at the left of the slotted mirror into single facet
devices for characterization. The lasing spectrum was measured with an optical
spectrum analyser (OSA) on the bare die at room temperature (20°C) with electric
probing under CW current injection and using an optical fibre to collect the light
output from the cleaved facet. By varying the bias current on the gain and mirror
sections, tunable single longitudinal mode spectra were observed over a broad
wavelength range of 39 nm from 1542 to 1581nm, as demonstrated in figure 5.10.
The side mode suppression ratio (SMSR) and peak power were measured by
checking the spectrum on the OSA using a resolution of 0.1 nm which is small
enough to distinguish the adjacent cavity modes. More than 36 dB SMSR and more
than -7 dBm fibre coupled peak wavelength power over the whole range were

obtained.
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Figure 5.10 Measured optical spectra of the fabricated laser under different bias
condition.
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The dependence of the output spectra on the bias of the gain and slotted mirror
section was investigated by applying different combinations of DC bias to the two
sections using a dual-channel current source. The current controller and the OSA
were driven by an automated LabVIEW script, which varies the bias of a specific
section at each sweep. The emission peak wavelength, main mode peak power and
SMSR are read from the spectra and plotted in contour format as a function of both
the bias current into the slotted mirror and gain sections, as demonstrated in figure
5.11, figure 5.12 and figure 5.13 respectively. For this test, the slotted mirror and
gain sections were biased respectively from 0 to 200 mA and 0 to 190 mA as per

the safe operating conditions of the PIC.
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Figure 5.11 The wavelength tuning map vs. current on gain and mirror sections.
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Figure 5.12 The lasing peak power of the laser vs. current on gain and mirror
sections
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Figure 5.13 The SMSR of laser vs current on gain and mirror sections.

From figure 5.11, it can be seen that by varying the bias currents, the wavelength
of the teardrop laser can be tuned over a 50 nm range from 1540 to 1590 nm. For
example, to demonstrate the tunability, the gain section current was fixed at 100
mA, while the current into the mirror section was swept from 0 to 200 mA. By
increasing current injection in the slotted mirror section, the effective length is
altered, which shifts the resonant peaks of the mirror section. As a result, the lasing
wavelength will hop to an adjacent resonance due to a new set of peaks
overlapping. Due to this vernier effect, the slotted mirrors are able to operate as a
tunable sections. The vernier effect is described in Chapter 2. The multi-coloured
region on the bottom of the plot, corresponds to the noise in the OSA, since for
those currents the laser is biased below threshold. From figure 5.12, the slotted
mirror lases when the bias current into the slotted mirror is above 60 mA without
any gain current, in accordance with the LI result shown in figure 5.9. The
distributed slots provide feedback to enable the lasing, like a DBR laser. When the
gain section is biased, the laser lases when the bias on the mirror is above 30 mA
since it will act as an absorber if unbiased. The main peak fibre coupled output
power is larger than -7 dBm over a large tuning range shown in figure 5.10. Figure
5.13 shows the single frequency performance with a SMSR greater than 35dB over
a broad tuning range. It is also noted that over a certain range, the SMSR is close
to zero which demonstrated two or more longitudinal modes with similar powers,

as shown in figure 5.14.
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Figure 5.14 Measured optical spectra of the fabricated laser under different bias
conditions.

5.3.3 Length cavity analysis

The Fourier Transform [58] of the measured spectrum under different bias
conditions was used to examine the resonant cavities present in the corresponding
lasing spectrum. Figure 5.15 plots the lasing spectrum when the laser has a bias on
the mirror section of 69 mA and the gain section is non-biased. A lasing peak
wavelength is seen at 1526.78 nm with a SMSR of 25.4 dB. The corresponding
length of reflectance from the FFT are shown in figure 5.16, which confirms the
reflection at each of the slots within the mirror section and proves that the mirror

section itself lases as a distributed feedback laser.
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Figure 5.15 The measured lasing spectrum of the fabricated teardrop laser when
gain section is off and slotted mirror section is biased at 69 mA.
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Figure 5.16 The Fourier analysis of the spectrum of figure 5.15.

Figure 5.17 shows the lasing spectrum when the laser has both the gain section and

mirror section biased at 87 mA and 115 mA respectively, demonstrating a single
longitudinal mode at 1550.54 nm with a SMSR of 38.9 dB. The FFT spectrum in
figure 5.18 shows the main cavity has a length of 2405 pum, which corresponds to

a length from the cleaved facet to the centre of the ring resonator. This indicates

that the main cavity of the laser is through the ring, and the other small peaks show

the intra-cavities due to the light reflection at the interface between the slotted

mirror and MMI. The coupled cavity effect of these extra reflections at the MMI

and slotted mirror leads to the single frequency output, which agrees with the

design.
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Figure 5.17 The measured lasing spectrum of the teardrop laser when gain

section is biased at 87 mA and slotted mirror section at 115 mA.
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Figure 5.18 The Fourier analysis of the spectrum of figure 5.17.

5.4 Linewidth measurement and analysis

5.4.1 Line-width measurement

The linewidth of the device was measured using the Loss-compensated
recirculating delayed self-heterodyne interferometer (LC-RDSHI) method [59]. A
schematic of the measurement setup can be seen in figure 5.19. Light was coupled
from the laser into a 90/10 splitter whereby 90% of the power went through 25 km
of fibre loop, and 10% is passed directly to the photodiode (PD). In the loop, the
laser was frequency-shifted 80 MHz with an acoustic optic modulator (AOM) and
passed through a polarization controller. After circulating twice through the loop,
the doubly frequency shifted beam then recombines with the unshifted beam at the
PD with a beat note at 160 MHz that can be analysed on a real-time spectrum
analysers (RSA). Higher order beat notes with decreasing power can also be
observed due to recirculation in the loop. A delay length of 50 km gives a minimum
measurable linewidth of 1.3 kHz, which was sufficient for this device [60, 61].

Thus, only the beat note at 160 MHz was recorded.

In the equation 5.1, the time delay introduced by the fibre loop 7 is defined by

=L 5.1
= (5.1)

Where L is the fibre length, n is the the refractive index of the fibre, c is the light

velocity. The Lorentzian linewidth of a laser [68] is

AViimite = 1/7'[ *T¢ (5.2)

7. IS the coherent time of the laser.
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Corning Ultra 28 SMF is used in the setup, n = 1.47, the introduced time delay of
different fibre length is shown in table 5.1.

Table 5.1 Time delay introduced by different lengths of fibre spools

Fibre length (km) Time delay (18) Linewidth limit (kHz)
10 49 6.5
25 122.5 2.6
50 245 1.3

PD RSA

Teardrop laser

49q14

d8Anldq

Figure 5.19 Schematic diagram of loss-compensated recirculating delayed self-
heterodyne interferometer (LC-RDSHI). Teardrop laser: laser diode; 1SO:
isolator; PD: photodiode; RSA: real-time spectrum analyzer; AOM: acousto-
optical modulator; EDFA: erbium-doped fibre

The beat note signal power spectra of the laser are shown in figure 5.20. In this
experiment at room temperature (20<C), the laser is operated with a gain section
current of 87 mA, and a slotted mirror section current of 115 mA. The output
power is -4.19 dBm and peak wavelength centre is 1550.54 nm once coupled into
the single mode fibre. The measured linewidth spectrum of the fabricated laser is
shown in figure 5.20, where the linewidth obtained by a Lorentzian fitting is ~3.79
kHz.

For comparison, the beat note for a commercial kHz linewidth fibre laser from
Koheras BasiK (NKT Photonics) was measured with the same setup and method
and the linewidth spectrum is shown in figure 5.21 which shows linewidth of
around 1.76 kHz.
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Figure 5.20 Measured linewidths for the teardrop laser at 160MHz.
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Figure 5.21 Commercial DFB (NKT Photonics) at 160MHz.

5.5 Chapter Summary

This chapter introduces a regrowth free InP-based monolithic laser PIC with a
teardrop loop reflector and a slot mirror reflector using the IFVD method. It was
successfully designed and fabricated and demonstrates a wide range tunable
single-frequency kHz line-width performance. By varying the bias current on the
gain and mirror sections, tunable single longitudinal mode spectra were observed

over a broad wavelength range of 39 nm from 1542 to 1581 nm, more than 36 dB
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SMSR and more than -7 dBm fibre coupled peak wavelength power over the whole
range were obtained. For a given gain section current of 87 mA, and a slotted
mirror section current of 115 mA. The output power is -4.19 dBm and peak
wavelength centre is 1550.54 nm once coupled into single mode fibre with a 38.9
dB SMSR and a 3.79 kHz linewidth.
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Chapter 6

Conclusion

The purpose of this thesis is to study the IFVD method in QWI technology for
monolithic integration. IFVD can be used in a standard fabrication process to
achieve low loss optical connections of active and passive devices, thus reducing
power consumption while retaining stable performance. This is ideal for

integrating lasers and other components into a monolithic PIC.
6.1 Overview of the Results Presented

In chapters 1 and 2 of this thesis, the foundational discussion of semiconductor
lasers and monolithic integration photonics is provided. Then, tunable single-mode
lasers and lasing theory for DFB lasers and slotted FP lasers is introduced followed
by a summary of the background research. After introducing applications of
narrow linewidth lasers, the linewidth of the DFB laser and the teardrop laser are
described in detail. Finally, the classification of quantum well intermixing is
introduced, among them, the impurity-free vacancy disordering (IFVD) method is
discussed in detail, which is the focus of this study of thesis.

Chapter 3 introduces the process of successfully implementing the IFVD method.
An experimental design using the IFVD method with SisNs by PECVD as
promoter and SiO2 by PECVD as inhibitor and protector is used to demonstrate
the QW1 technique. After annealing at 750°C for 160 seconds, the maximum blue
shift of the PL spectrum was 163 nm. While a greater blue-shift could be achieved
at the higher annealing temperature, the performance of the material would also
suffer. In order to test the performance of the material after annealing at 700°C for
120 seconds, a 69 nm blue shift was achieved using InP-based AlGalnAs multiple

guantum well structure. This result demonstrated a successfully fabricated FP laser
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using the IFVD method. This demonstrates that QW1 technology can be used in

monolithic integrated chips.

In chapter 4 the successful fabrication of active and passive device integration with
the IFVD method was shown. The QWI effect for the laser performance was
studied through applying QWI on different sections of the teardrop laser. A
teardrop laser was successfully designed and fabricated with the MMI and ring
fully intermixed to transparency thus reducing the power consumption. This QWI
technique result will be beneficial for the monolithic integration of active and
passive components using the AlGalnAs quantum well material as demonstrated

by a laser with good single-mode performance.

Chapter 5 introduces a monolithic laser with teardrop loop reflector (passive
component) and a slot mirror reflector (active component) using the IFVVD method,
that was successfully designed and fabricated. The laser demonstrates a wide
tuning range, and single-frequency, kHz line-width performance. The laser fully
demonstrates the integration of active and passive devices using the IFVD method,
and the laser has the advantages of high performance, simple fabrication, and low

cost.
6.2 Future work

The results of the QWI technique show that the QWI technique has a certain
influence on the material. Within a certain blue-shift of the PL spectrum, the
properties of the material do not change significantly. However, after a certain
threshold, increasing the blue-shift results in a decrease in device performance. For
passive components, it was shown that by annealing at 700 °C for 120 seconds a
blue shift of 69 nm can be induced. In future processes, the blue-shift can be
reduced to around 50 nm, further reducing the waveguide losses in passive

components.

In the tests of this laser, the intermixed 1>2 MMI and teardrop reflection sections
did not require any bias current to achieve low optical loss. However, the gain
section and the slotted mirror section still required higher current injection. In
future designs, the gain and slot mirror sections can be optimized to reduce drive

current, to further lower power consumption for the laser.
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