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Abstract

Abstract

To aid the ever-increasing demand for data bandwidth, tuneable lasers will be
a key requirement in transmitter modules of next-generation optical communi-
cation networks for data transmission in access networks. The lasers need to be
wavelength-stabilised and cost is a critical factor since they will be widely used
in consumer products. Currently used tuneable lasers in the downstream direc-
tion in access networks are too expensive to be also used widely in consumer
products (upstream), and current designs for integrated wavelength monitors
use passive waveguides made using spatially selective bandgap engineering
techniques which are not cost-effective and make integration with a laser chal-
lenging.

This thesis demonstrates a low-cost tuneable transmitter module using a slot-
ted Fabry-Pérot laser, monolithically integrated with a modulator, wavelength
monitor and a semiconductor optical amplifier (SOA). The laser is based on a
3-section slotted Fabry-Pérot design and has a discrete tuning range of about
20nm which covers half the C-band. The wavelength can be further fine-tuned
by adjusting the temperature between 16-22°C with a sensitivity of approxi-
mately 0.1nm/°C. The modulator is an absorbing section with Ground-Signal-
Ground (GSG) pads that is capable of delivering data rates of up to 10 Gb/s with
a peak-to-peak driving voltage of 1V using Non-return-to-zero on-off-keying
(NRZ-OOK) modulation. FError free transmission was achieved for distances
up to 50km of single mode fibre. The module also incorporates an integrated
semiconductor optical amplifier (SOA) which provides an optical gain control
of up to 20dB with a drive current of 30mA. The wavelength monitor has a lin-
ear working range of approximately 25nm and can provide a sensitivity of 13-
15GHz (~0.1nm). It employs the same epitaxial structure as the tuneable laser,
thus requiring no regrowth, making monolithic integration possible. Along with
the fact that the slots required for tuning of the laser are fabricated in the same
step as the ridge waveguide, presenting no additional complexity during the
fabrication process, makes the whole transmitter module low-cost and compat-
ible for use in Optical Network Units (ONUs) in the consumers’ premises in a
Fibre-to-the-Home (FTTH) scenario in access networks.

The thesis also explores the challenges of integration such as electrical, optical
and thermal crosstalk between the various active components within a single
device and suggests design considerations that will help mitigate this crosstalk.
For future work, the performance of the modulator section could be enhanced
by the use of quantum well intermixing and also reducing its pad capacitance
by introducing high-k dielectrics. After fabrication, the common substrate could
be stripped off from underneath the entire device and the various components
could be ‘printed’ separately on other substrates and optically connected via
passive waveguides using novel transfer-printing technology, which could help
reduce crosstalk further by eliminating substrate coupling.

xiii Prasanna Ramaswamy
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Chapter 1
Introduction

The internet plays a major role in connecting the world. With the recent
advances in hand-held device technologies and growing popularity of video
streaming services, the demand for data bandwidth is increasing rapidly. It
is projected that in the next five years, global internet traffic will grow at a
Compound Annual Growth Rate (CAGR) of 24% (Fig. and by 2021, the
number of connected devices will be three times the world population[1]]. Op-
tical networking is at the core of today’s long-haul communication systems.
This increase in demand can only be met by advances in the underlying optical
transceiver designs and in turn the semiconductor laser technology that goes
into making the transceivers. Next-generation network standards are look-
ing towards being adaptive and reconfigurable on-the-fly and this translates
into wavelength-tuneable components being deployed at the far end of the ac-
cess network arms such as in 5G towers for data back-haul and at consumers’
premises. There is a great need, given the location and volume of these com-
ponents, for low-cost technological solutions. This thesis presents a low-cost
upstream transmitter and the challenges associated with realising the same.

300

oo 24% CAGR
2016-2021
200
150
100
5 .
0

2016 2017 2018 2019 2020 2021

Exabytes
per month

o

Figure 1.1: Global IP traffic forecast from CISCO[1]



1. INTRODUCTION

1.1 Optical Telecommunication Systems

Modern-day long haul and high capacity data transmission in made possible to
a large extent by the high bandwidth offered by using light as the carrier of
data. Fundamentally optical telecommunication is achieved by using light from
a laser, modulating it using the required data to be transmitted, sending the
modulated light through an optical fibre and using a photodiode at the receiver
end to detect the signal. Lasers (especially semiconductor lasers) are used as
light sources because of their high monochromaticity, low spectral linewidth
and compact size. Thus, chromatic and modal dispersion along the fibre can be
reduced and very large transmission distances can be achieved.

O-band E-band C-band L-band

|
[ i | | \‘

11 | | | ’

1 | | | | |

1271 L~ 1371 1471 1531 1571 1
//’ Centre wavelengths (nm) - CWDM |
e
7
,// C-band L-band
195.9THz Centre wavelengths - DWDM 184.THz

1530.33nm 1624.89nm

100GHz (approx. 0.8nm spacing)

Figure 1.2: Wavelengths in Coarse and Dense WDM systems

Silica optical fibres used in long-haul networks have a low attenuation of 0.2dB
/ km [2] in a window centred around a wavelength of 1.55um. Data can be en-
coded onto multiple wavelength channels simultaneously within this window to
fully exploit the available optical bandwidth. This technique is known as Wave-
length Division Multiplexing (WDM). In the past decade, Coarse WDM was used
with the wavelength channels separated by 20 nm in with the wavelength span
ranging from 1271 to 1611 nm split between various sub-bands as illustrated in
Figure With the increase in demand for bandwidth, coarse WDM are being
increasingly replaced by Dense WDM (DWDM). Typically, DWDM systems have
a channel spacing of 100 GHz (0.8nm) with some systems even going down
to 50 or 25 GHz channel spacing [3]. The use of Erbium-doped Fibre Ampli-
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1.2 Tuneable lasers

fiers (EDFAs) which work in the C-band (1525-1565 nm) or L-band (1570-1610
nm) really accelerated the use of DWDM systems. Figure shows the centre
wavelengths of coarse and dense WDM systems.

1.2 Tuneable lasers

Given the use of multiple wavelength channels, it is clear that wavelength-
tuneable lasers are an integral part of WDM systems. Research into tuneable
lasers were ongoing since the invention of the laser in the 60s, but the term
Dynamic Single Mode laser (DSM laser) was first used in 1981[4].

Starting from a simple Fabry-Pérot cavity, a number of mode selection mecha-
nisms can be used for selecting a single mode for the laser operation, the most
popular of which is a grating. The two main categories of lasers that use a
grating structure for their operation are Distributed Bragg Reflector (DBR) and
Distributed Feedback (DFB) lasers. While DBR designs have a separate gain sec-
tion and a grating section, DFB lasers have them combined into one. Extensive
work on DFB and DBR lasers were done since the early 1970s [5, 6, [7]. Demon-
stration of dynamic single mode lasers at 1.5 um in 1981 by Utaka et al., was
a milestone in long distance optical communication since it was at the low-loss
wavelength region of silica optical fibers [8]. Since then DFB and DBR lasers
and their later variants such as Sampled-Grating DBRs and Super-Structure-
Grating DBRs continue to dominate the tunable laser segment.

1.2.1 DFB Laser Arrays

DFB Laser arrays are a direct logical extension of the single mode lasers. An ar-
ray of single mode DFB lasers is fabricated each having a different wavelength
and depending on the desired wavelength, a particular device is excited. In
order to achieve wavelengths in between the different discrete wavelengths of
the devices in the array, the array is tuned thermally. The output is collected
at the end of an interference coupler or through an external mirror. The use of
the latter eliminates the 1/N loss from the interference coupler, but since it is
an external solution, it adds to the complexity of the device. Some examples
of DFB laser arrays can be found in products from companies like Fujitsu [9],
NTT [10], Furukawa Electric [11]], NEC [12] and Santur Corporation (acquired
by NeoPhotonics in 2011) [13], Santur’s design involves a MEMS-actuated ex-
ternal mirror for the wavelength selection. Figure [1.3|(a) shows the DFB array
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module from NEC [[12] and Figure (b) shows Santur’s solution [[13]].

The main advantages of DFB array solutions are good control of wavelength,
the use mature and reliable DFB technology and stable wavelength output with
no mode hops. On the other hand, the disadvantages are slow tuning, relatively
bigger chip size, power consumption, coupling loss in the case of MMI couplers
and moving parts and high voltage circuits in the case of the external MEMS
solution [[14].

MEMs tilt mirror

Collimating lens (#2°in X, £0.5° in'Y)

Focusing lens

Multi-A DFB array
(12 lasers, 10 um pitch)

Chip size:

0.4 x 2.15 mm? _/
Output fiber

(a) (b)

Figure 1.3: DFB Laser arrays with (a) MMI coupler from NEC [12]
(b) external MEMS mirror from Santur [|13]]

1.2.2 DBR-based devices

Drawing from the concepts of normal DBR lasers, there have been further de-
velopments to make the laser tunable and to improve their performance pa-
rameters. One of these devices is the Sampled-Grating DBR laser (SG-DBR)
commercialized by Agility Inc. [[15]. The device consists of two reflector sec-
tions with a slightly different reflectance combs as shown in Figure (a). This
gives rise to a vernier effect and the product of these combs give the laser a very
good Side Mode Suppression Ratio (SMSR). Devices based on similar physics
have also been developed at NTT called Super-Structure-Grating DBR lasers
(SSG-DBR) [[16] and by Bookham (acquired by Oclaro) called Digital Super-
mode DBR laser (DS-DBR) [17]], but differential gain and output power are not
as good because of grating losses during tuning by current injection. An ad-
ditional gain section in the form of an optical amplifier needs to be added to
the device to compensate for the losses, and after such an improvement, fiber-
coupled optical output powers of around 40mW have been achieved. Syntune
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1.2 Tuneable lasers

(acquired by Finisar) has developed a solution based on a similar vernier effect,
but with a key difference - both the tuning elements are on the same side of the
gain block as opposed to the gain block being sandwiched by the two tuning
sections in the other devices [18] as shown in Figure (b). This structure
is called Modulated-Grating Y-Branch (MG-Y). MG-Y lasers tend to have higher
output power levels (13 dBm) without the need for additional amplification. On
the other hand, tuning is not continuous and they exhibit higher phase noise
compared to other designs [14]], for example the design by Coretek (acquired
by Nortel) [[19] which is a vertical cavity laser whose top mirror is mounted on
a MEMS arm and can be moved up and down leading to wavelength tunability.
This device also needs an optical pump co-packaged with it. Although VCSELs
have a good reputation at lower wavelengths, they suffer from lower optical
power and wider linewidth at telecommunication wavelengths [20]. Another
design combining the wide tuning capabilities of a grating-assisted coupler with
a sampled-grating reflector is the Grating-Coupled Sampled-Reflector (GCSR)
laser [21]]. GCSR devices have been shown to have >100nm tuning range [22]]
and SMSR is excess of 35dB [23].

SG-DBR Laser

EA (Front Rear \

Modulator Amplifier Mirror Gain Phase Mirror
 — | [ 1 [ 1 I 11 |

Light
Out
/ X /
Q waveguide MQW active regions
(a)
Reflector 1
Front Facet : -
MMI ; Differential
| | Phase
Coupler Reflector 2
Gain Common
Phase
(b)

Figure 1.4: Schematic of a (a) SG-DBR Laser [20] and (b) MG-Y Laser[18]]
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1.2.3 External Cavity Solutions

External cavity tuneable lasers involve a multi-mode laser diode that acts as the
gain block and an external mode selection filter to achieve the single-mode op-
eration. In most cases, the light is coupled between the gain and mode selection
blocks with the help of bulk optical elements like lenses and mirrors. Iolon Inc.
(acquired by Coherent in 2005) demonstrated an external cavity tunable laser
with a MEMS grating as the wavelength selective element [24]. NEC also of-
fers an external cavity tunable laser using a liquid- crystal based tunable mirror
[25]. The MEMS grating solution from Iolon has a wide tuning range (100nm)
and good optical power (>10dBm). The downside of Iolon’s solution is that it
can be modulated only upto 3.2 Gb/s, and the liquid-crystal solution from NEC
suffers from slow tuning and the requirement of additional liquid crystal drivers
[14]. In addition to the above, there exist solutions based on tunable filters. Fu-
jitsu has a tunable laser based on an Acousto-optical tunable filter (AOTF) [26]].
Intel has demonstrated a tunable laser (acquired from New Focus) based on a
temperature tuned etalon [27]. The AOTF-based approach proved to have a
very wide tuning range and good tuning speed, but it is fabricated on LiNbO;
the device is very large in size (~5cm). While Intel’s design has a low power
consumption, its tuning speed is slow due to the thermally tuned etalon [14].

1.2.4 Other Tunable Laser Designs

Although currently DBR-based and DFB array based devices own a big share of
the tunable laser market for telecommunications, there are many more designs
being proposed at the research level. NTT has demonstrated a tunable laser
design with ring resonators as wavelength selective elements [28]]. The devices
show a good tuning range covering the C-band with low power consumption.
They also show wavelength drifts of less than 5 GHz during thermal transients.
These devices do not require electron beam lithography, and thus are easier
to fabricate than SG-DBR lasers, but they do require one regrowth process.
Another concept of a tunable laser comes from JDSU using a tunable-MMI [29]
which has good optical power outputs without the use of an amplifier. Just
like the previous design, this device suffers from the use of a regrowth process
and also the use of sophisticated lithography processes since it uses a sampled
grating to provide the comb reflectance.
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1.2 Tuneable lasers

Table 1.1: Summary of State-of-the-art performances of various monolithic
widely tunable lasers

Type Tuning Range Output Power SMSR References
SSG-DBR 140 nm 10 dBm 40 [30]
DS-DBR 50 nm 8-9 dBm 50 [31]
GCSR 114 nm 1-2 mW 20 [22]
MG-Y 45 nm 13 dBm 40 (18]

Table(1.1|summarises the key performance parameters of the various main types
of monolithic tuneable lasers. With the advent of wavelength division mul-
tiplexing and dynamic wavelength-reconfigurable optical networks, tuneable
lasers were greatly in demand. But there has always been stiff competition from
the fixed wavelength DFB switch were preferred over tuneable lasers for their
lower cost and better performance. But the increased penetration of the inter-
net and the growth in demand for bandwidth every year, has led to the need for
more wavelength channels and concepts like Dense and Ultra-Dense WDM. This
means that, if individual fixed frequency DFBs are used, albeit being cheaper,
they need different wavelength specific line cards and other related equipment.
This increases the total cost of the optical network considerably and has led to
the present situation where for similar performance specifications, the market
would prefer a tuneable laser solution compared to a fixed wavelength DFB,
even if it comes with a small premium in the cost [20]. Besides the market-
driven reasons for the need for tunable lasers described above, there also ex-
ist technological reasons to push forward research in tuneable lasers. Tune-
able transmitter components are essential in ROADMSs (Reconfigurable Optical
Add-Drop Multiplexers) that reduce the cost of adding and/or dropping small
amounts of information to/from a fiber optic link. Tuneable lasers are also very
important components in optical switches where they are used in wavelength
conversion [32]. Their importance is not only limited to optical telecommuni-
cation, but they are also very useful in sensing applications where the sensors
need to sweep the wavelength of the optical source over different frequencies
[20] e.g. gas sensing and Optical Coherence Tomography (OCT).
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1.3 Motivation for this work

As discussed at the outset of this chapter, the demand for bandwidth continues
to increase at a rapid rate every year. In the past decade, access networks which
connect the subscribers to their internet service provider have been transition-
ing from the use of copper cables (e.g. DSL - Digital Subscriber Line) to optical
fibres (Fibre to the x - FTTX) which provide much higher bandwidth.

Currently, the most commonly deployed optical access network technologies
such as EPON, GPON etc. use a fixed wavelength for data transmission in the
upstream direction. But looking towards the future, next-generation access
network standards such as NG-PON2 will require tunable laser sources in the
Optical Networking Units (ONUs) so that upstream wavelength can be chosen
dynamically to balance loads in the network. Since these ONUs are situated at
the consumers’ premises, cost is a very critical factor. This means that Bragg-
reflector based designs for the tunable lasers, which are used commonly in
the downstream direction, are too expensive for such widespread use in con-
sumer products especially with the added cost of packaging and calibration.
Integrating all the components of the transmitter such as the laser, modulator
and wavelength monitor offers further ONU cost reduction in comparison to
discrete components. This forms the motivation for this thesis which attempts
to describe the realisation of such an integrated low-cost tunable transmitter
module - a microscope image of which is shown below in Figure

200 um

3-section Tuneable Laser

_SRENRRRTRYY

SOA Wavelength Monitor
Modulat01 w1th GSG Contacts

Figure 1.5: Microscope image the fully integrated transmitter device
developed in this thesis work

1.4 Thesis outline

A concise organisational structure of this dissertation is as follows:
Chapter 2 introduces Slotted Fabry-Pérot lasers, the chosen technology in this
Monolithically integrated tuneable slotted 8
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1.4 Thesis outline

thesis for the low-cost tunable laser. It presents the theory behind the techno-
logy, device structure and fabrication of this type of lasers, and experimental
results from the same.

Chapter 3 discusses the need for wavelength monitoring. It presents the theory
and design of the wavelength monitor that can be conveniently integrated with
the tuneable laser, its performance characteristics as a standalone device along
with its polarisation sensitivity.

Chapter 4 presents the integrated device containing the laser and wavelength
monitor from Chapters 1 and 2 respectively along with an optical modulator
and a semiconductor optical amplifier (SOA) booster. Experimental results
showing performances up to 10Gb/s are presented.

Chapter 5 discusses the electrical, optical and thermal crosstalk issues in the
integrated device and possible strategies to overcome this.

Finally in Chapter 6, a conclusive summary of the thesis is presented along
with possible directions of future work.
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Chapter 2
Slotted Fabry-Pérot Lasers

As seen from Chapter 1, the need for low-cost tuneable lasers is increasing with
the deployment of Fibre-to-the-x (FTTx) networks and in general with the use
of adaptive optical telecom protocols. This chapter presents the Slotted Fabry-
Pérot technology (Figure [2.1]) as a solution to this need.

The first mention of slots along the ridge waveguide of a laser in the literature
was made in the 1980’s by Coldren et al, who called it grooves in their paper [1].
Since then slots have been used in making tuneable single (longitudinal) mode
lasers in various forms [2, [3]. The first section of this chapter describes the
theory behind the operation of slotted Fabry-Pérot lasers. The second section
describes, in detail, the fabrication process for these type of lasers, which is low-
cost and foundry compatible requiring no selective area bandgap engineering
techniques. The third section presents experimental results obtained from these
wavelength-agile lasers. And in the final section, a summary of the chapter is
presented along with a discussion about the potential applications for slotted
Fabry-Pérot lasers.

Slot

Cladding l
- Waveguide I

Substrate

Figure 2.1: Cross-sections of a typical slotted Fabry-Pérot laser
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2. SLOTTED FABRY-PEROT LASERS

2.1 Theory of Operation

2.1.1 Semiconductor Heterostructures

The first demonstration of coherent light emission from a semiconductor diode
(based on Gallium Arsenide) was done by Hall et al [4] and Nathan et al [5] in
1962. These lasers and the other common designs of that era were homojunc-
tion lasers, i. e. the active core layer and the cladding were both made from
the same material (GaAs) and thus had the same bandgap and refractive index.
They had threshold current densities of about 1000 A/cm? at a low temperature
of 77K, but at room temperature of 300K, the threshold current densities were
orders of magnitude higher at about 100000 A/cm?. This is mainly due to the
fact that electrons and holes are free to diffuse, i.e. there is poor carrier con-
finement which results in poor gain. This meant that the lasers could operate at
continuous wave (CW) mode only at low temperatures and could exhibit only

pulsed mode operation at room temperature.

The concept of a heterojunction was introduced in 1954 by Kroemer [6] where
two different semiconductor materials with varying bandgaps could be used. In
a heterojunction, the bandgap of the p-type layer could be raised above that
of the n-type layer underneath. This helps in creating a large potential barrier
for minority carriers thus essentially only injecting the majority carriers from
the wider bandgap material to the lower one. This achieves better optical con-
finement compared to homojunctions thus reducing the threshold current. In
the mid 1960s, with the advance of epitaxial methods, in particular the pos-
sibility of liquid phase epitaxy of aluminium gallium arsenide, heterojunctions
could now be created. Despite the increase in carrier confinement, the thresh-
old current density could only be reduced around 10 times still making single-
heterojunction lasers unable to exhibit CW lasing at room temperature [[7].

The solution to achieving even better carrier confinement than a single hetero-
junction is to sandwich the active material on both sides with a higher bandgap
material, which came to be known as a double heterostructure (DH) laser, as il-
lustrated in Figure This concept of a DH laser diode was first introduced by
Kroemer [8] and Alferov et al [9] in 1963, and the first semiconductor lasers to
demonstrate CW operation at room temperature were indeed based on a dou-
ble heterostructure in 1970 [10, [11]]. Kroemer and Alferov went on to receive
the Nobel prize for physics in the year 2000.
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Figure 2.2: Illustrations (simplified) of band structure in a double
heterostructure at (a) equilibrium - unbiased and (b) forward bias

When a double heterostructure is forward biased, electrons are injected into
the active region from the n-type semiconductor and holes are injected into
the active region from the p-type semiconductor. The higher bandgap on both
sides ensures that electrons cannot escape into the p-type material and holes
cannot escape into the n-type material. Thus electrons and holes are forced
to recombine in the active region, leading to emission of photons. The carrier
confinement can thus be obtained in DH diodes for a bandgap difference of at
least 0.25 eV between the active and the cladding regions [12].

Energy
Bandgap Refr. Ind.  Opt. Intensity

InP (p-cladding)
d ¢ AlGalnAs (core)
InP (n-cladding)

Figure 2.3: Illustration of the bandgap, refractive index and optical intensity
profiles along a double heterostructure

Along with carrier confinement, another important requirement for an efficient
laser diode is optical confinement. A convenient coincidence that can be ex-
ploited in this context is that the refractive index at a wavelength decreases
with increase in bandgap. This means in a DH scenario, when a material with a
lower bandgap is sandwiched by materials with higher bandgaps, the refractive
index is highest in the middle layer and lower in the outer cladding layer on
either side. The light that is generated in the active layer is confined well inside
itself owing to the fact that an optical waveguide is formed in the transverse
direction resulting from the refractive index profile as illustrated in Figure |2.3
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2. SLOTTED FABRY-PEROT LASERS

2.1.1.1 Semiconductor Material Systems

In order to choose the appropriate material system for the fabrication of the
laser, we need to take into consideration a few key points. A semiconductor
double heterostructure is grown using epitaxial methods needing high crys-
talline quality, which requires that the materials should be lattice matched per-
fectly. This requirement means that substrates could be binary III-V compound
semiconductors like GaAs or InP since their lattice constants are defined un-
ambiguously by stoichiometry. And depending on the substrate used, ternary
or quaternary alloys can be used as the lower bandgap material. For example,
AlGaAs can be lattice matched to GaAs and alloys like InGaAsP and AllnGaAs
can be lattice-matched to an InP substrate.

It is also beneficial if the difference in bandgap energy between the two materi-
als in the DH structure is as large as possible for better efficiency. In this context,
quaternary alloys may have an edge as they have two parameters to vary com-
pared to one in ternary alloys. For example, in Al,Ga,In;_,_,As the mole frac-
tions of aluminium (z) and Gallium (y) can be varied, whereas in Al,Ga;_,As
only the mole fraction of aluminium (x) can be varied. Having two variables lets
us choose from different bandgap energies while simultaneously trying to sat-
isfy the lattice matching requirement. In practice, the most widely used material
systems for semiconductor lasers are AlGaAs on GaAs and InGaAsP/AllnGaAs
on InP. Material systems involving GaAs substrates cover wavelength ranges
below 900nm whereas the ones using InP substrates cover wavelengths over
1200nm. In this work, since we deal with wavelengths for telecommunication
applications, which are around the 1550nm region, we choose a material sys-
tem based on an InP substrate. Furthermore, AllnGaAs on InP was preferred
over InGaAsP on InP because the conduction band offset is larger in the for-
mer (AE, = 0.72AE, compared to AE, = 0.40AFE, in the latter) and the fact
that electrons have a lower mx* which lead to improved electron confinement
confinement [13] [14].

2.1.2 Optical Waveguiding
2.1.2.1 Transverse Waveguiding

Using a double heterostructure as described above, an optical waveguide in the
transverse direction can be formed. The optical modes supported by this waveg-
uide can be guided or radiation modes. We shall concentrate on the guided
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modes, which can be further classified into Transverse Electric (TE) or Trans-
verse Magnetic (TM) modes. In these modes only the electric field component
(for TE) or the magnetic field component (for TM) lies in the plane perpendic-
ular to the direction of propagation.

It is useful to define a parameter known as the optical confinement factor, which
is a measure of the optical power confined in the active region compared to
the total optical power. Using the vertical direction in Figure as the z-
coordinate beginning from —oo at the bottom, passing through 0 at the lower
interface between InP and AlGalnAs and increasing in the upwards direction,

we can write the confinement factor, I" as:

/(;d |E(x)]? dx
/Oo |E(z)| dx

—00

I — 2.1)

Usually exact confinement factors are calculated numerically, but there exists
a good analytical approximation (for symmetric heterostructures) proposed by
Botez [15]], which is given by:

I
141

~
~

d (2.2)

where I" = 272 (n% - ng) </\>2

where n; and n, are the refractive indices of the core and the cladding mate-
rials respectively, and ) is the wavelength. For a wavelength of 1550nm and a
cladding material of InP (with n, = 3.167), the confinement factor is plotted
in Figure using Equation for different values of n,. In the devices pre-
sented in this thesis, the active region is AllnGaAs which has a refractive index
of around 0.3 higher than InP, which corresponds to the red curve in Figure|2.4
We can see that for higher values of d, the confinement factor is higher - which
is desirable. But optical telecommunication systems typically use single-moded
fibre for transmission as they do not exhibit modal dispersion resulting in longer
distance transmission capabilities.

19 Prasanna Ramaswamy



2. SLOTTED FABRY-PEROT LASERS

1 T T T T
—
5 0.8F
+~
2
“ 061
=)
a
<]
g 04Ff
g An=0.1
A= e AN =().
g 02 —— An=0.3 1
(@) e AN=0.5
O 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Active layer thickness d (um)

Figure 2.4: Confinement factor vs active layer thickness (bulk) for different
refractive index contrasts at 1550nm for an InP substrate

Thus, the the epitaxial structure is also designed such that only the fundamental
mode is guided in the waveguide. The condition for this to occur is [12]:

d < A (2.3)

2 2
2¢/ny —nj

In our case, this translates to an active layer of thickness less than 550 nm.

2.1.2.2 Lateral Waveguiding

In the previous section, we have discussed transverse waveguiding in the laser
structure. However, for stable and well-defined laser operation, it is also nec-
essary to have waveguiding in the lateral direction [[12]. This can be achieved
in two ways, known as index guiding (IG) and gain guiding (GG). In IG struc-
tures, a ridge-type geometry is fabricated in the lateral direction, thus forming
a waveguide with the higher-index semiconductor as the core and the lower-
index semiconductor as the cladding layer. Along with the epitaxial structure
in the transverse direction, this effectively forms a two dimensional waveguide.
On the other hand, in GG structures, there are no geometrical features in the
lateral direction. The waveguiding in the lateral direction is entirely based on
confining the gain to a narrow region. This is achieved by a stripe metal contact
where the injected current is restricted to a few microns.

The waveguiding in GG lasers is absent compared to IG lasers. This causes
many impairments such as beam instabilities, astigmatic fields, multi-modal
behaviour and higher threshold currents [12]]. Hence for application in optical

Monolithically integrated tuneable slotted 20
Fabry-Pérot laser, wavelength monitor and
modulator



2.1 Theory of Operation

communication, index guided lasers are mandatory which are also used in this
thesis work.

2.1.3 Quantum-Well Laser Diodes

The first semiconductor DH laser materials were grown using liquid phase epi-
taxy (LPE). During the growth process, the wafer had to be quickly moved in
the LPE machine between different melts of materials - the n-type, p-type and
undoped material. This had to be done rapidly since the active region had to
be less than a micron thick. With the advance in epitaxial techniques, espe-
cially molecular beam epitaxy (MBE) and metal organic vapour phase epitaxy
(MOVPE) it was possible to control the epitaxial growth at almost atomic layer,
capable of producing very thin layers, which are called quantum well (QW)
structures [12]. If the thickness of the core layer is smaller than the de Broglie
wavelength of the carriers (about 15nm) quantisation effects start to appear.
The density of states is modified as illustrated in Figure and this leads to an
increase in the differential gain since the injected carriers are now spread over
a narrower energy range due to the quantisation.

InP AlGalnAs InP A Energy

Y

Density of states

(a) (b)

Figure 2.5: Illustration of the (a) conduction band and valence band edges
and (b) the density of state in a quantum well (solid curve) and bulk
semiconductor (dashed)

The requirement of lattice matching in quantum well structures can be more

relaxed than bulk structures owing to the extreme small thickness of the grown

layer. Hence, a small amount of strain, f, can be tolerated where f is given by:
_a—ay Aa

f= = 2.4)

Qo Qo
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where q is the lattice constant of the substrate and « is the lattice constant of
the layer grown on top of it. The critical thickness, h. up to which the strained
layer can be grown without damaging the entire crystal structure is given by
[16]:

(2.5)

a 1+v V2h,
h, = In
3221 f2l —v a

where v is the Poisson ratio, which is approximately 0.33 for most semiconduc-
tors [[12]. Combining Equations [2.4]and 2.5/ we can write:

1 1
B — 0 AP AR IR V2h, 2.6)
32v2r \ f? ) 1—v  \ao(l+f)
Substituting the lattice constant ¢y = 0.587 nm of InP and v = 0.33, we get:
1+ f  (2.4092h,
he(nm) = 0.00206 2 In ( 157 ) 2.7)

The analytic form of the above equation can be expressed as:
he(nm) = 0.4150(1 4 f)e~ V-1 (=20149) (2.8)

where W_,; is the lower branch of the Lambert-W function. Equation is
plotted in Figure |2.6
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Figure 2.6: Critical thickness vs Strain for an indium phosphide substrate

We can see that strain values of around 2.5-3% can be tolerated by the core
layer whose thickness is in the range of 10nm (as is required for the quantisa-
tion effects). Strained layers exhibit improved performance mainly due to the
fact that the degeneracy of light hole and heavy hole valence bands is lifted
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by the strain. Hence, the density of states at the bottom of the valence band
decreases resulting in population inversion for lower current densities [12, [17].
Thus, with the strain we have an additional degree of freedom for the design
of the epitaxial layers and engineering the bandgap of the materials in order to
achieve better efficiency. The devices presented in this thesis are fabricated on
an epitaxial structure with a compressive strain of about 1.2% in the quantum
wells and a thickness of 6 nm, which is well under the critical thickness.

As we seen from the previous section on optical waveguides (Equation and
Figure [2.4) the optical confinement goes down as the active layer thickness de-
creases (for small values of the active layer thickness). We can see this illus-
trated in Figure (a) which shows the carrier wavefunction along with the
photon distribution. The optical confinement can be improved by adding an
additional wave-guiding layer around the quantum well as shown in Figure
(b). This is usually known as separate confinement heterostructure quantum well
(SCHQW) structures. Optical confinement and gain can be further increased by
increasing the number of quantum wells - by the use of multiple quantum well
(MQW) structures. The SCH structure can be made to have a constant composi-
tion (as in Figure (b))or a graded composition, which leads to a graded re-
fractive index. This is referred to as a GRIN (Graded Index) SCH QW structure.
In a GRINSCH structure, the carrier confinement is achieved by the quantum
well and the optical confinement is achieved by the surrounding waveguide
structure, thus effectively decoupling the electronic and optical effects [18]].

_l_l_l—l__\mﬂ_l/_

SQW SCHQW GRINSCH-MQW
Carrier
distribution Optical field
AET AL M
() (b) @]

Figure 2.7: Tllustration of carrier distribution and optical field intensity in (a) a
single quantum well (b) an SCH-QW and (c) a GRINSCH-MQW

The substrates used for fabrication of the devices in this thesis are based on
GRINSCH-MQW, i. e. a combination of a GRINSCH structure along with mul-
tiple quantum wells, which is schematically shown in Figure (c). The re-
fractive index of the material, which is inversely proportional to the bandgap
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energy, is shown in Figure [2.8|for the epitaxial layer structure used in this thesis.
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Figure 2.8: Refractive index profile of the epitaxial layer structure used in this
thesis work

2.1.4 Waveguide Slot

In the previous sections techniques for optical waveguiding in the lateral and
transverse directions have been introduced. To complete the design of a laser,
we need a resonator in the longitudinal direction which is the third geometrical
dimension. The ridge waveguide used for lateral confinement can be demar-
cated at the two ends forming a Fabry-Pérot (FP) cavity. Most laser diodes are
based on a FP cavities, which are well documented in literature. The resonance
condition for an FP cavity of length L is that the phase change after a complete
round trip must be an integer multiple of 27. This leads to a set of longitudinal
lasing modes with wavelengths defined by:

_ 2negl

N (2.9)

AN

where N in the mode number and n. is the effective refractive index. Usually
for edge-emitting lasers, the dimension of the laser cavity is much larger than
the operating optical wavelength. This leads to a large number of longitudinal
modes. Hence under this approximation (N > 1), we can define a constant
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mode spacing given by [12]:

)\2
Al = Ay = Anp =
27’Lg’effL
n (2.10)
where Ngeff = neff(/\N) — )\N eff
’ A |,_,
=AN

where ng s is the effective group index. Typically in an FP laser, these lon-
gitudinal modes are enveloped by the gain curve of the active medium. The
width of this curve for AllnGaAs/InP material is several tens of nanometres. As
illustrated in Figure this leads to multiple longitudinal modes.

A
— o A N .
g Longitudinal Gain curve
modes ! N
g <«
— / \ \
< \
2 / \
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O 7 ( 3 AN
7 N
1 T 5>
Ao Wavelength

Figure 2.9: Longitudinal modes in a Fabry-Pérot laser

For applications in communication, we require lasers with a single wavelength
output which translates to a single longitudinal mode. In order to achieve this
we must make the gain curve sufficiently narrow so that only one mode is
selected and the rest are filtered out. This mode selection can be done using
various methods. As seen from Chapter 1, periodic structures such a Bragg
gratings are used as mode selectors in single-mode laser designs such as the
Distributed Bragg Reflector (DBR) and Distributed Feedback (DFB) lasers. In
this work, we use slots along the Fabry-Pérot waveguide.
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t L2

0
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y
Figure 2.10: Tllustration of reflection and transmission at a slot along the
waveguide
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Figure provides an illustration of a slot etched into the ridge waveguide,
which makes it a Slotted Fabry-Pérot (SFP) Laser. These slots provide reflec-
tions within the cavity which are wavelength dependent and thus aid in mode-
selection to achieve single longitudinal mode lasing. In order to better under-
stand the working of an SFP laser, we must first look at the reflections that arise
from a slot. Figure (a) and (b) show the optical field intensity inside a
ridge waveguide simulated using a commercial mode solver (Lumerical FDTD).
We can observe that the intensity is a symmetric Gaussian-shaped beam around
the quantum well region. This is schematically shown in Figure |2.10|marked as
(1). At a slot, part of this field is reflected at the InP/air interface (marked as
(2) in Figure [2.10) with a reflectivity value dictated by the refractive index dif-
ference between InP and air. The truncated field propagates forward as shown
marked as (3) in Figure This is justified from the numerical simulations
of the optical field intensity at the slot, shown in Figure (c¢) and (d), where
we observe that the mode is pushed further into the substrate and is truncated
rapidly going above the InP/air interface at the bottom of the slot.

1
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B g 2
Z|q06 8 E) 0.6}
£ g =
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Zli04 B < 04f
=~ N AG,_'Z
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(@) (b)
0.8 = 0.8}
> 2} ‘B
Z | 106 g @ 0.6
£ g =
= g =04
o] = = UET
R RLERS =
0.2
0.2
0 1 L
0 -2 0 2 4 -4 -3 -2 -1 0
y(microns) z (microns)
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Figure 2.11: Mode profiles at (a) waveguide and (b) slot, and (c and d) the
corresponding slices at y=0 location
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To calculate the reflectance of a slot r,, we compute the overlap integral of the
fundamental mode of the waveguide and the reflected field, given by [1]:

| ) )y
Ty = I'“—oo (2.11D)

[ N W (y)W*(y)dy

and the transmittance, ¢,, of a slot is given by:

| i)y
ts = (2.12)

/_OO (y)v*(y)dy

where r is the bulk reflectivity at the air/InP interface given by

Np — 1
r = 2.13
Ninp +1 ( )

and U(y) is the fundamental mode field which corresponds to the curve in Fig-
ure (b), and ¥, (y) and V¥,(y) are the reflected and transmitted optical
fields respectively, which are given by (in the truncation approximation):

v cy>t

U, (y) = { W) 5 (2.14)
0 s y<t
0 ;y>t

Uy(y) = (2.15)
Uly) ; y<t

where ¢ is the remaining thickness above the active layer after etching the slot.
We assume that the remaining optical field which is neither reflected nor trans-
mitted through at the slot, is lost into air at the InP/air interface. This loss
incurred at the slot can be written as:

Ny =1—1r2—t (2.16)

Using the above equations and the fundamental mode field given by Figure[2.11
(b), we can calculate the reflectance and transmittance of the slots as a func-
tion of the remaining cladding thickness above the slot, ¢, which are plotted in
Figure|2.12
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Figure 2.12: Calculated reflectance and transmittance of a slot vs remaining
cladding above the slot, ¢

From these calculations, the highest value of the achievable slot reflectance is
observed to be around 0.118, which corresponds to a transmittance value of
0.706, leading to a loss (7,) of 0.49 . It is important to note from this discussion
that loss due to the slot is directly proportional to the slot depth whereas the
reflectance of the slot is inversely proportional to the slot depth. For effective
single mode selection, we need high reflectance at the slot, but at the same time
we also require low loss to achieve high optical output power. Hence, there is a
trade-off between the single-mode behaviour and output power while choosing
the etch depth of the slot. Another important aspect to be noticed is for low
values of ¢, the slot reflectance is highly sensitive to any change in the value of
t, or in other words, the any variation in the etch depth of the slot can cause a
change in the mode-selection and thus the output wavelength of the laser. This
limits the repeatability of the tuning characteristics for such SFP lasers during
different fabrication runs for the same design, where small changes in slot etch
depths can result in quite different tuning maps.

2.1.5 Modelling Slotted Lasers

Etching a reflective slot into the waveguide essentially creates sub-cavities in the
optical resonator which are coupled by the underlying active region waveguide.
This creates a coupled-cavity effect which is well-known in literature [19)}, 20].
There exist various methods to model SFP lasers based on the coupled-cavity
effect. When the slots were first proposed by Coldren et al [1], the trunca-
tion approximation described in the previous section was used. As single-mode

Monolithically integrated tuneable slotted 28
Fabry-Pérot laser, wavelength monitor and
modulator



2.1 Theory of Operation

lasers became more widely-studied in the following decades, there was a need
to model them more accurately. The first of these methods was based on one-
dimensional transmission matrices [21]. This method could not estimate scat-
tering losses and also could not match the reflection coefficient with experi-
mental measurements [22]]. An improved two-dimensional scattering matrix
method was proposed later [23]] which could take into account the propagation
and the transverse directions simultaneously. Yet another approach to mod-
elling SFP lasers is the Time Domain Travelling Wave (TDTW) model [24]. In
this approach the time-domain coupled-wave equations are solved at many dis-
crete points along the length of the laser cavity as illustrated in Figure [2.13]

l::l F2 F} l::4 FS // Fn»4 Fn-3 Fn-Z Fn-l Fn

—_> —> —> —> —> —_ —> —> —> >
As
Output
K -« G — — - «—— € — — «—
Field

RI RZ R} R4 R5 // Rll-'—'an-SRn-ZRn-l Rn
Figure 2.13: Discretisation used for the TDTW model

The forward and backward travelling fields are represented by F'(z,¢) and R(z,t)
respectively, which can be written as:

1 9F(z,1) N OF(z,t)
v, Ot 0z
1 OR(z,t) OR(z,t)
1)79 e

= ([g — a — jAS)F(z,t) + Sp(2, 1)
(2.17)

= (g —a—jAO)R(z,t) + Sg(z,t)

where v, is the group velocity in the material, I' is the optical confinement
factor, ¢ is the optical gain, « is the propagation loss in the waveguide and Ad
is the detuning factor. S and Sy are the spontaneous emission noise present
in the waveguide in the forward and backward directions respectively, which is
Gaussian-distributed. The time-dependent carrier rate equation is give by:

dN I N

L - 2 _BN?_(CN?_-2 F? 2 2.1
= C veg (IF* + |RJ) (2.18)

where [ is the injected current, NV is the carrier density, 7 is the carrier lifetime,

29 Prasanna Ramaswamy



2. SLOTTED FABRY-PEROT LASERS

V' is the active region volume and B and C are the bimolecular and Auger
recombination coefficients respectively. The optical gain g is given by:

gn(N — Ny)
2[1+¢€(|FP+|RP)]

9= (2.19)

where gy is the differential gain, N, is the transparency carrier density and ¢ is
the nonlinear gain coefficient. The boundary conditions at the slot/air interface

are given by the following:

E) =tsF, " — rJTR;”
R, =tk + TJTFT;"
. . o (2.20)
Frg =6l +ry Ry

n _ n —1—n
Ry =tR . — 1y FUlY

where t; and t;, and r; and r,are the transmittivities and reflectivities at the
front and back facets of the slot respectively, with the superscripts — and -+
denoting looking from the left and right side respectively. The superscripts —n
and n on the optical fields denotes the time period and the subscripts denote
the m*" and (m + 1)™ section at a slot as illustrated in Figure [2.14]
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Figure 2.14: Reflection and transmission at a slot at time period n

A simulation model was implemented in MATLAB®using Equations
and This model is able to generate basic characteristics of slotted
Fabry-Pérot lasers that can aid in the design of such lasers. Further work is
necessary in order to close the loop between simulation and experiment in order
to make this model robust which is beyond the scope of this thesis work.
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2.2 Etched Facets

The two important components of laser diodes are a material that provides
optical gain and a mechanism for optical feedback. Typically for edge-emitting
lasers the optical feedback is provided by cleaving the ends of the waveguide
along the crystalline plane of the semiconductor material which results like
mirror-like edges. And furthermore, after cleaving, thin-film coatings can be
deposited on the facets to improve the reflectivity for greater optical feedback.
Since the mirrors are essential to the working of the laser devices, this results
in them not being testable on the wafer until they have been cleaved out and
the coatings have been deposited. The handling of these fragile cleaved bars
and testing them can lead to a significant incurred cost during mass production
of such cleaved facet lasers.

An alternative to cleaved facet lasers is the etched facet approach. Here the
mirrors are formed not by cleaving but by etching vertical facets at the end of
the laser waveguides. There are numerous advantages to etched facets over
cleaved facets. Since the facets are lithographically defined, the lengths of the
waveguides can be controlled precisely. This eliminates errors due to mechan-
ical cleaving of the facets. Furthermore, anti-reflection (AR) or high-reflection
(HR) coatings can be deposited on the wafer instead of thin bars as is the case
with the cleaved facet devices. Also, a deep facet etch exposes the underlying
n-doped substrate which can be used to make n-contacts on the top side of the
devices, along with the p-contacts. Having p and n contacts on the same side
reduces complexity associated with wire-bonding and packaging of the device,
especially for high-speed applications. Finally, as described earlier etched facets
enable testing at the wafer level before dicing the devices which brings down
the cost substantially [25].

In this work, etched facets not only form the end mirrors of the laser but also the
separation between the laser section and the other active sections in the device
such as the wavelength monitor and modulator. Although for a laser one would
like to maximise the reflectivity of the facets, there could be cases where a low
reflectivity is desired - such as in a Semiconductor Optical Amplifier (SOA). This
can be achieved by etching the facets tilted at an angle to the waveguide and
thus reduce optical feedback avoiding the creation of a resonant cavity. This is
further explained in the following chapters.
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2.3 Device Fabrication

2.3.1 Epitaxial Structure

The results presented in the following sections of this chapter are based on a
device fabricated on a commercially available off-the-shelf wafer from the com-
pany IQE [} Figure shows a schematic of the epitaxial structure. The ma-
terial is based on an indium phosphide (InP) substrate and is designed to have
light emission at 1.55 um. The epitaxial structure contains five compressively
strained AllInGaAs quantum wells. The upper cladding is p-doped with Zinc and
is around 1.6 um thick, with an InGaAs layer on top to facilitate good metal-
lic contact on the p-side. The structure incorporates a thin InGaAsP layer just
above the active layer which is used as an etch-stop layer while etching the ridge
waveguide geometry on the structure. This is further explained in the following
section along with the other process steps. The substrate is about 400 um thick
and is n-doped using silicon. Optical confinement in the vertical direction is
achieved by having the active region (higher refractive index) surrounded by
the upper cladding and lower substrate materials with lower refractive index.
The light is confined in the lateral direction using a ridge waveguide structure.
The injection current is also delivered in a confined way through the use of the
ridge waveguide. Table summarises the epitaxial structure of the wafer and
more comprehensive description of these layers in the epitaxial structure can
be found in the appendix.

«~— 25 um —

AllnGaAs
Quantum wells

Figure 2.15: Schematic cross-section of the ridge waveguide showing the
epitaxial layer structure

Thttps://www.iqep.com

Monolithically integrated tuneable slotted 32
Fabry-Pérot laser; wavelength monitor and
modulator


https://www.iqep.com

2.3 Device Fabrication

The entire epitaxial growth was performed commercially at IQE before the
device was processed in-house as part of this thesis work. The process flow
does not involve any epitaxial re-growth, which is common to conventional
tuneable laser technologies. The absence of regrowth allows the use of Alln-
GaAs quantum wells which have higher conduction band offset compared to In-
GaAsP, which leads to higher optical gain and weaker temperature dependence
[26, 27]. The aluminium content would otherwise make epitaxial re-growth
challenging.

Table 2.1: Epitaxial structure of laser material from IQE

Material X y Thickness (um) Dopant
Galn(x)As 0.53 0.2 Zinc
Galn(x)As(y)P 0.71 0.62 0.05 Zinc

InP 1.6 Zinc
Galn(x)As(y)P 0.85 0.33 0.02 Zinc

InP 0.05 Zinc
[Al(x)Ga]In(y)As 0.90 0.53 0.06 Zinc
[Al(x)Ga]In(y)As 0.90-0.72 0.53 0.06 Undoped
[Al(x)Ga]In(y)As 0.44 0.49 0.01 Undoped
[Al(x)Ga]In(y)As 0.24 0.71 0.006 Undoped
[Al(x)Ga]In(y)As 0.44 0.49 0.01 Undoped
[Al(x)Ga]In(y)As 0.72-0.90 0.53 0.06 Undoped
[Al(x)Ga]In(y)As 0.90 0.53 0.06 Silicon
[Al(x)Ga]In(y)As 0.90-0.86 0.53 0.01 Silicon
InP ~ 400 Silicon

2.3.2 Processing Flow

The fabrication of the lasers is done on quartered pieces of a 2-inch wafer with
the epitaxial structure described above. The six main steps are described briefly
below. A comprehensive description of the processing flow along with the exact
parameters can be found in the appendix.

1. p-Metal Depostion

In this step, the p-contact metal on top of the ridge waveguide is deposited.
This is done as the first step to help minimise the contact resistance between
the p-metal and the semiconductor. A liftoff resist is spin-coated on to the wafer,
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above which a photoresist is spun on. A contact lithography is then performed
on the photoresist using a mask aligner with UV-illumination. The photoresist
is developed after the exposure, leaving the liftoff resist underneath exposed
at the places where we desire the metal to be deposited. The liftoff resist is
then developed using its own developer solution until it leaves a discernible
undercut. 10nm of Titainum and 110nm of Gold is deposited on the whole
wafer using a thermal evaporator. Finally the resists are stripped off using a
photoresist-remover solution. This is schematically illustrated in Figure 2.16

0 Liftoff resist B Photoresist Metal
Figure 2.16: Liftoff process for p-metal deposition

2. Ridge Definition

A layer of silicon dioxide (SiO-) is deposited over the whole wafer by the means
of plasma enhanced chemical vapour deposition (PECVD). Photoresist is now
spin-coated on top of the SiO; layer and patterned using photolithography, leav-
ing the resist on places corresponding to the top of the ridge waveguide. Using
the remaining photoresist as the mask, the SiO, is etched away using CF, and
CHF; gases in an inductively couple plasma (ICP) etching process. Next, the
photoresist is completely stripped off. We are now left with a SiO, hard mask
protecting the top of the desired ridge waveguide. Next, the waveguide etch is
etched using a mixture of Cl,, H, and CH, gases in an ICP etcher. The etching
rate of this chemistry for the semiconductor epitaxial layers is about 10 times
faster than for the SiO, mask. This dry etch defines the ridge waveguide along
with the reflective slots needed for wavelength control. We etch down to around
1.6 - 1.7 um. This should leave us in the InP layer just above the InGaAsP layer
in the epitaxial structure (Table [A.1). As seen from the previous section, the
depth of this etch is crucial is determining the reflectivity of the slots. In order
to achieve the exact desired depth, a wet etch is carried out using a solution
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of phosphoric acid and hydrochloric acid (1:4 H3PO,:HCI). The solution selec-
tively etches InP but not InGaAsP. Thus, we can make sure that the final depth
of the ridge exactly matches up to the InGaAsP layer 1.85 um below the top of
the wafer, i.e. just above the active layer to ensure maximum slot reflectivity,
with no additional optical loss. Finally, the SiO, hard mask is etched away us-
ing the same CF, and CHF; ICP etch as described earlier. The entire process of
ridge definition is schematically illustrated in Figure Scanning Electron
Microscope (SEM) images of the etched ridge were taken in order to inspect
their quality as show in Figure 2.18

{
-
AR

H SiO, M Photoresist Metal

Figure 2.17: Ridge definition using an ICP etch

Figure 2.18: SEM images of the ridge waveguide and a slot
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3. Facet Definition

Some lasers on the chip have one or both of their end mirrors using etched
rather than cleaved facets. One of the reasons for having the rear mirror as an
etched facet is the possibility to incorporate an integrated wavelength monitor
behind the tuneable laser. The wavelength monitor is discussed in detail in the
following chapter. Defining the etched facets follows a similar procedure as the
ridge definition described in the previous step. A layer of SiO, is deposited using
PECVD. A photoresist mask is then created, which helps in patterning the SiO,
layer underneath. After the desired hard mask is created on the SiO, layer using
a CF4/CHFj; ICP etch and the photoresist is stripped off, the semiconductor is
etched using a Cly, H, and CH, ICP etch until a depth of about 5 um. Finally,
the SiO, hard mask is etched away. The entire process of facet definition is
schematically illustrated in Figure 2.19] SEM images of the etched facet were
taken in order to inspect their quality as show in Figure [2.20]

ﬁ
“
u

H SiO, I Photoresist Metal

Figure 2.19: Facet definition using an ICP etch
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Figure 2.20: SEM image of an etched facet of the ridge waveguide laser

4. Oxide Opening

To protect the sidewalls of the ridge waveguide, the entire structure is coated
with a layer of SiO, using PECVD. This ends up covering the top of the ridge
as well which has the p-metal contact. The metal needs to be exposed and
available for probing in order to send in drive currents to the laser. In order to
achieve this, the SiO; needs to be removed from the top of the waveguide. This
is done by patterning a photoresist mask by photolithography, using which the
SiO, is etched away using a CF,/CHFj; ICP etch. Since this ICP etch can damage
the metal contact underneath the SiO,, care is taken such that the ICP etch is
stopped with a few nanometres of SiO, still remaining above the metal, which
will be removed in the next step before depositing the p-metal contact pads.
This process of oxide opening is schematically illustrated in Figure [2.21]

ii
**

Hm SiO, B Photoresist Metal
Figure 2.21: Liftoff process for p-metal deposition
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5. p-Contact Pads Depostion

In this step, metal contact pads are deposited which connect to the top of the
waveguide. In theory, the existing p-metal on top of the ridge can be probed to
send in drive currents for the laser. But since physically probing the ridge is an
extremely delicate process with a high probability of damage to the waveguide,
it is better to have larger contact pads away from the ridge waveguide. This is
done using a liftoff process similar to the first step in the fabrication process.
A liftoff resist and a photoresist are spin-coated on the wafer and patterned.
The liftoff resist is developed a little longer to leave an undercut beneath the
photoresist. 10nm of Titanium and 340nm of Gold is deposited in a thermal
evaporator using an angled and rotating holder, so that the metal can run along
the sidewalls from the top to the bottom of the ridge. This process is schemati-
cally illustrated in Figure 2.22]

i *
* *
B SiO, ™ Liftoffresist M Photoresist Metal

Figure 2.22: Liftoff process for p-metal contact pad deposition

6. Substrate Thinning and n-Metal Deposition

The next step of the fabrication process is to reduce the thickness of the sub-
strate from around 400 um to approximately 120 um. This is essential to ensure
good quality cleaving of individual devices as a thicker substrate can make the
wafer hard to cleave. In order to achieve this, the wafer is first glued on to
a glass carrier using black wax with its substrate facing upwards. The sub-
strate is then treated to a Chemical Mechanical Polishing (CMP) process to get
rid of its roughness using a commercially available sodium hypochlorite based
polishing liquid (Logitech Chemlox). Next, the substrate is thinned using a so-
lution of bromine and methanol (Br, / CH3;0H) to the desired thickness of 120
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um. Next, the n-metal, which is a combination of gold, germanium and nickel
(Au:Ge:Au:Ni:Au 14:14:14:10:150nm) is deposited on to the substrate using a
thermal evaporator. Finally the devices are cleaved out for further testing.

2.4 Experimental results

2.4.1 Effect of slots

To determine the effect of slot width and the number of slots on the optical char-
acteristics, slotted Fabry-Pérot laser devices were fabricated using the process
described in Section with slot widths ranging from 0.8um to 2um, with
zero slots to 8 slots equally spaced along a given length of the Fabry-Pérot cav-
ity. The devices had a single metal contact on the p-side through which current
was injected into the entire 500um length of the Fabry-Pérot cavity. A typical
device is shown in Figure The optical output was fibre-coupled into an
optical spectrum analyser. A typical optical spectrum is shown in Figure [2.24]
The effect of the slots can be observed in the periodic side-bands in the spec-
trum. The threshold currents are plotted in Figure (a), peak optical power
in Figure (b) while Figure (c) shows the percentage of single-moded
(with SMSR > 15dB) optical spectrum for a sweep of the injection current from
0 to 90mA in steps of 2mA.

O Q O ~—— Waveguide

&\ Slos

Metal Contact

Figure 2.23: Slotted Fabry-Pérot laser of length 500um with three slots equally
spaced along the cavity and a single metal contact

39 Prasanna Ramaswamy



2. SLOTTED FABRY-PEROT LASERS
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Figure 2.24: Typical optical spectrum fromn a Slotted Fabry-Pérot laser
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Figure 2.25: (a) Threshold current (b) Peak optical power (c) Percentage of
single-mode lasing as a function of slot width and number of slots

We observe from Figure (a) and (b) that a slot width of 1.8um results in
larger threshold currents and poor optical output power, especially as the num-
ber of slots increases. And from Figure (), it can be seen that slots with a
width of 1.8um perform very poorly in terms of single-modedness, whereas slots
of widths around 1um lase show better single mode lasing characteristics. From
Figure (a), (b) and (c), we can infer that slots of width of around 1um and
2 slots along the length of the Fabry-Pérot cavity result in good performance of
the device in terms of threshold current, power and single-modedness.
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2.4.2 Multi-section slotted Fabry-Pérot lasers
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Figure 2.26: Typical (a) 2-section (b) 3-section slotted Fabry-Pérot lasers.
Tuning map — peak wavelength from (c) 2-section (d) 3-section slotted
Fabry-Pérot laser at 20°C

Figure (a) shows a typical 2-section slotted Fabry-Pérot laser fabricated us-
ing the process described in Section The two sections of the Fabry-Pérot
cavity are separated by one slot and metal contacts on the p-side of the device
are also separated so that the two sections can be injected with different cur-
rents. The lengths of the two sections are 229um and 203um. The lengths are
chosen to be different to avoid possibility of resonances from cavities of equal
length. Currents were injected into the two sections ranging from 0 to 40mA in
each section in steps of 2mA. The output facet was fibre-coupled into an optical
spectrum analyser. Figure (c) shows the peak wavelength as a function of
the two currents. We can observe bands of different peak wavelengths in the
plot which tends to shift to longer wavelengths as the total current in the device
increases. Figure (b) shows a similar device but with 2 slots and hence 3
sections. The lengths of the sections are 215, 195, 217um. And Figure [2.26
(d) is a 3-dimensional plot that shows the peak wavelength as a function of the
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three currents in the different sections of the device.

e ‘ s 4

Figure 2.27: Three-section slotted Fabry-Pérot laser in a butterfly package

A 3-section slotted Fabry-Pérot device was mounted inside a butterfly package
with the help of the Photonics Devices Packaging group in Tyndall National In-
stitute. The laser chip was glued onto an Aluminium Nitride submount contain-
ing a thermo-electric cooler (TEC), a lensed-fibre was aligned to its facet and
its contact pads were wire-bonded to the arms of the butterfly package. A pic-
ture of this package is shown in Figure The currents in the three sections
of the laser were varied between 0 and 40mA in steps of 2mA. The resultant
wavelength channels are shown in Figure This is a coarse sweep that
shows the range and behavior of a typical device. It should be noted that there
are considerable gaps in the tuning maps which can be accessed by a smaller
step size in the current sweep which takes considerably longer to obtain. For
instance, a sweep between 0 and 40mA with a step size of 2mA for the three
currents results in a dataset with 9261 points (21x21x21) which takes about
3.5 hours to run. The bottleneck is the sweep of the OSA which takes about 1.3
seconds. A sweep with a smaller step size of ImA was executed taking about
28 hours that resulted in a dense channel map as shown in Figure (a).
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Figure 2.28: (a) Tuning map — peak wavelength as a function of three section
currents and (b) the corresponding wavelength channels and their SMSRs
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50 GHz grid obtained using the 3-section slotted Fabry-Pérot laser mounted in
the butterfly package
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For telecommunication applications, it is useful to have the laser tuned to the
standard wavelengths set by the International Telecommunication Union (ITU-
T) [28]. From the dense channel map in Figure [2.29|(a), it is evident that
wavelengths close to these channels can be obtained for certain values of cur-
rent combinations. When tuning the three currents is not enough to exactly
hit a wavelength channel in the ITU-T grid, the temperature of the device can
be altered by controlling the TEC making this a fine-tuning control knob in ad-
dition to the currents. Figure (b) shows the resultant spectra of the all
the channels of the ITU-T 50GHz grid in the lower half of the C-band by using
the temperature control between 16C and 22C. The obtained SMSRs for all the
channels were near 30 dB making this a good candidate for a tuneable laser in
telecommunication applications.

2.5 Summary

In this chapter, the theory behind slotted Fabry-Pérot lasers was presented ex-
plaining the benefits of a multi quantum well layer structure to obtain good
optical gain and waveguiding, and how slots along the waveguide introduce
reflections that aid in longitudinal mode selection. A time-domain travelling
wave model was presented that can simulate the behaviour of slotted lasers.
The steps involved in the fabrication of the device were presented in detail.
Finally, experimental results were presented showing a tuneable slotted slot-
ted Fabry-Pérot laser mounted on a butterfly package being able to tune across
about 20nm covering half the C-band. It should be noted that although Fig-
ure [2.29| can be reproduced for devices across different fabrication runs, the
exact drive currents needed to produce a certain wavelength channel cannot be
reproduced consistently. This is due to several factors like slot etch depth, the
precision of the injection currents and temperature of the different sections. Re-
producibility of the slot etch depth can be addressed through finer fabrication
control - for example by use of end-point detection systems during the slot etch.
Injection current steps of 1 - 2 mA were used in these plots in order to reduce
data collection time. Finer adjustment of injection currents may possibly reveal
further clues in order to achieve better reproducibility. Further investigation is
also required into the self-heating of the different sections leading to varying
localised thermal profiles, which also affects reproducibility. It should also be
noted that the linewidth of the laser was not measured as part of this thesis
work. The results from this chapter show that these lasers can be used as a
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low-cost solution for telecom lasers especially in the optical networking units
(ONUs) in next-generation passive optical networks (NG-PONs). For a more
complete solution for an optical transmitter in the ONUs, these lasers need to
be integrated with a modulator and also wavelength monitoring / locking de-
vice. In the following chapters, integration of these components with the slotted
Fabry-Pérot lasers is discussed in detail.
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Chapter 3
Wavelength monitoring

Due to the ever-increasing demand for bandwidth, Wavelength Division Multi-
plexing (WDM) and Dense-WDM (DWDM) optical communication systems have
now become very prevalent. To maintain low inter-channel crosstalk, ITU-T
standards for wavelength stability in DWDM systems can sometimes be as low
as +£20pm for 50 GHz grid spacing and even +10pm for 25 GHz grid spacing
[1]. This means that the wavelength of the laser source needs to be monitored
very carefully. Even fixed-wavelength single mode lasers can exhibit their wave-
lengths drifts over time due to temperature changes, ageing or change in drive
currents, and in the case of tuneable lasers, which are the ones most commonly
used in WDM networks the case for the monitoring their wavelengths becomes
even more obvious due to the presence of multiple wavelengths.

This chapter introduces and compares various existing technologies used for
wavelength monitoring, and a low-cost monolithically integrable structure is
proposed for the same. The theory of operation is presented along with exper-
imental characterisation discussing various aspects such as power, polarisation
and temperature stability.

3.1 Existing technologies

In a laboratory setup, Optical Spectrum Analysers (OSAs) are usually used to
measure the wavelength of an optical signal. Typically, OSAs have a fiberised
input connection which feeds the light into a rotating grating and fixed detector
setup. Other than being very bulky and expensive, they often require frequent
calibration as their wavelength sensitivity can drift. Hence, these are not ideal

51



3. WAVELENGTH MONITORING

candidates for deployment in the field. The following paragraphs describe ex-
isting devices for wavelength monitoring which are compact and more feasible
for integration with the current telecommunication systems and mostly based
on semiconductor technologies.
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Figure 3.1: Schematic of a typical FP etalon based wavelength monitoring
scheme [2]]

Wavelength monitoring schemes can broadly be classified into two sorts: in-
package and on-chip. In-package schemes employ wavelength measuring de-
vices within the package assembly of the laser / transmitter, whereas on-chip
schemes employ fully integrated devices which are present on the same chip as
the laser source. Typically in the case of in-package schemes, the light is cou-
pled from the source to the wavelength monitor either using bulk optics such
as lenses or fibres. Figure (a) shows a typical in-package wavelength moni-
toring / stabilising scheme using a wavelength selective filter [3]]. In this case,
the laser output light is split into two parts with one part passing through the
wavelength filter. The optical power is measured using a photodetector in each
of the arms. Comparing the ratio of the powers with and without the filter, it is
possible to ascertain the operating wavelength as illustrated in Figure (b).
Among in-package solutions, some of the common schemes used as wavelength
filters are Fabry-Pérot etalons [3]], fibre gratings [4] and birefringent filters [5]].
On the other hand, on-chip wavelength measurement schemes typically utilise
wavelength selective elements like interferometric couplers [6, [7] or arrayed
waveguide gratings (AWGs) [8]. These elements usually need to be optically
passive since the measurement technique for the wavelength exploits the trans-
parent nature of the material. Table summarises the key characteristics of
the different type of wavelength monitoring schemes in the literature.
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Table 3.1: Comparison of different wavelength monitors

Type Size Sensitivity Reference
In-package

FP etalon ~5 mm 4 pm 131
Fibre grating ~20 mm 10 pm (4]
Birefringent filter ~5 mm 7 pm [5]]
On-chip

Interferometric coupler 1 0.05 mm? 0.44 nm [6]
Interferometric coupler 2 0.01 mm? 0.2 nm 171
AWG ~1 mm? 20 pm 18]

In case of in-package solutions, the cost is driven higher due to the use of bulk
optics and its associated costs with alignment and packaging. On the other
hand, most of the on-chip solutions employ active and passive components on
the same chip. This requires the use of spatially selective bandgap engineering
techniques like epitaxial regrowth or quantum well intermixing. To monitor and
stabilise the wavelengths of the sources in a WDM system, in-package solutions
such similar to the one shown in figure are most commonly used in practice.
Since the tuneable sources in current-generation optical networks are usually
present on the optical line termination (OLT) side, which is in the business end
of the network, the extra costs associated with the alignment and packaging
of these wavelength monitoring schemes is not of huge concern. Some com-
mercial examples of a tuneable laser integrated with a wavelength monitor at
a package level which are widely used in practice are the JDSU-4245 [9] which
costs about $2650 and Finisar’s S7500 [[10] which costs about $2300, both of
which are based on a FP etalon based configuration. It is obvious that with
price tags such as these it would be highly impractical to have these in devices
at consumers’ premises. To keep the costs as low as possible and in the range
of a few dollars / euros, it is essential that both the laser and wavelength moni-
tor are integrated on the same chip and furthermore that cost saving techniques
are employed such as regrowth-free monolithic integration, foundry-compatible
fabrication processes and avoidance of use of bulk optics. A wavelength moni-
toring solution addressing these issues is presented in the following sections of
this chapter.

53 Prasanna Ramaswamy



3. WAVELENGTH MONITORING

3.2 2-section Wavelength Monitor

An inline quauntum-well photodetector based device was first proposed by Wu
et al [11]. The incoming light is coupled into the waveguide which consists
of a pair of inline photodiodes (Figure [3.2)). A fraction of this incoming light
is absorbed in the first section, and the rest is transmitted through to the sec-
ond section where it gets absorbed. These photocurrents generated by this ab-
sorption in the two sections can be measured. Near the material’s band-edge,
its transparency goes from opaque to transparent as the wavelength increases.
This means that, for shorter wavelengths, the light will be absorbed more in
the first section and for longer wavelengths, the light will travel further to the
second section, making the ratio of the photocurrents a very sensitive indicator
of the wavelength as shown in figure

P -In, ,Ga, P
P 'Ino,osGaulP

3X65 A

¥ Ino.laGao.nzAS/ GaAs
Quantum wells

n'lnﬂ.wGao.nP

n'-GaAs substrate

Figure 3.2: An inline quantum well photodetector based device for wavelength
monitoring[[11]]

The following section outlines the theory behind the operation of this two sec-
tion wavelength monitor.
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3.2.1 Theory of operation

To calculate the photocurrents generated in a waveguide photodetector we de-
fine Responsivity, R, which is the generated photocurrent per unit of optical

power, as follows [12]
1 e
= — = — 01
R=p = et G-D
where [ is the generated photocurrent, P is the optical power, 7., is the ex-
ternal quantum efficiency and & is the Planck’s constant and v is the optical

frequency. In terms of the wavelength of light, Equation can be written as:

el
R = 7 Newt (3.2)
c

The external quantum efficiency, 7.,; can be written as [12]:

T int
@ (1 — emol (3.3)

Next =

where I' is the optical confinement factor, o™ is the interband absorption co-
efficient of the quantum wells, L is the waveguide length, 7 is the internal
quantum efficiency and « is the total loss coefficient of the propagating mode
through the waveguide. Assuming the device is operating in a standalone set-
ting, the coupling coefficient x into the waveguide from an external fibre and
the reflection of the facet, R, can be included in equation [3.3|and can be rewrit-
ten as:

lNo

Neat = K(1 — R) n(l—e ") (3.4)

Combing equations [3.2|and the generated photocurrent is given by:

T int
1= Ppr— p)le

—alL
= n(l—e %) (3.5)

Considering a multi segment photodetector, the optical power reaching the i’th
segment, P; is given by:

i—1

3 ag(A) L
P, = Pe +=1 (3.6)

where P is the input optical power and «;, and L are the absorption coefficient

and the length of the £’th segment respectively. Combining equations and
we obtain the generated photocurrent in the i’th segment as:

A LCai™ (N —ifa (ML
I, = e—P/@(l — R)nLUe =

_ —ai(AN)L;
e aln) (1—e ) (3.7)
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Considering a two segment photodetector with equal lengths, ignoring any scat-
tering losses between the two sections, and assuming a single pass of the opti-
cal field with negligible reflection from the back facet, the photo-currents in the
front ({f,on:) and rear (I,.,-) sections can be written, from equation as

Ttront o< A(1 — e_O‘O‘)L),

- )\(1 . e—a(A)L)e—a(A)L 3.8)
and the photocurrent ratio between the two sections is given by
I
rear — 670[()\)11 (39)
]front
Using Urbach’s empirical rule [13]] for a(\) near the band edge,
(E()\)—Eg )
a(d) e\ M (3.10)

the photocurrents obtained from equations [3.8| and [3.9] are plotted in Figures
B.3(a) and [3.3|(b) respectively, where F()) is the photon energy, E, is the
bandgap, k is Boltzmann’s constant and 7" is the temperature.
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Figure 3.3: (a) Simulated photocurrents in the two sections and (b)
Photocurrent ratio calculated theoretically in a 2-section wavelength monitor

From equation it is evident that this photocurrent ratio is independent of
many factors such as input optical power, coupling efficiency, facet reflections
and dependent only on the absorption coefficient and the lengths of the pho-
todetector segments. Since the absorption coefficient « is strongly dependent
on the wavelength near the band edge, this ratio provides a sensitive measure
of the wavelength. However, it is important to note that this relation of the
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photocurrent ratio to the band edge could lead it to be dependent on polarisa-
tion, since the epitaxial material structure could have different band edges for
different optical polarisations.

3.2.1.1 Sensitivity analysis

In the previous section, the physics behind the ideal performance of a 2-section
wavelength monitor was discussed. When it comes to practical use in the real
world, non-idealities in the device must also be considered.

In a scenario where the two sections of the device would have asymmetric re-
sponse to the incident optical field, the photocurrent ratio will be affected. For
example, an unbalanced electrical leakage current in the two sections or un-
saturable waveguide losses will have a wavelength-independent term in the
expression for photocurrent in equation Accounting for this, the simulated
photocurrents and the photocurrent ratio are plotted in Figure (a) and (b)

respectively.
/é\ 15001 = Front section 2 0.751
= Rear section =
E 1000] = 050
= 5001 S 9r ]
g 500 £ 0.25
s ~
= 0 m , 0.00) , ,
1520 1540 1560 1580 1520 1540 1560 1580
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 3.4: (a) Simulated photocurrents in the two sections and (b)
Photocurrent ratio calculated theoretically with a non-ideal asymmetry
between the two sections

This non-ideality causes the photocurrents in the two sections not to converge
at longer wavelengths and in turn the photocurrent ratio experiences a roll-
off. Although it is interesting to understand this scenario, the actual operating
wavelength range in our case is below this roll-off. Hence, this would not affect
the performance of the wavelength monitor adversely. The other important
factor to consider is the operating temperature of the device. The bandgap of
the quantum well materials shifts with temperature and this results in change
in the absorption spectrum a()\) in equation The shift in bandgap with
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temperature can be modelled using the relation proposed by Varshni[14]:

T

— 11
T+ (3.11)

Ey(T) = E4(0)
Substituting values for the parameters F,(0) = 0.811, v = 3.4 x 107* and ¢ =
50 from literature[15] for InGaAsP/InP into equatio and plugging in the
resulting £,(T") into equation3.10, we can simulate the photocurrent ratio for
different temperatures as shown in Figure [3.5] (a).
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Figure 3.5: Simulated photocurrent ratio as a function of (a) wavelength for
different temperatures (b) temperature for a particular wavelength

We observe that the photocurrent ratio curve shifts to longer wavelengths with
increase in temperature. This is to be expected since the bandgap decreases,
i.e. shifts to longer wavelengths with increase in temperature. For a constant
wavelength (1552 nm), the photocurrent ratio is plotted versus temperature in
Figure (b). Approximating a linear behaviour, the ratio changes by about
0.018 per degree Celsius. This translates into a wavelength ’error’ of about 0.5
nm or 62 GHz which is a very considerable amount. We can conclude from this
analysis that temperature control of this device is of critical importance.

Other than temperature, the bandgap of the quantum well material is also dif-
ferent for different polarisations of the incident optical field. This polarisation
dependence of the bandgap is a function of the nature and amount of strain
the the quantum well layers. This means that, in theory, it could be possible to
get rid of the polarisation dependence of the wavelength monitor if we could
engineer a correct amount of tensile strain on the wells to match the TE and
TM bandgaps with each other.
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3.2.2 Standalone Performance

The 2-section wavelength monitor was fabricated using the process described
in Chapter 2 as a standalone device. Light from an Agilent 81600B Tuneable
Laser Source (TLS) was passed through a polarisation controller to select pure
TE polarised light was injected into the device via a lensed fibre. The two sec-
tions of the device were biased at 0 Volts and the generated photocurrents were
read out using a Keithley SourceMeter®. The schematic of this measurement
setup is shown in Figure The wavelength of the TLS was swept keeping
the optical power constant at a value of ImW and the resulting photocurrents
and the photocurrent ratio are plotted in Figure Comparing this with Fig-
ure we can see good agreement between the theoretical and experimentally
obtained performance of the wavelength monitor. Additionally comparing with
Figure we observe the the currents in the two sections not converging to the
same value thus resulting in a rollover for the photocurrent ratio as predicted
by the simulations described in the previous section.

Slot
Ifront Irear
Section 1 l Section 2
Tuneable —_— &)
laser source Active Region
Polarisation A
controller n-contact mmeter

2-section Wavelength Monitor

Figure 3.6: Schematic of the measurement setup
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Figure 3.7: (a) Photocurrents from front and rear sections and (b) Ratio of
photocurrents as a function of wavelength at 20°C

According to equation the photocurrent ratio is theoretically independent
of optical input power. This was tested and plotted in Figure We observe
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that while the photocurrents in the individual sections go down as the input
power decreases, the ratio between them remains constant and thus indepen-
dent of the optical power, thus making it a robust indicator for sensing the
input wavelength. Once again, the rollover behaviour at longer wavelengths is
observed in the same proportion for all optical powers, hinting that this rollover
is most probably caused by as asymmetrical electrical leakage current between
the two sections.
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Figure 3.8: Readouts from the wavelength monitor as a function of input
optical power

3.2.2.1 Wavelength monitoring of a 2-section Slotted Fabry-Pérot Laser

The wavelength-tuneable slotted Fabry-Perot laser described Chapter 2 and the
wavelength monitor described in the section above were mounted on separate
butterfly packages. The light was coupled between them using a single mode
optical fibre (patch cord). The tuneable laser was placed on a mount with a
thermo-electric cooler (TEC). As the wavelength of the laser is tuned using its
drive currents, the photocurrents in the wavelength monitor are read out and
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fed into a LabVIEW™ program. This program then sets the temperature of the
TEC mount underneath the laser accordingly, which fine-tunes and stabilises
the lasing wavelength.

Temperature
Controller PC Ammeter
-
To OSA
Bl . 0 <
Single 50/50
mode splitter
TEC fibre
3-section 2- section
Tuneable Laser Wavelength Monitor

Figure 3.9: Schematic of the wavelength stabilisation setup

Figure 3.10: Photograph of a 3-section tuneable laser and a 2-section
wavelength monitor mounted in separate butterfly packages

The schematic of this setup is shown in Figure |3.9, and the readout from the
wavelength monitor is shown in Figure The red curve is the value of the
photocurrent ratio theoretically resulting from the setting of the wavelength of
the tuneable laser. The laser was tuned between three diferent wavelengths A,
Ao and A3 which were 1546.18nm, 1546.3nm and 1546.58nm respectively. The
black curve shows the measured value of the photocurrent ratio resulting from
the stabilisation of the laser using a PID controller in the feedback loop. There
is evident ringing in the photocurrent ratio, and thus the wavelength. The main
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reason for this is the slow response of the thermal feedback implementation re-
sulting from a double PID loop: one in LabVIEW and one within the TEC which
sets the temperature using its internal PID controller. In practice, it would be
theoretically possible to optimise this using custom-made electronics for the
feedback loop between heating and the photocurrent ratio, resulting in wave-
length stabilisation times of around milliseconds. Additionally from the noise in
the photocurrent ratio, it can be inferred that the wavelength can be stabilised
with a precision of 0.12nm (ex: \; and \;) or about 15 GHz, which can also be
further improved by on-board integrated electronics.
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Figure 3.11: Photocurrent ratio from the wavelength monitor for three
different wavelengths

Figure shows screenshots from a LabVIEW ™program where the wave-
length of the 3-section tuneable slotted Fabry-Pérot laser is tuned between
1537nm and 1550nm. The instantaneous optical spectrum is shown in Fig-
ure [3.12|(a), the wavelength sweep in (b) and the resultant photocurrent ratio
in (c). It can be observed that although the wavelengths are linearly spaced,
the corresponding photocurrent ratio is non-linear, as is to be expected. Ad-
ditionally, it should be noted that the time axes on sub-figures (b) and (c) in
Figure [3.12] are not identical since the plot was reset at a later time sub-figure
(c) than in (b). Hence, the photocurrent ratio (c) only shows about 5 sweeps
whereas the wavelength plot (b) shows about 40 sweeps.
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Figure 3.12: Screenshots from LabVIEW™of (a) instantaneous optical
spectrum (b) wavelength sweep and (c) resulting photocurrent ratio sweep

3.2.3 Polarisation Sensitivity

The measurements shown in the previous sections correspond to TE-polarised

optical input with respect to the device. In this section we investigate the perfor-

mance of the 2-section wavelength monitor for various states of the polarisation

of the optical input.

3.2.3.1 Measurement Setup

In order to evaluate the effects of input polarisation on the wavelength moni-

toring, we need to first know the output polarisation characteristics of the tune-
able laser source (TLS) used for the experiments. For this, we compare the
direct output of the TLS on a photodetector (Newport® 818-IR Germanium-
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photodetector) with the output of the TLS passed through an in-line fibre po-
lariser (ILP - Thorlabs® ILP1550PM). The ILP is designed to pass linearly po-
larised light while blocking the orthoganally polarised light from an randomly
or unpolarised light source.

TLS [—= - TLS —— ILP =

................. Photodetector ———— Photodetector

----- Agilent® TLS

e Agilent® TLS through ILP

Ando® TLS

= Ando® TLS through ILP

0.6 1 1 1 1 1 1
1530 1540 1550 1560 1570 1580 1590 1600 1610

Wavelength (nm)

Normalised Optical Power

Figure 3.13: Polarisation wobble in two different tuneable laser sources

As shown in Figure we see the output through the ILP is oscillating
whereas the direct output from the TLS is not. This means that the output
polarisation from the TLS has a wobble with a certain period with respect to
wavelength which is converted into oscillations in power when passed through
an ILP. This is further verified by repeating the experiment for TLS from two dif-
ferent vendors (Agilent® and Ando®). We observe similar power oscillations in
both cases, but with different periods, indicating that polarisation wobble with
respect to wavelengths is indeed present in both the tuneable laser sources, but
because of differences in the internal workings, the period of this wobble is
different.

To rule out the ILP causing the observed oscillations, we run the optical output
of the Agilent® TLS through a different polariser (Thorlabs® PBC1550SM). This
is shown in Figure [3.14, where we observe power oscillations from the output
of the two different polarisers further confirming that the polarisation wobble
arises from within the TLS.
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Figure 3.14: Polarisation wobble in the Agilent® TLS using two different
polarisers
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Figure 3.15: Photocurrents in the 2-section wavelength monitor directly
coupled to the Agilent® TLS
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When we couple the output of the Agilent® TLS directly to our 2-section wave-
length monitor, we can see the oscillations picked up in the measured photocur-
rents, shown in Figure The period of these oscillations are around 1.1nm,
which is the same period as the oscillations observed when the output from
the TLS was passed though a linear polariser. From this we can infer that this
waveguide photodetection scheme is very sensitive to input polarisation in the
individual sections’ photocurrents. But, from Figure [3.15| we also see that the
photocurrent ratio is not majorly affected by this polarisation sensitivity since
the polarisation wobble from the TLS varies within possibly a narrow range.

3.2.3.2 Response to input polarisation

To understand the polarisaion sensitivity of our wavelength monitor better, we
need to test it under the whole range of input polarisation states. In order to
achieve this, we couple the output of the TLS to an in-line fibre polariser (ILP).
At the end of the ILP, we now have linearly polarised light. It is important to
keep in mind that although using the ILP has resulted in a theoretically pure
linear polarisation, the polarisation-wobble from the TLS is now converted into
a power fluctuation which is still present in this linearly-polarised output which
can be seen in Figure But as shown earlier (Figure[3.8]), the photocurrent
ratio is not very sensitive to power fluctuations.
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Figure 3.16: Power oscillations resulting from the polarisation-wobble in
Agilent® TLS coupled to a commerical photodetector

We pass this linearly-polarised light through a polarisation rotator (half-wave
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plate). By rotating the half-wave plate though 45°, we can rotate the polarisa-
tion vector of the linearly-polarised light by 90, i.e. all the way from TE to TM
with respect to the wavelength monitor. This is shown in Figure [3.17] where we
observe that the most ideal response is obtained for TE polarised light. As the
polarisation state changes from TE towards TM, we observe that the photore-
sponse in the front section goes down uniformly for all wavelengths. On the
other hand, in the rear section, the photoresponse goes down for longer wave-
lengths, but goes up for shorter wavelengths. An interesting feature to note is
the crossover point around 1540nm where the photoresponse in the rear sec-
tion is the same regardless of the state of polarisation of the input light. The
investigation of this stationary point in Figure 3.17]is worthy of future work.
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Figure 3.17: Photocurrents in the 2-section wavelength monitor coupled via an
ILP and a polarisation rotator to the Agilent® TLS
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3.3 Summary

A 2-section Fabry-Pérot-like device was described in this chapter that can out-
put a parameter which is a measure of the wavelength of its input light. The
theory behind its operation was presented along with a simulation of the ex-
pected photoresponse which matched experimental results. This device can be
used as a wavelength monitor in applications which require sensing of the opti-
cal wavelength or frequency and furthermore in devices which require not only
sensing but also stabilisation of wavelength. The latter has been demonstrated
experimentally by using the wavelength monitor in a PID control loop to moni-
tor and stablise the wavelength of a 3-section tuneable slotted Fabry-Pérot laser
described (Chapter 2) and fabricated as part of this thesis work. The accuracy
of stabilisation is within 15 GHz in frequency around a wavelength of 1550nm.
The accuracy and time needed for stablisation can be improved greatly by using
custom on-board electronics in place of laboratory equipment and automation
software used to prove the concept in this thesis.

The wavelength range of operation and sensitivities achieved by this 2-section
wavelength monitoring device makes it a suitable candidate for use in telecom-
munication applications. Since it has the same epitaxial layer structure and
waveguide geometry as the slotted Fabry-Pérot laser in Chapter 2, it can be
integrated easily into the same device without the need for any selective area
bandgap engineering techniques. At this point in the thesis we have two com-
ponents (tuneable laser and a wavelength monitor) needed towards building
an optical transmitter for telecom applications. The process of integration of
these two components and other necessary components like a modulator and
related issues are further explored in the following chapters.
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Chapter 4
Monolithic Integration

In the previous chapters two components, namely a tuneable laser based on a
slotted Fabry-Pérot design and a 2-section wavelength monitor were presented
and discussed as standalone devices. This chapter deals with the integration of
these components onto the same substrate along with other components like
an optical modulator and a semiconductor optical amplifier that are necessary
in our pursuit of creating a complete low-cost optical transmitter module for
telecommunication applications. In the first few sections, the theory behind
the modulator design is presented, followed by experimental results from an
integrated device. The chapter concludes with a section discussing the results
obtained from an integrated wavelength monitor.

4.1 Electro-optic Effects in Semiconductors

In broad terms, the interaction between electrical and optical fields gives rise
to electro-optic effects. Perhaps the most well-known electro-optic effect is the
amplification of light by stimulated emission of radiation, which is the basis
of lasers (in the presence of an optical resonator) and semiconductor optical
amplifiers (SOAs, in the absence of an optical resonator). The next well-known
electro-optic effect is the detection of light by photo-generation of carriers. This
is typically done using a reverse-biased p-i-n junction where the incident light
generated electrical carriers that are transmitted to an external circuit.

In this chapter, we will discuss the electro-optic effects used for modulation and
switching where changes in properties like absorption and refractive indices in
guided-wave devices are caused by an applied electric field. More specifically
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these kinds of electro-optic effects can further be classified into field effects and
carrier effects. There are three main field-induced effects: the linear electro-
optic effect (Pockels effect), the quadratic electro-optic effect (Kerr effect) and
electro-absorption effects. On the other hand, refractive index changes can also
be brought about by carrier injection or depletion [1]. This effect is widely
used in silicon-based devices since the field-induced electro-optic effects are
very weak in silicon [2]. In this work, since we work with InP based devices we
will limit our discussion to field-induced effects.

Electro-optic effects manifest themselves in the propagation of guided waves
by affecting the susceptibility of the material, y. For an isotropic material, x is
real, but in general it is complex and can be written as

x=x —ijx" 4.1)

where \’ and Y” are the real an imaginary components of the susceptibility
respectively. For a lossless isotropic material x' = n? and x” = 0, where n is
the refractive index of the material. In the presence of an electro-optic effect,
changes by a quantity Ay given by

Ay = A — jAY" (4.2)

For plane waves affected by a change in susceptibility, we obtain [3] :

wA/ 1o 50n2AXH

E(z,t) = {Eejm_jw V “060"22} efjw\/m%zefznfz
2 2
1(2) = ————=1E(z,1)|
\//Lo/n2€0 (43)
2B2 | _er/mmay
~ (& 2n2 z

\/Mo/”2€0

where E(z,t) is the electric field component of the plane wave and w is the
angular frequency. The attenuation coeffecient, « is given by:

dl
df = —Oé]
y4
(4.4)
A "
with o = JVHo2X
n

After propagating a distance z, we see from Equation |4.3|that the wave gets an
additional phase shift of w, /MOEOATZIZ and from Equation that the intensity

Monolithically integrated tuneable slotted 72
Fabry-Pérot laser, wavelength monitor and
modulator



4.2 Electro-Absorption Mechanisms

is attenuated by e~ with a = wi”‘o;oAX.

We observe that a change in the real part of the susceptibility Ay’ leads to a
change in phase-shift due to a change in the refractive index, and the change in
the imaginary part of the susceptibility Ay” leads to a change in the absorption
of the material.

Electro-optic effects that exploit the change Ay’ can be further divided into the
linear electro-optic effect (or Pockels Effect) or the quadratic electro-optic effect
(or Kerr Effect) depending on whether Ay’ is linearly or quadratically propor-
tional to the applied electric field. Pockels effect is present only in crystals that
lack inversion symmetry, whereas Kerr effect is present in all transparent materi-
als [4]] and in the presence of both Pockels and Kerr effects, Pockels effect tends
to dominate. One of the designs for modulators that uses these electro-refractive
effects is the Mach-Zehender modulator (MZM) where the light is split into two
branches and a phase shift in one of the branches is controlled such that when
the light recombines, it interferes either constructively or destructively leading
to modulation of the signal.

On the other hand, electro-optic effects that exploit the change Ax” are known
as electro-absorption effects. In this work, the modulator design is based on this
electro-absorption effect which is explained further in the following section.

4.2 Electro-Absorption Mechanisms

In semiconductors, the mechanism of absorption and emission of light happens
via electrons and holes. At low temperatures and low carrier densities, the
Coulomb interaction between electrons and holes leads to the formation of ex-
citon pairs [5], which are held together by a binding energy E,. For stimulated
absorption to occur the following three conditions have to be met : an energy
level in the conduction band must be empty; an energy level in the valence band
must contain an electron; and the energy of the incident photon must exceed
the bandgap energy minus the binding energy, i.e. hv > E;, — E,. In bulk semi-
conductors this Coulomb interaction is experienced in three dimensions with
the n'" bound state exciton energy given by:

B3P = —R—g
n
m.g 4.5)
where R, — 4
Y 2h?(4e,)?
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where R, is the Rydberg enegry of the exciton [6]], m, is the reduced mass of
the carriers and e, is the permittivity of the material.

4.2.1 Franz-Keldysh Effect

At room temperatures the thermal energy of the particles is much higher than
the binding energy of the exciton in bulk semiconductors (Equation 4.5) and
hence their exciton spectra can be observed only at low temperatures and thus
can be neglected for this discussion. In the presence of an external electric field,
it is possible for a photon to be absorbed whose energy is less than the bandgap
energy. This phenomenon was first studied by Franz and Keldysh [7, [8] and is
known as the Franz-Keldysh effect.

Ebandgap S

(<E bandgap)

photon E bandgap

(a) (b)

Figure 4.1: Band diagrams under (a) zero applied electric field - absorption
below bandgap energy not possible and (b) non-zero applied electric field
exhibiting Franz-Keldysh effect

Figure (b) shows the tilted band structure in a semiconductor with an ap-
plied electric field. The electron and hole wavefunctions now exhibit an Airy
function-structure compared to plane waves under zero electric field.

The tails of the wavefunctions leak into the classically forbidden bandgap [9]]
and thus absorption coefficient is now more complex as shown in Figure 4.2
This change in absorption A« with change in applied electric voltage AV is used
in making electro-absorption modulators. Maximising the change in absorption
for a given change in electric field (Aa/AV) is desirable to achieve efficient
modulators. In this regard the Franz-Keldysh effect in bulk semiconductors can
be enhanced by using quantum well structures, as explained in the next section.
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Figure 4.2: Franz-Keldysh in InP showing change in absorption with applied
electric field[9]

4.2.2 Quantum-confined Stark Effect

Due to better confinement of electrons and holes compared to bulk semicon-
ductors, quantum well structures exhibit different electro-absorption behaviour.
Owing to the small dimensions, the Coulomb interaction between the electrons
and holes is considerably higher than in bulk semiconductors (where we ne-
glected it in the previous section for the discussion of the Franz-Keldysh effect),
and is experienced in two dimensions instead of three due to the spatial con-
finement. In a 2-D case, the n'" bound state exciton energy given by:

2D __
Eb —

— (4.6)
(-1
For the n = 1 state we see that the binding energy in 2D (Equation is four
times that in 3D (Equation [4.5). This increased energy means that the exciton
spectra are visible at room temperature and in the presence of applied electric
field. Figure (b) shows the tilting of the bands under an electric field. £,
is the energy difference between FE., (the lowest energy level for electrons in
the conduction band) and Fj;; (the highest energy level for heavy holes in
the valence band), and stimulated transition of heavy hole excitons take place
just under E.; — Ej;;. Under the tilting of the bands, the quantum mechanical
solution for the energy levels leads to a reduction in E,,, i.e. E. (V) < E(0)
[3]. This means that light absorption happens at lower photon energies, or
longer wavelengths. This effect is known as the quantum confined Stark effect
or QCSE. Figure shows the measured absorption spectra (using Bentham
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PVE300 kit) from an InAsP/InGaP multiple quantum well structure for different
electric fields where the red-shift in the exciton peak can be observed [10].

Barrier v, Barrier
Eoy ---=f-mommmmee =
Well
E..(0) E. (V)
Eppy o= -
—_— Whh —
V=0 V#0
N
(@ (b)

Figure 4.3: Band diagrams of a quantum well under (a) zero electric field and
(b) non-zero electric field

1
— 1V
0.8F s - 2V 1
-3V
0.6 e -4V

*s

. -
Ssamr e,

o
o

ot
1300 1400 1500 1600 1700
Wavelength (nm)

Figure 4.4: QCSE in InAsP/InGaP MQW structure showing change in
absorption with applied electric field measured on an IQE 13-17 substrate

(Appendix [A)

Photocurrent (arb. units)
o
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As with the Franz-Keldysh case, this change in absorption A« can be used in
designing modulators but the Aa/AV is larger for MQW structures using QCSE
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compared to bulk semiconductors using the Franz-Keldysh effect (FKE). A few
reasons for using the FKE (and thus bulk semiconductors) over QCSE are that
for QCSE can be obtained when the applied electric field is perpendicular in di-
rection to the quantum wells, whereas for FKE it can be any direction, and the
fact that absorption in QW structures is easier to saturate compared to bulk ma-
terials because of the band edge discontinuity between the well and the barrier
some photo-generated carriers are retained and not completely carried away by
the bias voltage [3]]. In the context of this thesis work, these disadvantages of
QCSE are not relevant for the following reasons: the lasers are made using a
waveguide geometry on a p-i-n structure and are already based on MQW struc-
tures parallel to the surface of the material, the electric field in such a case is
perpendicular to the quantum wells and the optical power from the laser does
not get to the high-power region that causes saturation in QW absorption. Thus,
QCSE is an ideal candidate to be exploited in making an integrated modulator
for such lasers.

4.3 Design and Fabrication

4.3.1 Angled Facets

For a laser it is beneficial to have maximum reflectivity at the facet for increas-
ing the feedback to achieve higher lasing power and efficiency. But for other
waveguide devices such as an SOA or a modulator, a higher reflectivity at the
facet is detrimental to their performance. This is because, in the context of
these devices, we would like to avoid the formation of a resonant cavity and
rather have the optical field make a single pass through them. One of the ways
to control the reflectivity at the facet is by changing its angle with respect to the
waveguide [11].

The reflectivity of a facet as a function of its angle with respect to the waveguide
can be calculated using the method described in [[12]. The loss due to the differ-
ence in refractive index of the two materials can be computed using the Fresnel
coefficients. Setting this aside for now, we can look at the loss due to the tilted
facet. The phase mismatch between the guided reflected wave and the trans-
mitted wave is the reason for the optical loss. If these were perfectly aligned (as
in the case for non-angled facets), the transmission coefficient would be unity.
This phase factor can be written as ¢'(>)%% where z is the transverse direction
and ( is the propagation constant of the guided TE mode. The transmission
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coefficient’s amplitude can now be written as [[13]

= 2w/fopo /—O:o ‘Ey|2 007 g (4.7)
where E, is the y-component of the electric field of the fundamental TE mode, w
is the angular frequency of light, 1 is the magnetic permeability of vacuum and
P, is the optical power of the fundamental TE mode. Combining Equation [4.7]
with the Fresnel coefficient of a reflected plane wave between the two materials
R (6), we can write the final loss from the angled facet, R(0), as:

R(0) = Rs(0) |c|? (4.8)

The Fresnel reflection coefficient for TE light with an angle of incidence 6 and
angle of transmission ¢, between two materials of refractive indices n; and n;

is given by:
Ry (0.0,) = nlcose—ngcoset2 4.9)
PP cos 0 + ng cos 6, '
Using Snell’s Law :
ny sin @ = ny sin 6, (4.10)

equation [4.9] can be re-written as:

2

11 cos 6 — ng\/l - (% sin 8)2
Rs(0) = - 4.11)
ny cos«9+n2\/1 — (Z—; sin@)
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Figure 4.5: Fresnel reflectance and transmittance at an interface between InP
and air
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The reflectance obtained from Equation along with the corresponding
transmittance is plotted in Figure Using the expressions for the funda-
mental TE mode [[14], Equation [4.8| can be written as:

WU? { (Wz _ (ﬁgd)?) Smgggd) + Wcos(ﬁ@d)} 2

(1+W) [Uz _ (ggdﬂ [Wu (52%)2] (4.12)

R(0) = R;(0)

U, W and k are the normalized transverse propagation constant and the nor-
malized transverse decay parameter and the wavenumber in free space respec-

tively, given by:

d r—~—=
U = 5 n%k2 — BQ
d
W= /82— n3k? (4.13)
2T
k="
A

where n; and n, are the effective refractive indices of the core and the cladding
respectively, \ is the wavelength and d is the width of the core region.

Using the values for effective refractive indices and geometrical parameters
from the previous chapters (Figure |[2.8)) and combining equations|4.11|and 4.12)
we can plot the reflection from an angled facet as a function of the tilt angle as

shown in Figure 4.6
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Facet Reflectivity
—_
S

H

9
L
(=)

4 6 8 10
Tilt angle (°)

o
\V)

Figure 4.6: Reflection from an angled facet

We observe that there is a dip in the reflectance at an angle of around 7°. We ex-
ploit this minimum in the reflectance curve for the devices in this thesis making
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the angle of their etched facets to be 7° tilted with respect to the waveguide.
Not only does the 7° angle help at the output facets [15], but they also en-
hance performance between the laser and the modulator sections by reducing
the optical crosstalk between them thus improving wavelength stability. This is
discussed in further detail in the next chapter.

4.4 Experimental results

The 3-section slotted Fabry-Pérot laser described in section [2.4.2|was integrated
on the same device along with the 2-section wavelength monitor from sec-
tion a modulator section and an booster SOA section using the fabrication
steps described in Section and in Appendix [Bl An etched facet separation
was used on either side of the laser separating it from the wavelength monitor
at the rear and the modulator section at the front. The main design targets for
the modulator and SOA sections were set as part of the DISCUS project [16]
which partly funded this thesis work. The long-reach passive optical network
configuration (LR-PON) as proposed in the DISCUS project called for a modula-
tor speed of 10 Gb/s and optical power of about 0 dBm in the fibre. Experimen-
tal results from these individual components contained within the integrated
devices are presented in detail in the following sub-sections.

4.4.1 Integrated Modulator

The modulator in the integrated device is a Fabry-Pérot ridge waveguide section
of length 80um adjacent to the 3-section tuneable laser as seen in the micro-
scope image in Figure It can be driven electrically via a GSG contact. Two
windows are opened in the ‘Etched Facet’ fabrication step (Appendix [B) provid-
ing a deep etch in order to achieve the ground contact with the n-substrate.

100 pm
—

EAM with GSG contacts

Figure 4.7: Microscope picture of an integrated transmitter device highlighting
the modulator section
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This section acts as an absorber when reverse-biased that attenuates light com-
ing from the laser. Thus, the modulating action is achieved by switching the
electrical drive from high reverse bias (‘off’ state or ‘0’) to low reverse bias (‘on’
state or ‘1’). Two versions of this integrated device were fabricated with differ-
ent kinds of separation between the laser and the modulator section - one with
an angled slot (Figure (a)) and another with an deep etch (Figure (b)).
The angled slot is similar to the slots in the slotted Fabry-Pérot laser and is de-
fined in the lithography step for the ridge waveguide. The deep etch separation
is an etch that is about 5um deep and is defined as in the lithography step for
an ‘etched facet’.

Angled slot Angled Etched
; Laser section Facet \ Laser section
I e 3
I =
Modulator Modulator
section Modulato section Modulato
Ground cont Ground cont
(a) (b)

Figure 4.8: Schematic of a modulator separated from the laser section by an
(a) angled slot and (b) angled etched facet

From experimental results it is observed that under DC bias both of these de-
signs show stable wavelength operation. When the modulator is driven with a 3
Gb/s pseudo random bit sequence (PRBS), the device with the angled slot sep-
aration loses its single-modedness. This can be attributed to insufficient optical
isolation between the laser and the modulator sections. These measurements
are shown in Figure The angled deep etch separation is, thus, necessary
for wavelength-stable operation of the integrated device. From a device with
a deep etch separation, stable operation was observed for many channels, only
one of which has been shown in the lower half of Figure for illustative
purposes. Furthermore, we observe that power attenuation caused by the op-
eration of the modulator section (extinction ratio) is around 10 dB across the
difference wavelength channels of the tuneable laser. A more in-depth small
signal frequency response, S; measurement on this integrated device was car-
ried out in collaboration with the Photonics Systems Group at Tyndall National
Institute - in particular with Daniel Carey et al [17]. The S;; measurements
from four different wavelength channels is shown in Figure
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Figure 4.9: Optical spectra measured under fixed DC bias of modulator and a
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Figure 4.10: Normalized small-signal frequency response of the integrated
transmitter for four arbitrarily chosen lasing modes[[17]]

It can be observed that the 3dB bandwidth of the modulator section ranges
between 5.5 and 6.5 GHz for different wavelength channels of the laser, which

is sufficient for operation at 10 Gb/s as demo
measurement which was carried out entirely

nstrated by a clean eye-diagram
within the scope of this thesis -

Figure The operation bandwidth and thus speed can be improved even

further by using high-k dielectrics such as Bezn

oCycloButene (BCB) underneath

the contact pads to reduce the capacitance of the device [18].
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32 ps/div

Figure 4.11: Eye diagram at 10 Gb/s using a PRBS signal on the integrated
device with a 1V peak-to-peak driving voltage

4.4.2 Integrated SOA

Integrated semiconductor optical amplifiers (SOAs) are routinely used in pho-
tonic devices to amplify optical power from the laser source 20]. In our
case, the SOA might be especially useful in obtaining a constant optical power
output from the transmitter since the laser yields produces varying output pow-
ers for different wavelength channels. Additionally, an SOA booster section
can also be used to compensate for ageing effects of the laser and to shut off
the transmitter during the process of network reconfigurations [20]. The SOA
section can also provide a gating function which is necessary for burst-mode
operation used frequently in Passive Optical Networks (PONs) [21].

Figure 4.12: Microscope picture of an integrated transmitter device
highlighting the SOA

In our design we use a 675um-long SOA section which is forward biased. An
angled slot separation is used between the modulator and the SOA. The output
facet of the SOA is an angled etched facet angled at 7° to reduce unwanted
reflections. The SOA is a simple, long ridge waveguide that shares the same
active layers as the laser and the modulator sections.
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Figure 4.13: Output optical power of the laser showing the effect of the SOA
booster

Figure shows the optical spectra from the integrated device when the laser
currents are fixed to obtain a particular wavelength channel, and the SOA cur-
rent is swept between 0 and 30mA. We observe that this results in a 20dB
change in peak output power. It should be noted that process of boosting the
output power results in a wavelength shift of about 0.1nm for an SOA current
of 30mA, which is most likely a thermal effect. This can be compensated by
adjusting the temperature of the device in the package using a thermo-electric
cooler (TEC) as is routinely done in commercial devices.

4.4.3 Integrated Wavelength Monitor

A suitable and highly convenient design for a monolithically integrable wave-
length monitor was discussed in Chapter 3. However it was presented as a stan-
dalone device with the input light being coupled to it using a lensed from an
external laser source which was either a commercially available tuneable laser
or a 3-section slotted Fabry-Pérot device from this thesis. In this section, we
discuss the same wavelength monitor design but integrated with the 3-section
laser presented in Section Figure (a) shows a microscope image of a
3-section FP laser (left) integrated with a 2-section wavelength monitor (right)
separated by a trench which is defined using the fabrication steps for an etched
facet. This trench is zoomed in and shown in Figure (b). The 7° angle
described in the previous section can be seen here.
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(@ (b)

Figure 4.14: Microscope image of (a) an integrated 3-section laser and
2-section wavelength monitor and (b) trench separating the laser and the
wavelength monitor

The main objective of the trench is to provide electrical isolation between the
laser and the wavelength monitor sections. At the same time, light from the
laser also needs to be coupled into the wavelength monitor to enable its func-
tion in determining the wavelength. A wider trench results in better electrical
and thermal isolation, but in poorer optical coupling. Thus, there is a trade-
off between these effects. In order to determine an appropriate width for the
trench, an experiment was carried out using devices fabricated with a multi-
section tuneable laser separated from a single section Fabry-Pérot laser by a
trench of varying widths as shown in Figure [4.15

n 100 um
€nyodel 1 0= 1som §@Tyndall
FP Slave 433um CTVR / imramgree SFP 2 Contact 433pm CTVR  tmtirmmyes

| —
Trench Width

, Tuneable Slotted
Fabry-Pérot Laser Fabry-Perot Laser

Figure 4.15: Schematic of the devices used in the experiment to determine
ideal trench width

The Fabry-Pérot laser was injected with current and the output power from the
facet was measured using an Newport™ 818-SL photodetector. Simultaneously,
the nearest section of the tuneable laser on the other side of the trench was
biased at OV and the resulting photocurrent was measured. Figure shows
these two photocurrents plotted against each other.
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Figure 4.16: Photocurrent observed in the near section of the tuneable laser as
a function of optical output power of the FP laser

We observe that although the narrower trenches yield in higher light coupling,
the photoresponse has better linearity for widths greater than about 2um. Ad-
ditionally, an experiment was carried out where the 2-section SFP laser was
maintained at a constant bias and the resulting single-moded lasing spectrum
was recorded. Then the spectrum of the FP laser biased above threshold was
recorded with the SFP laser turned off. Finally, both were turned on and the

spectrum was recorded. The results are plotted in Figures 4.17| and [4.18| for

devices with varying trench widths.

As expected, the 2-section SFP laser produces a spectrum with a higher SMSR
that is referred to as single-moded in this discussion. The FP laser produces
a standard Fabry-Pérot spectrum with multiple modes of similar power. The
spectra for the SFP laser was measured at the right facet and that for the FP
laser was measured at the left facet of the device from Figure For trench
widths of 1.5um and 3.9um, when both the SFP and FP lasers are switched on,
the resulting spectrum is completely different from either of the SFP and FP
laser spectra working alone as seen in Figures [4.17|(a) and (b). This indicates
a strong optical feedback between the two devices on either side of the deep
trench.
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Figure 4.17: Spectra resulting from the SFP laser alone, FP laser alone and
from both SFP and FP laser biased together for a trench width of (a) 1.5um (b)
3.9um

On the other hand, for a trench width of 30um, the resultant spectrum of both
the SFP and FP lasers operating together is identical to the FP laser working
alone as seen in Figure (b). In this case, the trench seems to be too wide
and the light from the SFP laser is completely lost and not coupled into the
waveguide of the FP laser. However for a trench that is 15um wide, in the
combined spectra of the SFP and FP laser, we observe the single-mode spec-
trum from the SFP laser on top of the spectrum from the FP laser as seen in
Figure [4.18|(a). This indicates that 15um is probably a good trade-off between
being too narrow and too wide for a deep trench between the two sections.
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Figure 4.18: Spectra resulting from the SFP laser alone, FP laser alone and
from both SFP and FP laser biased together for a trench width of (a) 15um and
(b) 30um

In summary, following from the results and discussion above, we choose 15um
as the width of the trench between the laser and the wavelength monitor as it
produces good signal linearity while unlikely to produce optical feedback.

Coming back to the device which integrates the 3-section slotted Fabry-Pérot
laser and the 2-section wavelength monitor together (Figure (a)), mea-
surements were carried out where the three tuning currents of the laser were
swept between 0 and 40mA in steps of 2mA, while also reading the photocur-
rents generated in the two sections of the wavelength monitor of the same de-
vice just behind the laser. The front facet of the laser was fibre coupled into an
optical spectrum analyser and the peak wavelength and the SMSR were mea-
sured. Plotting the photocurrent ratio versus the peak wavelength we obtain
the curve in Figure [4.19)(a). The corresponding curve from a standalone device
is shown as an overlay for comparison.
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Figure 4.19: Photocurrent ratio as a function of the (b) laser wavelength and
(b) peak power for an integrated laser-cum-wavelength monitor on IQE
substrate

Figure [4.19| contains 9261 points, i.e. one point each in the 3-dimensional
sweep of three laser section currents - O to 40 mA in steps of 2 mA - 21x21x21
(=9261). This means that the plots contains points both below and above lasing
threshold. It appears that the photocurrent ratio in the wavelength monitor has
a value of closer to 1 when the laser is below threshold and a value closer to
0 when the laser is above threshold - irrespective of what the wavelength is.
This is further verified when we plot the photocurrent ratio as a function of the
peak optical power in Figure [4.19|(b). We observe a clear correlation between
increase in peak power and decrease in the photocurrent ratio. This strongly
indicates the presence of unwanted optical crosstalk between the laser and the
wavelength monitor. This is discussed in further detail in the following chapter.

The results described above are based on device fabricated on commercially
available laser material from IQE. To investigate if there is an optical path be-
tween the laser and the wavelength monitor via the substrate, another epitaxial
material was tested. This structure, called A1779 from now, has a very similar
layer stack as the IQE material but with the additional of a 1um thick layer of
InGaAs below the active MQW region (refer Appendix [A). This layer was in-
tended as a sacrificial layer for in the micro-transfer-print process[22]. In our
case this layer could be used as an absorbing layer which might get rid of un-
wanted optical paths through the substrate between the various sections on our

integrated device.

The same device as shown in Figure |4.14{(a) was fabricated on A1779 wafer us-
ing the same fabrication process as was used on an IQE wafer. The photocurrent
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ratio versus laser wavelength for this device is shown in Figure [4.20/(a)
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Figure 4.20: Photocurrent ratio as a function of the (b) laser wavelength and
(b) peak power for an integrated laser-cum-wavelength monitor on A1779
substrate

In this case, we observe that indeed there seems to be a pattern emerging in
the photocurrent ratio versus wavelength plot. And the peak power does not
seem to be as much correlated to the photocurrent ratio as in the previous case
on an IQE substrate as can be seen from Figure (b). The absolute value
of the Person Correlation Coefficient between the ratio and the peak power is
0.44 compared to 0.97 for the integrated device on IQE substrate. (a value of O
implies completely uncorrelated and a value of 1 implies fully correlated).

Figure[4.20|(a) contains both all points from the laser current sweep irrespective
of whether the laser is below or above threshold and also whether it is single-
moded or not. Filtering this plot to include only above threshold points that
have SMSR of at least 20dB, we obtain Figure Also shown in the same
figure is a measurement made on a standalone wavelength monitor device on
A1779 substrate with external injection from a commercially available tuneable
laser source. It is evident from this plot that the integrated device on A1779
substrate works much better than that on the IQE substrate without the InGaAs
absorbing layer beneath the MQW layers.
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Figure 4.21: Photocurrent ratio as a function of the laser wavelength
(SMSR>20dB) for an integrated laser-cum-wavelength monitor on A1779
substrate

4.5 Summary

Continuing from the previous chapters where standalone versions of a tuneable
laser and a wavelength monitor were presented, this chapter presented an inte-
grated device that contains the 3-section slotted Fabry-Pérot laser from Chapter
1, the 2-section wavelength monitor from Chapter 2, a modulator and an SOA
booster integrated on to the same device. The modulator showed an extinction
ratio of about 8-10dB, 3dB-bandwidth in the small-signal frequency response
of about 6GHz and a clean eye diagram up to speeds of at least 10 Gb/s for a
peak-to-peak drive voltage of 1V. It was shown that an angled deep etch sepa-
ration was needed for wavelength-stable operation of the modulator. The SOA
booster section was shown to be able to provide an optical gain/attenuation
range of 20dB for a drive current range of 30mA.

Finally, results from the integrated wavelength monitor showed that on an IQE
wafer, the device suffered from possibly heavy optical crosstalk between the
laser and the wavelength monitor sections. A proposed solution would be to
use an absorbing layer underneath the active MQW layer to get rid of parasitic
reflections resulting from possible light leaking into the substrate at the loca-
tion of the deep etches. In the next chapter, this optical crosstalk along with
electrical and thermal crosstalks are discussed in more detail leading to a more
robust design of the integrated optical transmitter.
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Chapter 5
Crosstalk Evaluation

The advent of Erbium-doped fibre amplifiers (EDFAs) and arrayed waveguide
gratings (AWGs) [1]] gave rise to a rapid growth in the deployment of networks
employing wavelength division multiplexing (WDM) techniques [2]. This in
turn led to increasing complexity in photonic integrated circuits (PICs) starting
from a few components [3]] to more than 400 integrated components on a single
chip [4,/5]. In order to reduce cost, it is preferable to pack as many components
as possible in a fixed area of a semiconductor chip. However, active devices start
to interact with each other undesirably as the distance between them reduces.
This interaction is commonly referred to as crosstalk.

The major contributors to crosstalk are electrical leakages, caused due to low-
impedance shunting paths within the chip, thermal crosstalk resulting from
the heat generated due to the driving currents, and optical crosstalk due to
light coupling between adjacent waveguides or through the substrate. This
chapter describes the observation, calculation and measurement techniques for
the various modes of crosstalk between the laser and wavelength monitor.

To illustrate the ramifications of crosstalk within the device, figure|5.1|compares
the responses of a standalone wavelength monitor and an integrated device
incorporating a tuneable laser and a wavelength monitor. In figure (a),
the light injected from an external tuneable laser (Agilent 81600B) using a
lensed fibre into the 2-section standalone wavelength monitor. The wavelength
is varied in steps of 0.01nm and the photocurrents are measured. On the other
hand, in figure (b), both the laser and the wavelength monitor are on the
same chip. The tuning currents of the 3-section laser are varied in steps of 2mA
which results in discrete wavelength tuning. For each of these tuning currents,
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the peak wavelength of the single mode spectrum is measured using an OSA
(Ando AQ-6315A @ 0.05nm resolution) and the photocurrents generated in
the two sections of the wavelength monitor are measured.
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Figure 5.1: Comparison of (a) standalone and (b) integrated wavelength
monitor photocurrents as a function of wavelength

We can see that, for many wavelengths, there are more than one value of pho-
tocurrent readout. This is due to the fact that different tuning currents pro-
duce the same optical wavelength (albeit with different power and SMSR). This
shows that varying the drive currents of the laser, keeping the wavelength con-
stant, affects the photocurrents in the wavelength monitor. This could be due
to the drive currents leaking into the wavelength monitor’s photocurrents, or
higher driver currents producing heat which is conducted to the wavelength
monitor causing its readouts to shift, or different drive currents producing dif-
ferent optical power levels which could couple through the substrate to the
wavelength monitor in different strengths, or a combination of all the above
crosstalk effects.

In the following sections, we try to measure and analyse each of the possible
causes separately and discuss solutions to mitigate the effects of such crosstalk.

5.1 Electrical Crosstalk

The separation between the laser and the integrated wavelength monitor in this
first generation device consisted of a deep (5 um) etch with a length of 100 um
as shown in Figure This etch goes through the active region well into the
substrate.
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V.
.

Figure 5.2: Schematic of a first generation device showing the isolation
between laser and wavelength monitor sections

This means that for the drive currents of the laser to leak into the wavelength
monitor sections, one or more of the following scenarios must exist. The dielet-
ric isolation underneath the metallic contact pads could be conducting. Or the
diode structure of the device might have a large leakage current in reverse bias.
It is also possible that the current could be leaking through the p-doped layer
above the intrinsic layer, or that the etching process for the deep facet between
the laser and wavelength monitor sections could leave a conducting residue on
the sidewalls.

The hypothesis of the conducting-dielectric was easily ruled out by conform-
ing that probing two different points on the dielectric directly or two different
dummy metallic contact pads (which were not connected to any active part of
the device) yielded an open circuit. Figure shows the reverse bias leak-
age currents for the diode structures. The reverse bias current around 1V to
2V is not sufficient to cause crosstalk issues with the measured photocurrents
in the wavelength monitor sections, since it is much lower than the generated
photocurrents.
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Figure 5.3: I-V characteristics of the laser diode structure

The next possible pathway of the leakage of the currents could be through
the p-doped layer on top of the intrinsic layer of the diode. To test this, two
test devices (Figure [5.4) with similar geometry to the integrated device were
considered. When two adjacent devices were probed on the same side of the
deep isolation etch (Fig. (a)), the measured resistance was a few kilo-Ohms.
On the other hand, when two devices were measured on either side of the
deep isolation etch (with no possible pathway through the p-doped layer), the
resistance was found to be in the order of mega-Ohms. This proves that the
deep etch is indeed isolating and there is no unwanted conducting residue left
over from the etching process.
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Figure 5.4: Devices with a continuous deep isolation etch between the two
sections of the device

Furthermore, p to p resistance measurements were carried out on adjacent de-
vices in cleaved bars (Figure (a)) of simple Fabry-Pérot lasers. There were
no isolation etches between these devices. The p-p resistance as a function of
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separation is plotted in Figure (b). We can see that the slopes of the resis-
tance curves are consistent with the widths of the cleaved bars. Assuming the
resistivity of the p (Zn) doped InP layer to be 2 x 10® € cm, we can calculate
the thickness of the conducting layer to be 50nm, which is consistent with the
processed device structure.
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Figure 5.5: (a) Microscope image of a cleaved bar of Fabry-Pérot lasers
(b) Resistance vs Separation length of adjacent devices in two different
cleaved bars

From the above discussion, we can infer that the leakage in the integrated de-
vices (Figure [5.2) is indeed through the p-doped layer as illustrated in Fig-
ure

Figure 5.6: Illustration of the eletrical leakage path along the p-doped layer

The solution to overcome this leakage would be to isolate the whole device
by having a deep etched trench not only on a limited area between laser and
the wavelength, but to etch out the complete length, thus allowing no possible
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pathway through the p-doped layer. This is shown in the mask design for the
second iteration in Figure|5.7

Figure 5.7: Design change to isolate electrical crosstalk between laser and
wavelength monitor sections

The p-to-p resistance between the rear laser section and the front wavelength
monitor section changed from a few k)’s in the previous design to about 10M(2
in the new design with the deep trench all around the device. This addresses
the electrical crosstalk between the laser and wavelength monitor effectively.

5.2 Thermal Crosstalk

To test thermal effects within the chip, measurements were performed on a
device with the laser operating at fixed wavelength. The optical spectrum was
measured using an OSA for different temperatures by controlling the thermo-
electric cooler (TEC) attached to the chuck where the device was placed. The
results are plotted in Figure [5.8(a). The shift in the peak wavelength as a
function of temperature is extracted from Figure [5.8(b) to be 0.1nm/°C.

We can now use this value of wavelength shift vs temperature to indirectly infer
the temperature at various locations on the chip. This is shown in Figure |5.9
where a device’s peak wavelength (and thus temperature) is monitored for vari-
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ous electrical injected powers in neighbouring devices. The separation between
the devices is 500 um.
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Figure 5.8: (a) Optical spectrum of a single-mode channel from the laser at
different temperatures (b) Fit of peak wavelength shift vs temperature
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Figure 5.9: Temperature rise in a device as a function of the injected electrical
power in neighbouring devices

We can infer from the slopes of the plots in Figure that the thermal cross
talk varies from 18.6°C per Watt of electrical power injected 500um away, to
12.8°C/W injected 2500um away. This information is useful for designing de-
vices in the future with better thermal performance without having to sacrifice

power consumption by adjusting TEC in the device packaging to achieve ther-
mal stability.
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5.3 Optical Crosstalk

As seen in the previous chapter, especially from Figures [4.19| and [4.20}, optical
crosstalk was shown to affect the performance of the wavelength monitor when
it was integrated with a laser on the same chip. To investigate the consequences
of light from the laser not being waveguided into the wavelength monitor, ex-
periments were carried out where light from an external laser source was cou-
pled into a standalone wavelength monitor using lensed fibre and deliberately

misaligned to its input facet.
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Figure 5.10: Photocurrent ratio in the wavelength monitor with the input
misaligned (a) into the substrate (Z-axis) and (b) away from the facet (X-axis)

The results are shown in Figure We observe that when the fibre is mis-
aligned to the substrate the photocurrent ratio, and thus the performance of the
wavelength monitor is affected drastically. On the other hand, when the fibre
is misaligned by moving it longitudinally away from the facet, the performance
remains unaffected. This shows that while designing an integrated version, if
the light from the laser has a path into the substrate, the wavelength monitor
ceases to function well. In order to get rid of substrate leakage in the integrated
device we had tested an epitaxial structure (called A1779) with a 1 um thick In-
GaAs layer underneath the active MQW core layers. The integrated wavelength
monitor showed considerably better performance than those on the IQE wafer
(Figure [4.21)).
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To verify that substrate leakage is indeed the cause of this unwanted behaviour,
the lasing facet was imaged using an infrared camera as shown in Figure[5.11

The lasing power and the camera parameters were kept constant between the
images. We observe a glow from the bottom of the n-substrate in the IQE wafer
in Figure [5.11](a). This glow was consistently observed in all designs on the
IQE wafer. On the other hand, in Figure [5.11|(b), there is no glow from the
substrate for a device on A1779. This proves that the InGaAs layer is very
helpful and essential in mitigating optical leakage to the substrate, and hence
optical crosstalk between the laser and the wavelength monitor sections.

(@) (b)

Figure 5.11: Infrared camera image of the lasing facet of an integrated device
on (a) IQE wafer (b) A1779 wafer

In the previous chapter, an integrated laser and wavelength monitor on A1779
wafer was demonstrated to match the results from a standalone wavelength
monitor for wavelength channels on the lower end of the spectrum (Figure4.21).
There appear to be no points on the longer wavelength end mainly because of
the fact that the material becomes more and more transparent for higher wave-
lengths, and the integrated laser is unable to provide wavelengths on the higher
side of the wavelength monitor’s photocurrent ratio curve. To prove the con-
cept that if the integrated laser were able to lase at longer wavelengths, the
integrated wavelength monitor should still work efficiently, an experiment was
carried out where light from an external laser source was injected, not directly
into the wavelength monitor (as before), but instead into the laser output facet.
So, for a device like the one shown in Figure (a), light is injected from the
left facet. In order for this light to be able to reach the wavelength monitor on
the other end of the laser, the three sections of the laser and biased just up to
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5. CROSSTALK EVALUATION

transparency. The photocurrents in the wavelength monitor are now measured
and the ratio is plotted in Figure [5.12|as a blue dotted line. For quick reference,
the expected curve from a standalone wavelength monitor where the light is
directly injected into it, is plotted as a dashed grey line.
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Figure 5.12: Photocurrent ratio versus wavelength plot for an integrated WM
with external injection into the integrated laser sections (biased to
transparency)

We observe that these two curves do not match up as they should. Since the
injection of light via the laser facet involves a small bias current to achieve trans-
parency, the photocurrents generated in the wavelength monitor sections only
due to this bias was noted keeping the external laser source turned off. When
we subtract these photocurrents, caused due to spontaneous emission from the
laser section, from the photocurrents obtained on external injection and then
calculate the ratio, we obtain the solid green curve in Figure This shows
good agreement with the curve obtained from direct external injection into the
standalone wavelength monitor. From this experimental result we can confirm
that the integrated laser and wavelength monitor can work for the entire wave-
length range, provided the laser can lase at all the wavelength channels (a way
to achieve this would be using quantum well intermixing [6, [7]])

5.4 Summary

In this chapter, three kinds of crosstalks were studied - electrical, thermal and
optical - within the context of the integrated transmitter device discussed in this
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5.4 Summary

thesis.

A slot along the waveguide provides a kew k(2’s of electrical isolation between
the sections that divides the waveguide into. This isolation is not enough to
have between the laser and a wavelength monitor since the photocurrent read-
outs are very sensitive to electrical crosstalk. It was observed that a deeply
etched trench between the laser and the wavelength monitor (and all around
the device making sure to p-to-p conduction path remains) of about 5um deep
results in an electrical isolation of about 10Mf). It can be concluded that this
trench is necessary for the integration of the wavelength monitor design de-
scribed in this thesis work.

From experiments on thermal crosstalk, it was determined that the wavelength
of the laser shifts by about 0.1nm/°C. And for every mW of electrical power
injected 500um away from a device, its temperature rises by about 0.018°C.
Although the effects of this type of thermal heating due to drive currents can
be mitigated by the use of a TEC inside the package for the integrated device,
it can be very useful to design the photonic chip in such a way that the power
consumption of the TEC can be minimised. This is very beneficial especially in
commercial applications with very strict specifications for power consumption
of a packaged optical device.

In order to make conclusive remarks on optical crosstalk, measurements were
made by injecting light through a lensed fibre intentionally misaligned with the
device facet. From these measurements, it is inferred that injecting light into
the waveguide of the wavelength monitor is crucial, although the power of this
injected light is not very crucial. On an IQE wafer the light from the on-chip
laser was leaking into the substrate at the interface to the wavelength monitor
which was confirmed by infrared camera images. An epitaxial structure with
1um thick InGaAs underneath the active MQW layers got rid of this problem
because of the absorptive properties of InGaAs. The infrared images on this
wafer confirmed that no light was leaking into the substrate. This was further
proved by externally injecting light into the on-chip laser sections having them
biased on transparency and providing a path for the external light to reach the
on-chip wavelength monitor. In this case, the integrated wavelength monitor
was shown to work as good as a standalone wavelength monitor. There are
opportunities for making this performance even better with less noise in the
wavelength monitor readouts. The following chapter presents some directions
for future work along these lines.
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Chapter 6
Conclusions and Future Work

This chapter presents a summary of key conclusions drawn in this thesis. Some
results from the use of the devices discussed in this thesis in real world telecom-
munication systems are highlighted in order to put the work in a practical con-
text. Finally, areas for future work are discussed.

6.1 Summary of Results

Tuneable lasers will be a key requirement in transmitter modules of next gen-
eration optical communication networks for data transmission in the upstream
direction. The lasers need to be wavelength-stabilised and cost is a critical
factor since they will be widely used in consumer products. In Chapter 1,
the state-of-art of tuneable transmitter modules were presented and the a mo-
tivation for this thesis work was established on the fact that currently used
tuneable lasers in the downstream direction are too expensive for widespread
use in consumer products, and current designs for integrated wavelength moni-
tors use passive waveguides made using spatially selective bandgap engineering
techniques which are not cost-effective and make integration with a laser chal-

lenging.

This thesis demonstrates a low-cost tuneable transmitter module using a slot-
ted Fabry-Pérot laser, monolithically integrated with a modulator, wavelength
monitor and a semiconductor optical amplifier (SOA). In Chapter 2, a 3-section
tuneable slotted Fabry-Pérot design was presented which had a discrete tuning
range of about 20nm which covers half the C-band. The wavelength channels
obtained from this laser can be further fine-tuned by adjusting the temperature
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between 16-22°C with a sensitivity of approximately 0.1nm/°C. The theory be-
hind slotted Fabry-Pérot lasers was presented explaining the benefits of a multi
quantum well layer structure to obtain good optical gain and waveguiding, and
how slots along the waveguide introduce reflections that aid in longitudinal
mode selection. A time-domain travelling wave model was presented that can
simulate the behaviour of slotted lasers. The steps involved in the fabrication
of the device were presented in detail. In Chapter 3 a design for a 2-section
wavelength monitor was presented which shared a very similar geometry to
that of the laser. The theory behind its operation was outlined along with a
simulation of the expected photoresponse which matched experimental results.
Using the wavelength monitor in a PID control loop to monitor and stablise
the wavelength of a 3-section tuneable slotted Fabry-Pérot laser. The accuracy
of stabilisation is within 15 GHz in frequency around a wavelength of 1550nm.
The accuracy and time needed for stablisation can be improved greatly by using
custom on-board electronics in place of laboratory equipment and automation
software used to prove the concept in this thesis.

Monolithic integration of the laser and the wavelength monitor along with a
modulator and an SOA was presented in Chapter 4. The modulator is an ab-
sorbing section with Ground-Signal-Ground (GSG) pads that was shown exper-
imentally to be capable of delivering data rates of up to 10 Gb/s with a peak-to-
peak driving voltage of 1V using Non-return-to-zero on-off-keying (NRZ-OOK)
modulation. The modulator showed an extinction ratio of about 8-10dB, 3dB-
bandwidth in the small-signal frequency response of about 6GHz and a clean
eye diagram up to speeds of at least 10 Gb/s. It was shown that an angled
deep etch separation was needed for wavelength-stable operation of the mod-
ulator. The SOA booster section was shown to be able to provide an optical
gain/attenuation range of 20dB for a drive current range of 30mA. Results from
the integrated wavelength monitor showed that on an IQE wafer, the device
suffered from possibly heavy optical crosstalk between the laser and the wave-
length monitor sections. A proposed solution would be to use an absorbing
layer underneath the active MQW layer to get rid of parasitic reflections result-
ing from possible light leaking into the substrate at the location of the deep
etches. All of these different optical components employ the same epitaxial
structure as the tuneable laser, thus requiring no regrowth, making monolithic
integration easily achievable. Along with the fact that the slots required for
tuning of the laser are fabricated in the same step as the ridge waveguide,
presenting no additional complexity during the fabrication process, makes the
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whole transmitter module low-cost and compatible for use in Optical Network
Units (ONUs) in the consumers’ premises in a Fibre-to-the-Home (FTTH) sce-
nario. In Chapter 5 we explored the challenges of integration such as electrical,
optical and thermal crosstalk between the various active components within a
single device and suggested design rules that will help mitigate this crosstalk
such as having a deep isolation etch of at least 5um depth between the laser
and the wavelength monitor section, which increases the p-to-p resistance from
a few kQ to about 10M(2. Furthermore, a 7° angled etch between the laser
and the modulator sections reduces the back reflections mitigating the optical
crosstalk between the two components. It is also concluded that injecting light
into the waveguide of the wavelength monitor is crucial, although the power of
this injected light is not very crucial. On an IQE wafer the light from the on-chip
laser was leaking into the substrate at the interface to the wavelength monitor
which was confirmed by infrared camera images. An epitaxial structure with
1lum thick InGaAs underneath the active MQW layers got rid of this problem
because of the absorptive properties of InGaAs. The infrared images on this
wafer confirmed that no light was leaking into the substrate. This was further
proved by externally injecting light into the on-chip laser sections having them
biased on transparency and providing a path for the external light to reach the
on-chip wavelength monitor. In this case, the integrated wavelength monitor
was shown to work as good as a standalone wavelength monitor.

6.2 Future Work

To obtain all the wavelength channels from the integrated laser, the three tun-
ing currents along with the chip temperature need to be controlled. Since the
performance of other optical components on the same chip also rely on the
chip temperature, it could be very useful to control the temperature of the laser
locally using microheaters. Initial tests were carried out using chromium heat-
ing strips near ridge waveguides and measuring the temperature change in the
ridge by Fabry-Pérot transmission measurements as illustrated in Figure It
was observed that a 6°C change in ridge temperature can be brought about us-
ing a heater power of about 20mW. The designs can be optimised further and
could result in a less complicated tuning map for the slotted Fabry-Pérot laser.
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Chromium heater
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Figure 6.1: Chromium heater adjacent to ridge waveguide for localised
heating testing

Another possible avenue of future work is using quantum well intermixing to
selectively alter the bandgap of certain areas on the wafer [1, 2]. This can
lead to the laser lasing at longer wavelengths, and also covering a wider tuning
range, for example the whole C-band. Wide tuneability at low-cost is a hot
topic of interest in the commercial market. In addition to increasing the tuning
range of the laser, this could also lead to a better performance of the modulator
by decreasing its insertion loss significantly. Introducing high-k dielectrics like
BCB under the RF contact pads should also boost the speed of the modulator
by lowering its capacitance [3].

SU8 waveguides

ma(f tit spot WD HFW HV
10 000 x/45 ° 3.0 12.8 mm 29.8 ym 10.00 kV/

mag o [tiit spott WD | HFW | HV 2 ym
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Figure 6.2: SEM image of (a) cross-section of an SU8 waveguide and (b) the
edge of a transfer-printed coupon with SU8 waveguide over it. SEM images
credit: James O’Callaghan

To eliminate optical crosstalk due to leakage of light into the substrate com-

Monolithically integrated tuneable slotted 114
Fabry-Pérot laser; wavelength monitor and
modulator



6.2 Future Work

pletely, a very interesting approach could be to use micro-transfer-printing[4].
After fabrication, the common substrate could be stripped off from underneath
the entire device and the various components could be ‘printed’ separately on
other substrates and optically connected via passive waveguides made from a
polymers like SU8 or on a platform like Silicon-on-Insulator for making silicon
photonics chips. Some preliminary experiments were carried out as part of this
thesis work by defining SU8 waveguides and observe their conformity going
over transfer-printed coupons. These SEM images are shown in Figure [6.2

All the discussion above was at device level. To put this device in context, some
results from measurements at systems-level carried out at the Photonics Sys-
tems Group (PSG) by Daniel Carey et al are presented below. As part of this
thesis work, an open eye-diagram at 10Gb/s was demonstrated in Chapter 4
directly from the device (back-to-back). But to place the device in a real-world
setting, bit-error-rate measurements were carried out at the PSG lab using upto
50km of fibre transmission length. From these measurements plotted in Fig-
ure it can be seen that the device is capable of achieving error-free trans-
mission up to a distance of 50km [5].
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Figure 6.3: Transmission performance comparison at 1557.37nm [5]

One of the many associated costs during the production of an optical device can
be attributed to calibration. This can be reduced using the following scheme:
upon purchase and setup, the laser is first coarsely calibrated offline by the
consumer by generating an internal look-up table for the wavelength monitor.
Then the device is connected to the network, and a downstream reference sig-
nal can be used to match the internal calibration to an absolute wavelength
reference provided by the network. Additionally, measurement of the linewidth

115 Prasanna Ramaswamy



6. CONCLUSIONS AND FUTURE WORK

of the laser could be a potential next step in the characterisation of this device.
Optimisation of the linewidth has the potential to open up the possibilities of
application of this device beyond optical telecommunications.

Low-cost tuneable optical transceivers have become a sought-after entity for
next-gen telecom networks. Thus, in conclusion, any work towards packaging
this device into a wavelength-stabilised tuneable transmitter module is a future

avenue worth pursuing.
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Table A.1: Epitaxial structure of laser material from IQE

Material X y Strain (ppm) PL (nm) Thickness (um) Dopant Doping level (cm—3)
Galn,As 0.53 0.2 Zinc >1.5x10"
Galn,As,P 0.71 0.62 1300 0.05 Zinc >3.0x10%®
InP 1.6 Zinc >1.5x10'8
Galn,As,P 0.85 0.33 1100 0.02 Zinc =1.0x10'8
InP 0.05 Zinc =7.0x10'7
Al,Galn,As 0.90 0.53 0.06 Zinc =4.0x10'7
Al,GalnyAs 0.90-0.72 0.53 0.06 Undoped

Al,Galn,As 0.44 0.49 -3000 1100 0.01 Undoped

Al,Galn,As x5 0.24 0.71 12000 1530 0.006 Undoped

Al,GalnyAs x5 0.44 0.49 -3000 1100 0.01 Undoped

Al,GalnyAs 0.72-0.90 0.53 0.06 Undoped

Al,Galn,As 0.90 0.53 0.06 Silicon =1.0x10'8
Al,Galn,As 0.90-0.86 0.53 0.01 Silicon =1.0x10'8
InP ~ 400 Silicon =3.0x10'8

A. EPITAXIAL STRUCTURES
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Appendix B

Fabrication Sequence

Abbreviations and names used in this section:

BOE Buffered Oxide Etch

DI De-lIonised water

DUV Deep Ultra-violet

ESL Etch Stop Layer

EBR Edge Bead Removal

HMDS HexaMethylDiSilazane

ICP Inductively-coupled Plasma

LOR Lift-off resist

PECVD Plasma-enhanced Chemical Vapour Deposition

SEM Scanning Electron Microscope
TCE Trichloroethylene
TLM Tranmission Line Measurements
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B. FABRICATION SEQUENCE

B.1 Level 1: Ridge Metal Deposition

Overview

This is to establish the p contacts for the lasers. They are deposited first so as
to minimize contact resistance.

Spin and prep
* Clean mask Dehydrate bake on hotplate 200°C for 10 min
* Spin on HMDS at 4000 rpm 50s
e Spin on LOR10A at 4000 rpm 50s
* Hotplate 150°C for 3 mins
* EBR
* Spin on HMDS at 4000 rpm 50s
* Spin on S1805 at 4000rpm 50s
* EBR

* Hotplate 115°C for 120s

Lithography

* Expose mask level 1 using MA6 UV mode using leveling pieces Contact —
Vacuum, Pre vac 5s, Full vac 10s. Exposure time — 12s. Align perp. to
major flat (CRITICAL DIMENSION - 1.5um CRITICAL MISALIGNMENT -
N/A)

Monolithically integrated tuneable slotted ~ B122
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B.1 Level 1: Ridge Metal Deposition

Develop for 75s in MF319

Rinse DI 30s

Blow dry N,

Post Bake 90°C 30 minutes in oven
Inspect Quality

Record images

Metal Deposition

Dip in BOE:DI 1:10 for 10s
Rinse DI 30s
Blow dry N, 30s

Load for a flat evaporation - 10nm Ti and 110nm Au

Unload and Lift off in 1165 solvent at 90°C — leave for 30 minutes

Rinse DI 30s
Blow dry N,
Inspect Quality

Record images
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B. FABRICATION SEQUENCE

B.2 Level 2: Ridge Lithography and Etch

Overview

This is to establish ridge waveguide and slots for mode control of the laser.

Hard mask deposition

* Hard Mask Deposition Deposit 100nm SiO, PECVD and 400nm SiO, via
sputter on Oxford sputterer using OxideStandard recipe. Include two Si
Monitor pieces.

* Note down Job number, Deposition Time, and Actual thickness.

Spin and prep
* Clean mask
* Dehydrate bake on hotplate 200°C for 10 min.
* Spin on HMDS at 4000 rpm 60s

* Spin on UV26 at Dynamic Spin J 1000rpm 20s, 3000rpm 10s, 4000rpm
20s

* EBR

* Hotplate 130°C for 60s

Lithography

* Expose mask level 2 using MA6 DUV mode using leveling pieces Contact —
Vacuum, Pre vac 5s, Full vac 10s, Exposure time — 12s CRITICAL DIMEN-
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B.2 Level 2: Ridge Lithography and Etch

SION - 0.8um CRITICAL MISALIGNMENT - 0.5um
* Post Exposure Bake (PEB) at 110°C for 60s
* Develop for 25s in MF CD26
* Rinse DI 30s
* Blow dry N,
* Inspect Quality

* Record images

Hard Mask Etch

* ICP Machine: STS Chemistry:CF4:CHF3 recipe OXIDEETCH.rec. Record
Carousel no., Etch time, Etch rate.

* O, plasma 100W 10 minutes

* Remove resist 1165 solvent at 90°C — leave for 30 minutes
* Rinse DI 30s

* Blow dry N,

* O, plasma 100W 5 minutes

* Tencor step height - Record file

* Inspect Quality

* Record images

Material Etch

ICP Machine: Oxford Target Depth 1.6um Chemistry: Cl,/CH,/H, YH
recipe etch. Record Etch time, Etch rate.

* Tencor step height - Record file

Inspect Quality

Record images
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B. FABRICATION SEQUENCE

Material Wet Etch
* Etch InP to InGaAsP ESL cap layer in 1:4 H;PO,:HCIl Depth 1.85um
* Rinse DI 30s
* Blow dry N,
* Tencor step height - Record file
* Inspect Quality
* Record images
* SEM inspection to ensure the slots are fully etched.

* Record images

Ridge Hard Mask Removal

* ICP Machine: STS Chemistry:CF,:CHF; recipe OXIDEETCH.rec. Record
Carousel no., Etch time, Etch rate.

* Tencor step height - Record file
* Inspect Quality
* Record images

¢ Test TLM
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B.3 Level 3: Facet Lithography and Etch

B.3 Level 3: Facet Lithography and Etch

Overview

This is to form the etched facet of the lasers. The quality of the facet etch is
paramount as it will have a significant impact on the performance of the device.
After the facet etch the remaining hard mask should be approximately 200nm
thick and should be measured very accurately for further etches. This remaining
hard mask acts as the sidewall passivation for the p-contacts.

Hard Mask Deposition

* Deposit 100nm SiO, via Sputter on Oxford sputterer using OxideStandard
recipe. Include two Si Monitor pieces. Record Job number, Deposition
Time, Actual thickness

* Deposit 500nm SiNx via PEVCD MFSIN recipe. Include two Si Monitor
pieces. Record Job number Deposition Time Actual thickness.

Spin and prep
* Clean mask
* Spin on HMDS 4500 rpm 30s
* Spin AZ5214E 4500 rpm 50s

* Hotplate 110°C 90s
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Lithography

* Expose mask level 3 using MA6 UV mode using leveling pieces Contact —
Vacuum, Pre vac 5s, Full vac 10s, Exposure time — 16s
CRITICAL DIMENSION - 50um CRITICAL MISALIGNMENT - 1um

* Develop for 27s in AZ400K:DI 1:4
* Rinse DI 30s

* Blow dry N,

* Inspect Quality

* Record images

Hard Mask Etch

* ICP Machine: STS Chemistry:CF,:CHF; recipe OXIDEETCH.rec. Record
Carousel no., Etch time, Etch rate.

* O, plasma 100W 5minutes in PICO asher

* Remove resist 1165 solvent at 90°C — leave for 30 minutes
* Rinse DI 30s

* Blow dry N,

* O, plasma 100W 5minutes in PICO asher

* Tencor step height - Record file

* Inspect Quality

* Record images

Material Etch

* ICP Machine: Oxford Target Depth 5.0um Chemistry: Cl,/CH,/H, JOC EF
recipe etch. Record Etch time, Etch rate.

* Tencor step height - Record file
* Inspect Quality
* Record images

* SEM inspection to ensure quality of etched facet.
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B.3 Level 3: Facet Lithography and Etch

Record images

Ridge Hard Mask Removal

ICP Machine: STS Chemistry:CF,:CHF; recipe OXIDEETCH.rec. Record
Carousel no., Etch time, Etch rate

Tencor step height - Record file
Inspect Quality
Record images

Test TLM

Oxide Planarisation

The purpose of this is to straighten to sidewalls so that there will not be a break

in the metal when to bondpads are applied. It acts as a rudimentary form of

planarization

Deposit 1500nm SiO, via PECVD recipe HFSIO.rec. Include two Si Moni-
tor pieces. Record Job number, Deposition Time, Actual thickness.

Oxide Etch Back

ICP Machine: STS Chemistry:CF,:CHF; recipe OXIDEETCH.rec. Record
Carousel no., Etch time, Etch rate

Etch back to 650nm on Wafer top surface
Tencor step height - Record file

Inspect Quality

Record images

Test TLM
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B. FABRICATION SEQUENCE

B.4 Level 4: Open Oxide Lithography and Etch

Overview

This is to open the contacts on the top of the ridge so as that the p-contacts can
be formed when the bondpads are deposited.

Spin and prep
* Spin on HMDS at 4000rpm 50 sec
* Spin on S1813 at 4000rpm 50 sec
* Hotplate 115°C for 2 mins

* EBR

Lithography

* Expose mask level 4 using MA6 UV mode using leveling pieces Contact —
Vacuum, Pre vac 5s, Full vac 10s, Exposure time — 14s,
CRITICAL DIMENSION - 2.5um CRITICAL MISALIGNMENT - 0.5um

* Develop for 25s MF319
* Rinse DI 30s

* Blow dry N,

* Inspect Quality

* Record images
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B.4 Level 4: Open Oxide Lithography and Etch

Open Oxide Etch

* ICP Machine: STS Chemistry:CF,:CHF; recipe OXIDEETCH.rec etch until
20nm of SiO, remains. Record Carousel no., Etch time, Etch rate

* O, plasma 50W 2 in PICO asher

* Remove resist 1165 solvent at 90°C — leave for 30 minutes
* Rinse DI 30s

* Blow dry N,

* Tencor step height - Record file

* Inspect Quality

* Record images
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B. FABRICATION SEQUENCE

B.5 Level 5: P-Contact Lithography and Metal De-
position

Overview

This is to form the p-contact bondpads for the laser

Spin and prep

* Clean mask

* Dehydrate bake on hotplate 200°C for 10 min
* Spin on HMDS at 4000 rpm 50s

* Spin on LOR10A at 4000 rpm 50s

* Hotplate 150°C for 3 mins

* EBR

* Spin on HMDS at 4000 rpm 50s

* Spin on S1813 at 4000rpm 50s

* EBR

* Hotplate 115°C for 120s

Lithography

* Expose mask level 5 using MA6 UV mode using leveling pieces Contact —
Vacuum, Pre vac 5s, Full vac 10s, Exposure time — 14s
CRITICAL DIMENSION - 5um CRITICAL MISALIGNMENT - 2um
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B.5 Level 5: P-Contact Lithography and Metal Deposition

* Develop for 90s in MF319

* Rinse DI 30s

* Blow dry N,

* Post Bake 90°C 30 minutes in oven
* Inspect Quality

* Record images

Metal Deposition
* Dip in BOE:DI 1:7 for Until oxide would be over-etched by 30%
* Rinse DI 30s
* Blow dry N, 30s
* Load for an angled evaporation in the 360° rotation tool - 10nm Ti Au340nm
* Unload and Lift off in 1165 solvent at 90°C — leave for 30 minutes
* Rinse DI 30s
* Blow dry N,
* Inspect Quality

* Record images
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B. FABRICATION SEQUENCE

B.6 Final Step: Substrate Thinning and N-Metal
Deposition

Substrate thinning

* Target thickness for thinned chip is 120um

* Measure starting thickness of chip

Glue to glass carrier with black wax epitaxial side down (no gaps)

Measure thickness of chip when adhered to glass carrier

Thin with bromine methanol

Deposition of n-contacts
 Surface preparation dip — HCI:DI 1:10 for 20s
* Rinse in DI
* Blow dry N,

* Load as quickly as possible Evaporate n contact - Au:Ge:Au:Ni:Au
(14:14:14:10:150nm)

¢ Remove from carrier and clean in TCE

Monolithically integrated tuneable slotted ~ B134
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