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Abstract

In this thesis, the design, optimisation, fabricatiand operation of
waveguide based semiconductor lasers, integratetth wolarisation mode
convertors (PMCs), is described. Devices are fabettin the GaAs/AlGaAs and
InP/AlGalnAs material systems, using two types wfictures; single PMC and
back-to-back PMCs. The convertor designs are baped air trenches, of sub-
wavelength dimensions, being introduced into waldsgstructures in order to
achieve an asymmetric cross-sectional profile, Itiegu in  wave-pate

functionality.

The GaAs/AlGaAs PMCs are fabricated using readtweetching (RIE),
and the phenomena of RIE lag technique is alsooéerdl for obtaining the
required asymmetric waveguide profile in a singtehestep. These are then
integrated with semiconductor lasers. The InP/Aldal PMCs are fabricated
using a combination of RIE and inductively couppg¢asma (ICP) etching and are
integrated with semiconductor lasers and also mifféal phase shifter (DPS)

sections to realise devices with active polarisationtrol.

Integrated devices fabricated on InP/AlGalnAs maltesystem with a
semiconductor laser, a PMC followed by a DPS sedtields ~40 % polarisation
mode conversion whilst the DPS section is heldhat ttansparency condition.
Greater than 85 % polarisation mode conversion alss obtained with back to

back PMCs, which was complement to the devicesdated with a single PMC.

Furthermore, a first active polarisation contrgllemonolithically
integrated with a semiconductor laser is reporiéidh speed modulation of the
integrated device with 300 Mbps is also demongirata current injection to the

phase shifter section of the device.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Introduction

During the last thirty years, there has been aroeaptial growth in the
exploitation of optical fibre based technologiesd anetworks [1]. Global
communications is now heavily reliant upon optibaked technologies. Further
developments in optical communications technologigsto provide the basis for
all-optical networking capabilities with the godl lwosting 1300 nm to 1600 nm
bandwidth and carrying information with very lowskes and flexible routing
channels [2, 3]. Optical fibres are the preferrestimam for carrying data, but can
suffer from limitations like dispersion and attetioa which reduces the
transmission length, thus limiting the availablendbaidth. This dispersion in
optical fibres can be material, polarisation deggricdor geometrical. The impact
of these factors becomes prominent as the lengtptidal fibre is increased and
the signal weakens. This weakened signal can benesgted using several
techniques which involve signal detection, elealriamplification of the signal,
re-timing, pulse shaping and re-transmission. Tdheeat of erbium doped fibre
amplifiers (EDFAS) [4] have advanced the opticahdaetworks. Initially reported
by both Desurvire et al. [5] and Mears et al. [6]1087 the EDFA is designed to

operate at the crucial 1550 nm telecommunicatioagelength, and provides the
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means for cost effective amplification, and enhdrnerformance, in current fibre
optic based communication systems. The developroéndense wavelength
division multiplexed (DWDM) [7] systems resulted the ability to transmit
multiple signals, each at different modulation fatrand data rates, and each with
a slightly different wavelength, on a single tramssion fibre. This also resulted
in the enhanced performance and efficiency of filgpéic based communication

networks. A schematic picture of a DWDM systemhiswven in Figure 1.1.

[ Transmitter | Optical link Receiver

|« 5| #a ¥

Demultiplexer
x(l

ultiplexer

@

L

Figure 1.1: A schematic picture of the dense waxgtte division multiplexing

system.

Additionally, by coupling a DWDM system with a pdkation division
multiplexer (PDM) [8], two orthogonally polarisedbtical signals of the same
wavelength, with different modulation formats aratadrates, can be merged to
travel along a single transmission line, effectpvdbubling the fibre’'s capacity.
The transmitted signal is split at the receiver &awd orthogonally orientated
polarised filters are used to recover the origoréhogonally polarised signals. A

schematic diagram of the principle of the PDM tagha is shown in Figure 1.2.

Transmitter Optical link Receiver

le »le »le >
[ >|< b >

A A
Multiplexer Demultiplexer
Channel 1 Channel 1

oo ion

Channel 2 Channel 2
)\‘0 }\‘0

Figure 1.2: A schematic diagram of the principlera polarisation division

multiplexer technique.
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High transmission rates and processing capabilities optical
communication systems necessitate high performamgé, reliability and cost
effective [3] electrical and optical componentse3é requirements become ever
more stringent for enhanced next generation netwerkices [9, 10], therefore, a
successive migration of discrete active and passiveponents to an integrated
level is desirable. In the electronic domain, vasidunctionalities based on the
discrete components have been realised in low gesy, large scale, integrated
(VLSI) circuits [11]. This trend overlaps to th@ptoelectronic counterparts such
as large scale optoelectronic integrated circl@&ICs) [12, 13] and photonic
integrated circuits (PICs) [14, 15]. Integratectuits realised with lithography not
only reduces size but also minimises the numbemadkaging stages and
eliminates costly and time consuming assembly, ificther helps in reducing
the coupling losses to optical fibres. Additionallthe reduction of manual
alignment and the compactness of the integrateaitsrdecreases the impact of

mechanical vibration or temperature change on évicd performance [16].

Generally, PICs are polarisation sensitive. Thesfpotential PICs must
be independent from variation in the state of psé#ion (SOP) of the input light.
This variation is due to the two principle statepmiarisations (PSPs) in PICs,
which are commonly referred as transverse ele€tift) and transverse magnetic
(TM) polarisations. TE is referred to light polatsin the plane of the wafer,
whereas, TM is referred to light polarised perpeuldir to the wafer. The problem
of varying SOP of the signal, received at the outgfua fibre span needs to be
overcome in both the optical fibres and at theei@®EIC/PIC interfaces. This
random effect of SOP in the optical fibores can b@aimised using a costly
installation of polarisation maintaining (PM) fitsr§l7], and receivers in PICs can
be designed to operate independent of the incon8@pP. Therefore, the
importance of polarisation control and manipulatien becoming ever-more
critical as optical fibre systems progress towatdta rates at Gigabit or higher

rates with greater data processing capabilities.

Polarisation states can be manipulated by using bptics, or, more

effectively through the use of integrated polar@atontrol techniques. These are

3
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based upon the careful design of the semicondyptamiar waveguide materials or
through integration schemes based upon the incatiparof compact waveguide-
based polarisation mode convertors (PMCs). PMCsisgd to convert the SOP of
the incoming signal into another state. These asdised as both active and
passive devices. Active PMCs have been realisepplying magneto-optic [18],

electro-optic [19, 20] and photo-elastic [21, 2#eets and require an external
power supply and a control unit. Therefore, integptapassive PMCs are
preferred. The subsequent section gives an overgiepotential applications of

integrated PMCs.

1.2. Polarisation mode dispersion

The SOP of the signal at the sender output andvesceput usually do
not correspond to each other. This is due to @resmission characteristics of the
optical data link, and caused by the polarisatia@dendispersion (PMD) [23-25].
The PMD effects are linear electromagnetic propagaphenomenon, which
occurs in single mode fibres. Despite of the natime, single mode fibre actually
supports two modes of propagation which are orthatlp polarised to each
other. These two orthogonal modes are referredstdha principle state of
polarisations (PSPs) [26]. In an ideal fibre, doghe symmetry of the refractive
indices, the two orthogonal modes are degenerdtereas, in a real fibre, small
imperfections results in a non symmetrical refraectindices distribution, which
leads to a random birefringence along the fibreglenThis non-symmetrical
distribution of refractive indices is due to théeimal stress on the fibre core and
the geometry, such as elliptical cross sectionsravtbends or micro-twists [27],
and also on external factors such as temperatigetrie or magnetic fields.
Because of optical birefringence in the fibre, theo orthogonal modes
experience different refractive indices, resulting different propagation
constants, and therefore, with different group eiles, referred to as differential
group delay. This random change of birefringenoa@lthe fibre length results in
random coupling of modes, and leads to pulse distoand system impairments

that limit the transmission capacity of the fib&f]. A single mode fibre can be
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modelled as a concatenation of short fibre sectiwhgch are assumed to be short
enough that any perturbations acting on them arestaat over their entire
individual lengths [28]. In the frequency domairMIP manifests itself as the
frequency dependant variation of the SOP at the fdection output for a fixed
input polarisation [29], whereas, in the time domahere is a mean time delay of
a pulse traversing the fibre which is a functiontloé polarisation of the input
pulse. Furthermore, the amount of change in tharjgaltion is a function of the

wavelength.
1.3. Applications of polarisation mode convertors

PMCs are used mainly for polarisation manipulateomd control in a
diverse range of applications including polarimgB], metrology [31], time of
flight [32] and optical communication systems. PM&Es important for networks
developed to transmit information with GHz rates. dpplications such as the
polarisation division multiplexer (PDM) [8], a trewerse magnetic (TM) polarised
signal (with the electrical vector normal to thane of the wafer) is desired at the
output. This can be obtained by fabricating a PM&hatithically integrated with
a semiconductor laser all upon an active wavegurdderial. A schematic

diagram of this arrangement is shown in Figure 1.3.

i
;
; Laser
H

Figure 1.3: A schematic diagram of integrated semdactor laser with PMC to

establish a TM polarised output signal.

In the majority of semiconductor based lasers,ethera gain difference
between the transverse electric (TE) mode, withatectrical vector orientated in
the plane of the wafer, and the orthogonal TM moides difference is due to

quantum mechanical selection rules linked to thergy levels of heavy holes
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(hh) and light holes (Ih) in the semiconductorsamae band. This mechanism is
explored more fully in subsequent sections. Funioee, SOAs typically operate
in the TE mode and there are various losses (@agpling inter-faces) and
additional noise in SOAs represents a power perfaityheir operation. Several
techniques to overcome the gain difference, indgdhe use of waveguides with
different cross-sectional designs [33, 34] andrsdclayer materials [35-38] have
been reported. Other techniques, where semicondaptecal amplifiers (SOAS)
are placed either in parallel or in series with PAME eliminate the gain difference
have also been reported [39, 40] and schematicatiag) of these techniques are

shown in Figure 1.4.

TE/TM

Polarisation

splitter TE/TM
TE

SOA1
TM—TE
TE—TM
TM—TE
SOA SOA
SOA2
TE—TM
TE—TM
TM—TE
TE
TE/TM

Polarisation

combiner
TE/TM

(a) (b)

Figure 1.4: Schematic diagrams of two possible igondtions of integrated
polarisation independent amplifier circuit struetsir(a) parallel and (b) series.

In the parallel structure arrangement (Figure &), (the incident signal
first passes through the polarisation splitter snsplit into TE and TM polarised

components. The TE component is directly coupleith WIOA for amplification,

6
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whereas, in the other branch, the TM component fiasses through a 90° PMC
converting it to the TE polarisation. Thereon, ti& component passes through
SOA for amplification and is again converted, b&@k'M via second 90° PMC.
Both amplified components are then re-combinedutpnca polarisation combiner

to give the same SOP as at the input.

In the series structure arrangement (Figure 1.4 @oth TE and TM
components pass through the structure. The TE coempoof the signal is
amplified in the first SOA, whereas, the TM compaineemains unaffected. In
order to obtain equal gain in both the TE and TWhponents, PMC is inserted,
which rotates both the components by 90°. The sk&DA now amplifies the
TM rotated TE signal, whereas, the TE rotated to ddvhponent passes through
unaffected. A second 90° PMC then converts bothctimeponents back to their
original SOP. Both techniques by using PMCs in |perar in series with SOAs

help to attain polarisation independence.

Polarisation dependent effects can also be coettailing the polarisation
diversity scheme proposed by Barwicz et al. [41] ifdegrated devices (Figure

1.5). This scheme also helps to attain polarisatidependence.

™ ~»PMC TE

Polarisation
combiner

Polarisation
splitter

Identical

TM/TE TE/TM

1E

Figure 1.5: Integrated polarisation diversity sclddi].

In this scheme, an incident signal is split inte ttvo orthogonal TE and
TM components via a polarisation splitter. The Thnponent is rotated into a
TE state when it passes through the 90° PMC. Thedrponents travelling in
each branch then pass through two identical photstiuctures, which are TE
polarisation sensitive. The original TE componemtthe lower branch is then
converted to TM using a 90° PMC to avoid from aypet of interference during
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recombination of the signal through the polarisatombiner at the output of the

device. This scheme is suggested to avoid anydf/fabrication imperfections.

Integrated optical isolators are also a potentmdliaation of PMCs (or
polarisation rotators). Optical sources which aable with narrow linewidths are
desired in integrated optical circuits. These sesimust be free from the injection
noise that arises as a result of emitted radiatibas are reflected back into the
laser cavity [42-49]. Bulk isolators [50] based the magneto-optic Faraday
effect [18] have been realised and are in genesaltaday, however, they are
bulky and add cost to systems due to intricate nalignt requirements.
Furthermore, the gyrotropic media are requireceadising magneto optic isolator
devices. Monolithically integrated isolators areerefore, highly desirable, and
initial demonstrations of such devices have beeteresting [51-53]. The

functionality of the isolators is illustrated ingeire 1.6.

TE forward

.............................................................

3B ©_ TE reflected
4 4 <t—

Figure 1.6: A schematic diagram of the functioryatit an integrated optical

isolator fabricated monolithically.

The device shown in Figure 1.6 is formed using a ddorber [54] with
non-reciprocal [55, 56] and reciprocal [57, 58]atain sections. Here, each

rotation section rotates the SOP of incoming sidpyadin angle of 45°.

Semiconductor hetero-structure lasers predominagetit TE polarised
light. This emitted signal passes through the Tidoaber, then the non-reciprocal
and reciprocal rotation sections. The TE signalemgdes a non-reciprocal 45°
rotation, followed by a -45° reciprocal rotatiomu$ cancelling the imparted
polarisations, and returns the polarisation to atgjinal state. Hence, in the

forward propagation direction, a TE signal is eedtiat the output facet of the

8
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device. Any reflection of this signal back into tbetput facet of the device,
undergoes a combined rotation (of 90°) from the twtation sections and
becomes a TM polarised signal. This TM signal ientrabsorbed by the TM
absorber and no light travels back to the inpudras

PMCs are also used as wave plates or retardataiasplif the PMCs are
fabricated such that the phase difference betweemwo orthogonal components
TE and TM fields becomer (or 180°), which corresponds to one half of the
wavelength @ /2) the PMC is referred to as a half wave plate. riskgively, if
the phase difference becomag 2 (or 90°), corresponding to one quarter of the
wavelength @/ 4) the PMC is referred to as a quarter wave plates& concepts

are explained further in the next chapter.

Due to the increasing requirement for the polaosatcontrol, it is,
therefore the intention of this study to desigtyileate and test various integrated
polarisation control techniques/technologies.

1.4. Thesis outline

The remainder of this thesis is compiled as follows

Chapter 2 explains the basic theory of semiconductor mdteriasers and
semiconductor optical amplifiers (SOAs). An ovewieof semiconductor
properties - including bulk, quantum well and steal quantum well materials -,
is presented. The theory of direct and indirectdsgap transitions and the effects
of heavy and light hole transitions upon resultaiarisation states, and
polarisation insensitive devices, are presented @xplained. The governing
equations behind the functionality of PMCs basedstoactural birefringence are
also reviewed. The chapter finishes with a detaitediew of the major

contributions towards the realisation of integra@ddCs.

Chapter 3 provides an overview of the fabrication technoésgused throughout
this investigation. This includes electron-beam phdto-lithographic techniques
and dry etch processing. A complete overview ofriéion processes is
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presented, which starts from cleaning of the waflrough dry etching and

metallisation lift off techniques.

Chapter 4 covers the characterisation of the GaAs/AlGaAsematbased device
used in this research. The methods for materialracberisation including
transmission line measurement (TLM) and charae®os of ridge waveguide
based lasers are presented. Furthermore, Fabry-Reser (FPL) design,
optimisation, realisation and characterisation agplained. The active

semiconductor material properties, such as, trenat quantum efficiencyrf ),
internal loss &i), threshold current densityd() and the modal optical gairgf)

of the devices, are presented. The optical specanarihe far-field measurements

are also discussed in this chapter.

Chapter 5 demonstrates the principle design and optimisatiabrication and
characterisation of a single trench and single estchassive PMC - obtained
through the use of the reactive ion etch (RIE)tedhnique. The characteristics of
integrated devices fabricated in the GaAs/AlGaAstemia system are also
presented. Device structures designed with botp dee shallow etched regions
for active device functionality are discussed. Theults obtained through the
characterisation of fabricated devices are predente

Chapter 6 describes the structure of the InP/AlGalnAs matesiystem with a

brief description of the epitaxial layers and thendé diagram. The structures
devised for the realisation of the devices usingingle PMC and back-to-back
PMCs integrated with semiconductor lasers are ptedewith discussion of their
modelling and optimisation. The characterisatiord aneasurement of these
devices, including transparency current, opticactium and polarisation mode
conversion efficiency, is reviewed. Furthermore ttynamic polarisation control
of incoming signals and the temporal response ef ghlarisation modulation

using a function generator are presented. The nsgpof these devices when
applying electrical binary input data and the cgprnding optical output pulse
trains obtained are also presented, including figa Bpeed modulation of the

polarisation at 300 Mbps.

10
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Finally, conclusions and the recommendations fer ftiture work are given in
Chapter 7.

Table 1.1: Resource distribution map.

Activities Author’s involvement

Ridge waveguide lasers

Design and optimisation Complete
Device fabrication Complete
Characterisation Complete

Polarisation mode convertors
(GaAs/AlGaAs)

Material design -

Modelling and design complete
Fabrication complete
Characterisation complete
Fabrication process optimisation Complete

Active Polarisation mode convertors
(InP/AlGalnAs)

Material design -

Modelling and design complete
Fabrication -
Characterisation complete

In this research work, a design of PMC with siniggaich was made. This
trench helps to rotate the optical axis of the Ptd@ttain 50 % (half) or 100 %

11
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(full) polarisation mode conversion depending updme trench depth.
Additionally, a novel design by attaching two baolback PMCs to attain 100 %
polarisation mode conversion was devised. The deswgs also made for
integrated devices by incorporating a single anol BMCs with a semiconductor
laser, and a differential phase shifter sectionesehintegrated devices were
fabricated for the first time on GaAs/AlGaAs an®lAllInGaAs material systems.
A dynamic polarisation control was achieved withgée PMC devices and high
speed polarisation modulation was attained at 3@p3ylwhich is absolutely a

novel aspect of the work in this thesis.

12
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Chapter 2

Theoretical background

and literature review

2.1. Introduction

In this chapter, a review of semiconductor materigded throughout the
investigation including bulk, quantum well and siel quantum well materials,
are discussed. Further, semiconductor optical diendli (SOAs), which most
aptly demonstrate the requirement for polarisationtrol in integrated optical
circuits and photonic integrated circuits (PICs)e apresented. Thereon,
polarisation mode convertor theory and a reviewnadjor contributions in

realisation of PMCs, are provided.
2.2. Material aspects

The field of optoelectronics is based principallgon the interactions
between light and electrons within the materialsodlgh which the light is
propagating. To ascertain the behaviour of optbedac materials and their
characteristics, the fundamental principles of semiluctor physics are of great
significance. In the next sections, a review of isemductor materials including

bulk, quantum well (QW) and strained quantum wedkenials are presented.
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2.2.1. Semiconductor materials

The study of semiconductor materials started in ¢lagely nineteenth
century [1] and over the years many semiconduct@terials have been
investigated. The elemental semiconductors, whiolh @omposed of single
species of atoms, are found to be in group 1V efghriodic table like Silicon (Si)
and Germanium (Ge) [2, 3]. However, compound sendaotors, which are
composed of two or more elements, can be found fyooap 11l and group V of
periodic table like GaAs, GaP, AlGaAs, InGaAsP e@ther compound
semiconductors belong to group Il and group VIt periodic table like ZnS,
ZnTe, CdS etc [4].

For a llI-V compound semiconductor such as GaAg Ghllium (Ga) and
Arsenic (As) atoms form a zincblende structure wWwhiconsists of two
interpenetrating face centred cubic lattices inclvhone belongs to group Il

atoms (Ga) and the other to group V atoms (Ashaw/s in Figure 2.1.

Figure 2.1: A schematic diagram of a GaAs zinc-tiestructure.

The simplified planar bond structure [5, 6] of Gaashown in Figure 2.2
(@) and (b).
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: : O
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(a) (b)
Figure 2.2:(a) A planar bond structure of GaAs lattice showtimg two valance

electrons shared by a Ga and an As atom and (b)é structure showing a

broken bond due to the absorption of a photon aiérgy above the band-gap.

Here, each bond between adjacent atoms is indicaidd two dots
representing two valance electrons. These valatemrens are contributed by
both Ga and As atoms. The bond structure shownguar& 2.2 (a) clarifies that
each Ga atom is connected to four nearby As atoaksnm four valance bonds. If
there is no broken bond, this implies that therk lvg no free electrons available
for conduction in the conduction band. The energpdodiagram is shown in
Figure 2.3. HereEc and Ev are the energies at the conduction and valancg ban
edges respectively, whereas, the difference betweetwo is defined as the band

gap energyEg and is given by equation 2.1.

Eg =E-B&
2.1
N Energy Empty B
kg
Ev
Full

Figure 2.3: Energy-band diagram in real space.
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When an incident photon with an optical enefgy, equal to or greater
than the band-gap energfg, strikes the semiconductor material, optical
absorption can occur. This absorption of the photay break the valance bond
and generate an electron-hole pair. This phenomendiustrated in Figure 2.4
where a dot represents a free electron propagatirthe conduction band by

leaving a hole in the valance band. Here, a halepeesented by the empty circle.

AEmergy . Empty Ec
Photon
Eg ’V\'P
Eg=hv
& Ev
Full

Figure 2.4: The energy-band diagram showing theggrevels of the electron
and the hole when an incident photon having opgoalrgy, equal to or greater
than the band-gap energy strikes the semicondociterial.

If an electron in the conduction band recombineth whe hole in the
valance band, the excess energy emerges in thedbanphoton. This process is
referred to as spontaneous emission. Similarlynifthe presence of a photon
propagating in the semiconductor with the electrionthe conduction band and
the holes in the valence band, the photon may &muhe downward transition
of the electron from the conduction band to theaneé band and emit another
photon, in phase with the incident photon and equahergy in a process referred
to as stimulated emission.

Semiconductor materials are generally charactetisetheir energy-band

structures, such as direct band-gap or indirectlggp as shown in Figure 2.5.

In direct band-gap materials (Figure 2.5 (a)), alecteon-hole
recombination occurs directly without the need afy agphonon (or lattice
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vibration) whereas in indirect band-gap materidgre 2.5 (b), phonons (or

lattice vibrations) are needed for an electron—Ipalie to recombine [4].

Energy (E)

E
A L’
Momentum (k)
IEg hv=FEg IE.? §
>

/T

(a) (b)

Figure 2.5: Energy-momentum diagram of (a) directddgap material and (b)

indirect band-gap material.

Direct band-gap materials are the most suitable effidient ones for
optoelectronic device fabrication. As there is m@ah of momentum change for
excited electrons to recombine, most of the ingkatarriers contribute for light
(photon) generation in a direct recombination psscé herefore, the direct band-
gap materials are preferred for making LEDs and ERS. These materials are
suitable light emitters through recombination psscéut also, as absorption of
photons, causes electron-hole pairs generatiosetlban also be used as light
detectors. The indirect band-gap materials (suckil&a®n) are used as detectors
and in fabrication of solar cells, as they are lidssly to re-emit the absorbed
light.
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Energy (E)

Momentum (k)
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/ //\\\\ Heavy hole band
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Figure 2.6: Energy-band structure of a direct bgad-semiconductor

material.
2.2.2. Bulk material properties

The material used in the active region of any sendactor material
determines its gain, operational properties andraglteristics. Semiconductor
materials with an active region with dimensionsngigantly larger than the

deBroglie wavelengthAs =h/ p) are called bulk materials. This wavelength is
associated to the momentunp) of a particle and represents wave-particle

duality. The active region of the bulk materialgrswn using the direct band-gap
materials where the top of the valance band andotdttom of the conduction
band energies have the same momentum vector asshdvigure 2.6. Here, the
probability of radiative transitions from the comtion band to the valance band
is much greater than the indirect band-gap materlal Figure 2.6, there is one
conduction band and three valance bands showneNaknce bands represent
heavy hole (hh), light hole (Ih) and split off (dmgnds.
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The heavy and light hole bands are degenerateeatothof both bands
have the same energy level and momentum. The erddrgyn electron at the
bottom of the conduction band and the energy ohtile at the top of the valance
band, is given by equations 2.2 and 2.3, respdygtive

21,2
Ea:ﬂ
2me

2.2
21,2
Eb :ﬂ
2my

2.3

Where i is the reduced Planks constant, which is equa/@77, K is
the magnitude of the momentum vector and, and mv are the effective masses

of the electron and the hole in the conduction\aaldnce bands, respectively.

The concept of density of states plays an importai¢ in optical
absorption and gain processes in semiconductoesdé&hsity of allowed electron

states {0c) and occupation probabilityf¢) of an electron, with energfg in the

conduction band, is given by equations 2.4 and 2.5.

1 | 2mc 32 12
w0 | 2] ¢
2.4
B e ge
o 1T
2.5

where E«c is the quasi fermi level of the conduction banthwespect to

the bottom of the band is the Boltzmann constant afld is the temperature.
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The Fermi level is a reference energy level at Wwhine probability of occupation
by an electron is one half. Its position/placementthe semiconductor energy-

band diagram depends upon the doping concentraticthe material.

The total electron densityn() can be calculated by taking the integral over
all the allowable energies, of the product of dignef states and the occupation
probability of those states, given by equation 2.6.

dE

:i{ﬂflzj &
2772 hz 01+e[(E_EfC)/kT}
2.6

Similarly the hole density in the valance banp)(can be given by

equation 2.7.

2.
{ 2mvT/ g2

I e[Efv— /kT

2.7

The electron and hole densities may then be usedltulate the optical

gain of the material.
2.2.3. Quantum well material

Herbert Kroemer [7] was the first to propose in 39€hat population
inversion could be remarkably enhanced in laseased on hetero-junctions. By
incorporating a smaller layer of direct band-gapenal like GaAs into the two
larger band-gap layers of a material like AlAs,reas can be confined in the
lower band-gap area and lasing can occur with loeshold currents at the room

temperature [8].

Later, it was further investigated and discoveltet the band-gap can be
controlled by making very thin layers in the actnegion. These thin layers are
called quantum wells and are generally between 2LGonm of thickness.
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Electrons or holes can be confined in the direcp@npendicular to the layer
surface, although their movement cannot be conlipldikocked in the other
directions. This confinement is a quantum effectl dxas deep effect on the
density of states which becomes constant withitaoerenergy levels in the
quantum wells. A typical energy-density of statésgchm for the quantum well

and the bulk material is shown in Figure 2.7.

. Quantum-well

Density of states
S

4
-
Energy =

Figure 2.7: Energy-density of states for quanturii ared bulk semiconductors.

The band-gap energy between the conduction bandhendalence band
can be controlled by the thickness of the welkdh be increased by narrowing
the well, resultantly the wavelength is reduceder€fore, by changing the
thickness of the quantum well, the emitted wavelerngn be altered in quantum

well materials.

Quantum wells structures can be grown using modeystal growth
techniques [9], such as molecular beam epitaxy (M&Enetal organic chemical
vapor deposition (MOCVD). The details of these giowechniques are not
explained in detail due to being beyond the scdpthis work. Electrons and
holes can both be confined in these wells, and @ceslectron or a hole is
captured in the well, the probability that it caatape from this well becomes very

low leading to more likelihood of recombination.

The energy band model for a single quantum well\@Q@ shown in

Figure 2.8. Here, two type of holes, hh and Ih giesent in the valence band.
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During recombination process, the electrons incthreduction band, and the holes
in the valence band, recombine, resulting in thassion of a photon. This
emission of a photon occurs, when the conditiodegfeneracy is satisfied, which
is defined as a state at which the energy and thmentum of a heavy and light
hole are the same. When the holes are not at dederstate, they will emit more
TE or TM depending upon their position in the vakand. If hh is closer to the
conduction band, then TE will be more dominant thi&hand vice versa.

CB . L R i k
A ik il TO——— AEc
EcO }- ? TETTUTURPITRTRYr J
Photon “E
Energy g
i EgB

EhhO ':'Z'?I':':'Z'I'Z'Z'Z':Elh()
2417 e—— - AEv

VB Ehh2 ........................ | !

Barrier Well Barrier

Figure 2.8: Energy band model for a single quanieth.

Barrier

CB /

Well /

Energy EgB

VB v

Figure 2.9: A schematic multi guantum well energnd diagram.

A multi quantum well (MQW) material can also beriahted by stacking
well and barrier layers (as shown in Figure 2.9eyl have higher optical and
carrier confinement due to the multi quantum welés compared to the SQW

material. The optical confinement factor of SQW elggs upon the thickness of
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the well and the refractive indices of the well ahd barrier regions. Therefore,

using multi-quantum wells, more confinement carob&ined. The confinement
factor of MQW can be given aBmow = N sqw, where Nw is the number of
wells and 'sqw is a SQW confinement factor. Furthermore, quantweil

materials have wider optical bandwidth and highatuation output powers

compared to bulk material devices.
2.2.4. Strained quantum well materials

Quantum well materials can be classified un-stchine strained
depending upon their growth. The gain coefficiemt the un-strained quantum
well is very polarisation dependent. This is duethe fact that the optically
induced transitions from the conduction band tohbavy hole valance band are
more favourable, i.e. more TE polarised light ttfaa TM polarised light, whereas
the transitions from the conduction band to thatligole valance band, which are
more favourable to the TM polarised light, are Isgmificant. Induced strain in

the quantum well materials can control the poléisasensitivity to some extent.

Strained layer super lattices [10, 11] have beegreét interest since the
early 1980s. It has been demonstrated that theriaapoperties like lattice
constant, band-gap and perpendicular transportteféfemass can be altered by
inducing strain within the semiconductor materi&@gain is induced in quantum
well structures when the lattice parameter of thiestrate does not match with the
lattice parameter of the deposited layer, which tnlusrefore deform in order for
the two lattices to match with each other. Manyli@ppions of strained super
lattices including long wavelength detectors [1hH asemiconductor lasers [12]
have been demonstrated. It has been shown thatestrkattice material devices
have superior performance in terms of polarisasensitivity as compared to un-
strained or conventional devices [13, 14]. Two &/pé strains, compressive and
tensile can be induced in the semiconductor madgeride effect upon the band
diagram of the un-strained, compressive and tessiéen quantum well materials

is shown in Figure 2.10.
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Figure 2.10: Band-edge profile for the compressivained, un-strained and

tensile strained quantum wells.

Strain induces a shift ddEc in the conduction band edge afdEn and
OEn in the heavy and light hole band edges respegtiweghich are given by
[15].

OEc = _ac(zgxx+ 52%

2.8

OEnn = av( 26+ €29 + b€ x € 2}
2.9

OEn = a(26x+ £27 = b€ 0 £ 2)
2.10

where
Exx = @~ a and £z = —ZEé‘xx
a Cu

In the above equation®c, av and b are the conduction band, valance
band and shear deformation potentials respectivelyand ao are the well and

the barrier lattice constants respectivefyia and Ci2 are the shear elastic

coefficients, respectively.
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The value of these parameters and the effectivesesasf the electron and

the hole depends upon the composition of the wellthe barrier materials.

In compressive strained quantum wells, the healy band edge is closer
to the conduction band edge than the light holedbaaige, which leads to the
more TE gain than TM gain. Conversely, in tenstl@ised quantum wells, the
situation is reversed and the light hole band isébto be closer to the conduction
band edge than the heavy hole band, which leag®te TM gain than TE gain in
the material. In these materials, TE and TM ganesdifficult to equalise, so it is
hard to get polarisation insensitive gain. Polaiggainsensitive devices can also
be fabricated by inducing compressive and tensilEns in a single layer or by
using the strain effects in the barrier layers lo¢ tguantum well materials.
However, it is very difficult to achieve in praci¢16-18].

When strain is induced in the material (either cosapive or tensile), the
cubic symmetry of the lattice is disturbed, whidsults in the removal of the
degeneracy of the heavy and light hole bands. Duarge strain, hole effective
mass is significantly reduced [18-22] along witle ttensity of states [22, 23]. In
this research work, InP/AlGalnAs material, whiclegwminantly emits TE light,

is used. This is a strained material, and desciibeetail in chapter 6.
2.3. Semiconductor optical amplifiers

Semiconductor optical amplifiers (SOAs), most aptlgmonstrate the
requirement for polarisation control in integrategtical circuits and photonic
integrated circuits. These are fabricated in acthagia; the structures include a
waveguide within a semiconductor gain medium. InS@A, the injected signal
propagates in the waveguide and is amplified thinostgmulated emission. This
amplification process is referred to as a gain,clwhs achieved by inducing a
population inversion in the active region of theveguide using electrical
pumping. As to the author's knowledge, the higlgash obtained in quantum dot
SOAs is 18 dB at 1300 nm wavelength [24]. The d#fe SOA structures
available today are based on the semiconductordpuble hetero-structures,

providing carrier confinement and optical guiding.
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Early studies on SOAs were carried out in the 196Q’ the time when
semiconductor lasers were first introduced. Lageweral different types of SOA
were demonstrated, in 1970's and 1980’s [25-28]iclwloperated at 830 nm,
1300 nm and 1550 nm wavelengths [29]. Initially, AOwere fabricated with
asymmetrical waveguide structures having large rigalion sensitive gains.
However, later (in 1989) SOAs with much reducedapsétion sensitivities [30]
were fabricated with symmetrical waveguide struesulOnwards development in
SOA design and fabrication progressed with advamte®materials, fabrication
technologies and devices (photonic integrated gx;uo a point where reliable
and cost effective devices became available forinseptical communication

systems.

In SOASs, optical feedback and polarisation inséngitare the two main
challenges to accept them as practical amplifieing. former is due to reflections
at the cleaved facets, resulting in high gain rédacin the cavity resonance of
the SOA. Therefore it is desirable to design SQAsuppress the reflections from
the end facets, and the facet reflectivities shaatisfy the condition given in
equation 2.11 [31].

GVRR<0.17
2.11

Where G is the single pass amplification factor, aRd and R:are the

power reflection coefficients at the input and adtfacets, respectively.

Polarisation sensitivity is another un-desirablatdee of early SOAs, as
the state of polarisation of the input signal vamnandomly with time. Due to this,
different amplifier gains appear for the transvestetric (TE) and the transverse
magnetic (TM) modes of the semiconductor wavegustieictures. Different
techniques are employed to realise polarisationepeddent SOAs. These
techniques include square cross section [32-35fidge waveguides [36] or
strained layer super-lattice materials [16, 37-3%]e strain induced in the layers
of the active region of the waveguide has a strefigct, and this is used to

control the polarisation. TE and TM confinementtéas are equalised by the
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effects of compressive and tensile strains eithethe quantum well layers or
barrier layers (as described in previous sectidnghis research work, SOAs are
used in integrated devices which act as differémiase shifter (DPS), and are
further described in chapter 6.

2.4. Polarisation mode convertors theory

2.4.1. Maxwell's Equations

In optics, classical and quantum theories are beadks. In classical
theory, the behaviour of light is considered inrerof electromagnetic fields and
waves. Here, absorption and emissions have no tanpme and, therefore, it is
suitable for use, in modelling passive compone@tsgantum theory describes that
the light is composed of photons and exchange efggnoccurs when photons

interact with electrons. This theory is largely kgxqbto active components [40].

The laws of electricity and magnetism, in classtbabry, are described by
Maxwell's equations. These equations are the ewymrial verification of the
existing theories of current and magnetism and igeothe relations of different
quantities describing the electric and magnetiki§ieThese quantities are electric
displacement vectoD, electric field strengthE, magnetic flux densityB,
magnetic field strengthl and current density.

Maxwell’'s equations in differential form and in éespace are given in
equations 2.12 to 2.15.

LD = pr
2.12
OB =0
2.13
e =2
2.14
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UxH =Js +0_D
ot

2.15

In the above equationg: is the volume density of free charges ahdis

the current density. These equations 2.12, 2.1B} and 2.15 are also called
Gauss’s law, Gauss’s law for magnetism, Faradagis bf induction and

Ampere’s law (with Maxwell’s correction), respedly [40].
2.4.2. Wave Equations

A prominent feature of Maxwell's equations is teegict the presence of
harmonically varying electric and magnetic fieldshich are also known as
electromagnetic waves. Wave equations can be dkebyethe assumptions that
neither any currenl nor any chargeg are present, and assuming non magnetic
material ft = up) wheregy is the permeability of the free space, whichris 4’

V-s/(A-m).

If we putD = €E andB = yoH in equations 2.14 and 2.15 then there will

be only two variableg€ andH. Here,€ is the permittivity of the material and is
equal to&o&r , where £o is the permittivity of free space (8.85 x f0F/m) and
&r is relative permittivity of the material, which usity for free space. By taking

the curl (vectorial operator) of equation 2.14i@lds

0B
Ox(OxE) =0x (—
X(OxE) =0x(-—-)

0(LloH

- —,L/o%(DXH)

- w2(2)
ot\ ot
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0°D
ot’

= -/jo

2.16

By using the following standard vector quantitystmplify equation 2.16
Ox(OxF)=0(0 [IF)—DZF

2.17

Here, the operatol] is a gradient of the scalar functign, and 0% is a

Laplacian and both are defined in Cartesian coatdsgiven in equations 2.18
and 2.19.

D¢:‘;—fi +‘2_‘;j +‘3_4;’k

2.18
0 = 9° N 9° N 9°
x> ay* 07

2.19

Using equations 2.18 and 2.19, equation 2.16 caedeed to
0(0 &) -0°E=-100?(£E)/0t?
2.20

This equation 2.20 is known as the wave equatiothi® electric fielcE.

If the medium is homogeneous and isotropic, therena charge and

assuming thag is not time dependent then equation 2.20 can\Ends

0°E
DZE:/JO‘E‘?

2.21
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This equation 2.21 is called the vector wave equafdr the electric field

Similarly the vector wave equation for the magnéétd H can be derived
which is given as
2

0
O°H=poe pYe

2.22

The time independent wave equations for the etedteld E and the
magnetic fieldsH can also be derived from the aforementioned wanmtons,

which are given in equations 2.23 and 2.24.
O°E+a/ tocE =0
2.23
O0°H + aw/’togH =0
2.24

These equations 2.23 and 2.24 are also applicabléhé electric and
magnetic fields oscillating with a single anguledquencyw [40].

2.4.3. Plane waves

The simplest solution to the wave equation (Helnthaquation) is
represented by a plane wave. A plane wave is a,wavase surfaces of constant
phase are infinite planes, perpendicular to thection of propagation. Figure

2.11 shows the geometry of the plane wave traxglhrthe +z direction.
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Propagation direction
z

. -
> Ll

Phase fronts

Figure 2.11: The geometry of a plane wave travglim+z direction.

From Figure 2.11, it can be observed that the figdation is in the z
direction, and there are no field quantities vagyin x and y directions. i.e.
0/0x=0/0y=0. For simplicity, it is possible to consider theic field to
have only a single component, i.e. in the x dimttiThen equation 2.23 can be
written in a scalar equation, which is

d’Ex
dz

+ af flog =0
2.25

After derivation, this equation has a solutionhe form, which is given as

Ex= B &
2.26

N
where Ex is a constant. By directly substituting this, quation 2.25, this

is valid for wave numbeli], provided

k= afphog)"?

2.27
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Therefore, the full solution in the time variatifor forward propagating

waves can be given as

Ex= B /()]
2.28

The wave numbek] can be expressed as

k=277

2.29

Here, A is a wavelength, representing the distance sépgratanes of
equal phase as shown in Figure 2.11.

The velocity of the wave, which is referred to &s phase velocity, is

sz%

given by

2.30

From equation 2.27, the phase velocity can be tzbku using equation

2.30, thus
V= /%uoe)’/z

After putting values ofyy and &o in equation 2.31, phase velocity is

2.31

obtained 3 x 1% m/s, which is equivalent to the velocity of ligft). This is a

major success of Maxwell's equations.
2.4.4. Polarisation

Light is a transverse electromagnetic wave whegeetctric and magnetic
field vectors oscillate at right angles to eacheottBy virtue of its transverse

character, light can be polarised, such that thkl frectors assume an ordered
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arrangement in space and time. For linear poléoisathe electric field vectors all
lie in a well-defined plane called the plane ofagation. The magnetic field
vectors then lie in an orthogonal plane. The preadgransforming un-polarised
light into polarised light is known as polarisatidhthe electric field of a plane
wave in vacuum propagates in the z direction timennbost general form of the

electromagnetic wave is given in equation 2.32.[40]
£ = Bl (@ k2t @, g cl@t-kzr gy,

2.32
where g« and @y are constant arbitrary phase factors. The polais@f

the resulting wave mainly depends upon the valfidsxqg Ey, ¢k, and gy .

If the magnitude of the electric field vector isnstant in the x and y
directions and there is no change in the phasespi=¢@y, then the polarisation

is linear polarisation and can be expressed mattieatig as

E = Eoel (¢ TK2+9)

2.33
where Eo =[ Ed + Ej]
In equation 2.33, the direction of the electriddigector is independent of

time and space, therefore it is defined by a newtore Eo. Eo is the vectorial

sum of Ex and Eyj as shown in Figure 2.12. In linear polarisatidre tlirection

of the electric field vectoEo gives the direction of polarisation.
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Figure 2.12: Construction of the polarisation vecto

But if there is a change in the phases suchgias @y + 77/ 2 and no

change in the magnitude of the electric field vestthen the polarisation is said
to be circular polarised (left hand or right haadil mathematically expressed as

j(at —kz+ @) ej(a)t— kz+ @+ 71/ 2)j

E = Eoe i + Bo
2.34
where Eo =[ Ed + Ej]

When both the phase and the magnitude of the ieldietid vectors are not
equal then the polarisation described as ellippoddrisation.

Schematic representations of linear, right circulaft circular, right

elliptical and left elliptical polarisations liglare shown in Figure 2.13.
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(a) (b) (©)

' 3 S

Ex=FEy=Constant

Phase=0 Ex=Ey Ex=Ey

Phase=n/2 Phase=-n/2

(d) (e

Ex+#Ey Ex+Ey
Phase=m/4 Phase=-n/4

Figure 2.13: Schematic representations of polafighis (a) linear (b) right
circular (c) left circular (d) right elliptical an@) left elliptical.

2.4.5. Birefringence

The relative permittivity §) of a crystal (material) mainly depends upon
its electronic polarisability, which involves thdsplacement of electrons in
various directions of the material. This changeiin various crystal directions
means that the refractive index of the materialedels upon the direction of the
electric field in the propagating light. Consequgnthe velocity of light in the
material depends upon the direction of propagadimh the state of polarisation of
the light.

Generally, the propagation of light through crystaan be described in
terms of the materials refractive indices, whicle aeferred to as principle
refractive indicesn;, n, and nz along three directions x, y and z, respectively.
These directions are mutually orthogonal to eadkertDepending upon the
lattice structures of the crystallographic materitthese structures can be

categorized in terms of their optical propertie8][4These can be cubic, uniaxial
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or biaxial structures. In cubic crystal structutee atomic lengths of the three unit
cell dimensions are equal. Therefogg,is the same in all the three directions,
resultantly the refractive indices are the same, n;- n,- n3. These types of
crystals are called isotropic crystals. In uniaxiglstal structures, there are two
identical and one unique unit cell dimensions. €fae, the relative permittivity
components are the same in two directions, althoulfferent in the third
direction. This results in two identical refractivelices and one unique refractive
index, i.e.n;= Ny N3 In biaxial crystal structures, the unit cell dirsemns are not
the same in all three directions resulting in thiifferent &, components.
Resultantly, there are three different refractivelices, i.e.ny: ny: nz. This
phenomenon, in which changes in refractive indioesur, is referred to as

birefringence.

When light passes through any uniaxial materiatietomposes into two
orthogonally polarised rays, which travel with difént phase velocities, as they
experience different refractive indices. These tpalarised rays are called
ordinary ray and extraordinary ray. The ordinary has the same phase velocity
in all directions and the field is perpendicularthe phase propagation direction,
whereas, the extraordinary ray has a phase velodiigh depends upon the

direction of propagation and its state of polarsat

In waveguides, these two different rays are knowi& and TM modes.
This division of modes (Birefringence) is due tootdissimilar refractive indices
for different polarisations to the material witimgle axis of anisotropy. Therefore,

the birefringence magnitude is defined as
AN=n—no
2.35

Wherene andno are the refractive indices for polarisations padgeular
(ordinary) and parallel (extraordinary) to the agfsanisotropy respectively (in

waveguides this becoma3E andnTM).
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Mainly, the materials used in integrated optics hesed on isotropic
materials like GaAs, InP or Si. These isotropic enats can be converted into
anisotropic by applying electric or magnetic fieldsechanical stress or changing
the waveguide cross-section geometry. Thereforeglalisation of passive PMCs
in integrated form, form birefringence [41], which also known as a shape or
geometrical birefringence, is introduced. This éhiaved by different techniques
including slanted side walls and sub-wavelength ta@nches. The detalil
description of these techniques is given in thesegbent sections.

2.4.6. Retardation

The phase velocity in the material is given @én, where C is the
velocity of light andn is the refractive index. The perpendicular (ordyhand
parallel (extraordinary) beams to the optical akigvel at different phase
velocities in the waveguides, where relative toheather, one is slow and the
other is fast, depending upon the refractive ingliokthe respective paths. The
axis which has lower refractive index is referredas the fast axis, whereas the
other is referred to as the slow axis (in uniaxmterial). When these two light
components emanate from the waveguide, their velgthases have been shifted.
This phenomenon is called retardation and is the&sbfr the construction of
wave plates. A schematic diagram of a retardeepsashown in Figure 2.14.

y= Slow axis ' _
Optical axis

He
Er E d Ex
o) : T
. DL
Er| i E:
o
x= Fast axis

Figure 2.14: A retarder plate.
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In Figure 2.14, the optical axis (y-axis) is paehtb the plate face. When
linearly polarised light is incident on the plaseé, the field parallel to the optical
axis (H/) travels as an extraordinary wave, whereas the fierpendicular (E) to
the optical axis travels as an ordinary wave. Htre,extraordinary wave travels
slower than the ordinary wave sinoe>n,. Therefore, the optical axis is slower
for waves polarised parallel, and faster for wapekrised perpendicular to it.
When the beam comes out at the output side, thesevave components have
been phase shifted hg. This phase shifting depends upon the initial arggl of
E and the thickness of the crystal. Therefore, thial linear polarisation light
can be rotated or changed into circularly or attgty polarised light at the

output. This is summarized in Figure 2.15.

Input Output

4y 47
(a) Half waveplate
b=z
o o
XL XL
a=arbitrary

el s

(b) Quarter waveplate
@ =7/2 X

0<a<45"

45,
xL

u=45<2

"<
m
#
v

Figure 2.15: Input and output polarisations of itftrough (a) a half wave-plate
and (b) a quarter wave-plate.
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If the thickness of the plate (as shown in Figurg4® is d, then the
perpendicular (ordinary) beam to the optical axipetiences a phase change
@ = kod through the material wheréo is the wave-vector of the ordinary wave
and is given ako=kn =(277/A)n. Here, A is the wavelength of the free
space. Similarly, the parallel (extraordinary) be@nthe optical axis experiences
a phase change af: = (277/ A)ned through the material. Therefore, the phase

difference between these two components of thel@mtibeam is given as
2T
¢=ixxny—n®d

2.36

Equation 2.36 specifies that the resultant poladeadepends upon the
type of the material and its thicknesb. It should be noted that for actual
magnitudes, the phase differenge between the ordinary and extraordinary

components of the field determines the polarisastaite of the light.

If the phase differenc& between the two orthogonal components of the
field is 77 (180°), which corresponds to one half of the wawgtle (1/2) of
retardation, then the retarder is referred to dsald wave-plate. If the phase
difference @ is 77/ 2 (90°), this corresponds to the quarter of the \eagth (
Al4) of retardation and is referred to as a quarterea@ate [42, 43].

2.4.7. Electro-optic effects

When an external electric field is applied to aenat, the refractive index
of the material is changed, which alters the optpraperties of the material.
When an electric field is applied, it alters the vmment of electrons in the
material, and, therefore, a change in optical ptogse is observed. Hence
isotropic materials can become birefringent. Omeedlectric field is applied, the

refractive index of the material can be calculasd

Nn=n+aE+aB+.....
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2.37

Here, a1 and az are the linear and second order electro-opticficoefits
respectively. Higher order values of electric fi¢ld) are very small and can be

neglected. The variation of refractive index duehte first termE is called the

Pockels effect and due to the second t&fis called the Kerr effect in equation
2.37.

Electro-optic effects can be used for controllifg tphase, frequency,
amplitude or polarisation of the modulated bearelécttro-optic modulators. The
polarisation modulation is achieved by controllthg signal on the element using
the electro-optic effect, which can modulate thpuinbeam of light emanating
from the laser diode. This can be achieved updalwgrtz (GHz) rates [44].

2.4.8. Carrier induced effects

The refractive index of a quantum well material da changed by a
variation in carrier concentration. This occurs,ewhinteractions between the
carriers change the absorption band edge of therimkf45]. The main factors
which change the refractive index of the matematolving carrier injection are

band filling, band edge shrinkage and free caaieorption.

In band filling, which is also known as Burstein-84o effect, the
absorption for photon energies is reduced slighblgve the nominal band-gap of
the semiconductor material. This effect can be oese by doping the
semiconductors [46], due to which, the lower statethe conduction band in n-
type of the material and higher states in the \a@darand in p-type of the material
are filled. Therefore, a greater energy than theninal band-gap energy is
required when optically exciting electrons from thalance band to the
conduction band. Resultantly, the absorption cwiefit is decreased above the
nominal band-gap. This band filling effect occursedto the free carriers;
therefore, injection should be equivalent to dopeygept that injection will result
in band filling effects from both the electrons dmales [45]. The refractive index
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change due to carrier injection is largest forgheton energies near the band-gap

of the material as compared to energies far abobelow the nominal band-gap.

Bang-gap shrinkage (re-normalization) occurs whenihjected carriers
occupy the states at the bottom of the conductiandband at the top of the
valance band. When this concentration is quite ,high electron and the hole
wave functions overlap each other in the conductiand and the valence band,
respectively. Resultantly, a gas by interactingiplas is formed. These electrons
in the conduction band and holes in the valencel bapel each other due to the
Columbic force. Hence, reducing the band-gap eneagg further change in the
absorption co-efficient and refractive index [4d]he band-gap shrinkage is
determined by the free carrier density, so it iartlyeindependent of the impurity

concentrations.

Change in the absorption co-efficient and refractindex in both band
filing and band-gap shrinkage effects is mainlyestsed in inter-band effects.
However, a free carrier can also absorb a photahnaove to a higher energy
state, intra-band. This phenomenon is known as degger absorption (plasma
effect) [46]. In this effect, the change in refiaetindex is always negative, hence

it will add to band filling for energies below theaterial band-gap.

The above stated three mechanisms for carrier edweffects; band
filling, band-gap shrinkage and free carrier absBorpare independent to each
other. However, the total change in the refractivdex is the sum of all three

effects.

2.5. Review of the major contributions to polarisation

mode convertors

In modern communication systems, polarisation hagdis of immense
importance as there are a number of devices whrehtatally polarisation
sensitive. The polarisation conversion is a keymelet in polarisation
multiplexing, polarisation based filtering and puadation diversity [47]. PMCs
provide the basis to manipulate and control theansdtion states of light in
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integrated optical devices and circuits. Both act@wnd passive components have
an ability to integrate PMCs to overcome this. é&mgonductor optoelectronic

systems, an exchange of power between polarisataias, due to bends, tappers,
and junctions, can occur. Therefore, careful appatg designs are needed to

eliminate or to minimize any detrimental polarisateffects.

Photonic integrated circuits must be polarisatiosensitive especially at
the point when the signals are entering from th&capfibres, because these
circuits are used as detectors, multiplexers ataligross connects. In the last few
years, many PMCs have been realised and demomstrate GaAs/AlGaAs,
InP/InGaAsP, silicon on insulator (SOI) and InGaAbBsed quantum well
structures. Based upon the design parameters, RidiCbe active or passive in
nature. PMCs are referred to as active if contdoly an external influence
(current or voltage) or otherwise, referred to assve PMCs. Passive PMCs can
be realised using different approaches and carategarised according to their

functionality, which is illustrated in Figure 2.16.

Integrated passive PMCs

Mode beating based Mode evolution based

Multiple/Single section

Adiabatically twisted
waveguide utilising a

Slanted angle | || Asymmetric loaded pair of wlavegl‘nde
rib waveguide rib waveguides core layers
Ridge waveguide with | | | Asymmetric loaded
two slanted side walls rib waveguides grown

on stepped substrate

Asymmetric
periodically loaded
angled-faced rib
waveguides

Waveguides with
sub-wavelength 1
air trenches

Waveguides with sub
wavelength air trench —H
gratings

Ultra-short
waveguide bends

Figure 2.16: Different approaches to the realizatbPMCs.
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Shani et al. [48] realised the first PMC in 1991 byploying an
asymmetric periodically loaded rib waveguide. Thesymmetric loaded rib
waveguides create perturbation in the optical axithe waveguide and causes
polarisation to rotate. In his experiments, TE-Tdfheersion was obtained in a 3.7
mm long waveguide with 2-3 dB excess loss and @@ rotation. A schematic
picture of periodic asymmetric rib waveguide iswhan Figure 2.17. Huang [49]
in 1992 demonstrated theoretically that full paation rotation can be attained
due to the phase matching of the TE and TM modssugin the asymmetric
periodic loading of the waveguides. Further F. disteles and Gustavsson also
presented their work on asymmetrically loaded waides [50, 51]. Based on the
asymmetrically loaded rib waveguide design, Obagyaal. proposed a new
improved design for a short and low loss PMC [5HE obtained 98% of
polarisation mode conversion with a 0.74 um longicewith 0.13 dB insertion
loss at a wavelength of 1.5 um. He used the fudtarebeam propagation method

based on the finite element method.

Top view

Figure 2.17: A schematic diagram of the periodyasetric rib waveguide.

H. Heidrich [53] realised the passive PMC basedhenperiodically tilted
and shifted waveguides on InP/InGaAsP stepped maibsstructure. In order to
achieve a rotation of the optical waveguide axiatinee to the surface of the
substrate, modification is made in the surfacenefdubstrate underneath the core
area. A schematic of this technique is shown iufe@.18. Using this technique,
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a 45° rotator is realised with 3 dB loss. Howewere to the critical formation of
stepped substrate, it is very difficult to integratith other optical components on

the same chip.

(a)

A [
/’_’ _"

45°

Analyzer

B D
A-B C-D

. 9 ol

Figure 2.18: (a) A schematic diagram of top viewhs passive 45° PMC based
on tilted rib waveguides (b) cross section of #eding waveguide (A-B) and (c)

cross section of the convertor section (C-D).

Core

Figure 2.19: A schematic diagram of a deep etcleedi®d waveguide structure

used for the polarisation conversion.

PMCs have also been fabricated using integrateditwrahort bends [54].
A schematic diagram of deep etched bended ridgesguasle structure used for
the polarisation conversion is shown in Figure 2.18e device fabricated with
this structure has attained 85 % and 45 % pol@isatonversions with excess
loss of 2.7 dB and 0.4 dB with device dimension®05 x 83 um and 760 x 86
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um, respectively. Van der Tol [55] proposed PMChwat series of asymmetric
loaded waveguides and with angled facets. Thiggdesas a modification of the
previously stated asymmetrical ridge waveguidecstings. This design consisted
of long device lengths as multiple sections arelireg to achieve the significant
polarisation conversion. This also showed excesse® on the interfaces of
multiple coupling sections in the device. In aduitito design parameters,
fabrication is also a key challenge in these devies monolithic integration is
quite demanding.

(b)

—

Lower cladding

Figure 2.20: (a) A schematic diagram of a singlgier passive PMC with angled
facet waveguide structure and (b) the cross-seditjgnofile of the device.

Huang et al. [56] designed and fabricated a sisglgion PMC with one
slanted and one straight wall as alternative topér@odically asymmetric loaded
rib waveguides. During fabrication, he achievedraight wall using the dry etch
technique and slanted wall with the wet chemiceliety procedure. This type of
device requires an accurate re-masking alignmetwedasa the two etch process
steps. There are also optical losses due to madaeris-matching at the convertor
section interface with the symmetric waveguideisactThis device was realised
on GaAs/AlGaAs with the device length of 720 um awith 96 % rotation. El-
Refaei et al. [57, 58] demonstrated these type eficgs theoretically and
experimentally. He obtained polarisation conversabr99.68 % with the device

length of 226 um at a wavelength of 1550 nm.

Reactive ion etching (RIE) lag phenomenon [59] aks® used to realise
different etch depths in the same asymmetric wadegu In this phenomenon,

aspect ratio dependent etching is performed, whasethe aspect ratio of the
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feature increases, the depth of an etched featecenhes proportional to the
width. Here, small features are etched slowly imparison to large features [60].
Holmes et al. [61-65] realised such a device wifftiencies of greater than 96
%. This device had low loss, with 150 um converdength. The fabrication of
the structure of this type of device was vastly @ified, as only one step was
required for the dry etch process. Due to thisti€altion errors can be minimized.
A schematic diagram of the cross-section profiléhed device structure is shown
in Figure 2.21. Kim S.H. et al. [66] later demoastd a single trench PMC using
this technique. He attained 95 % polarisation cosiga with a 210 um long
device. PMCs based on sub-wavelength air trendingsaare realised by Kotlyar
et al. [67]. This design was based on the prindipé¢ an incident linear polarised
mode is forced to convert into two orthogonal comgrgs; one of which becomes
polarised in the direction of the etched air trenathereas the other becomes
orthogonal to it. The polarised component in thedion of air trench imparts
lower refractive index, resultantly moves with hegiphase velocity than the other
component. These devices are quite short as high lbarefringence is introduced

by air trenches.

Figure 2.21: A schematic diagram of cross-sectiafilp of RIE Lag structure.
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A passive PMC has been designed and fabricated wath side walls
tited [62, 68-70] in the same direction with RIE aell as with chemically
assisted ion beam etching (CAIBE) [71] technigu&sschematic diagram of
cross-sectional profile of tilted waveguide fageboth directions of this device is
shown in Figure 2.22. Here, a polarisation conweerssf greater than 80 % is

attained for a convertor length of 20 um at therapen wavelength of 867 nm.

Lower cladding

Figure 2.22: A schematic diagram of cross-sectipnafile of tilted waveguide

facet in both directions.

In this work, the RIE lag technique is used for téalisation of the PMCs,
which was used by Holmes et al. (as discussedeeariiere, input and output
sections of waveguides, along with PMC sectionsfalbeicated at the same time
using a single mask process. Due to this, re-alegnand re-masking issues of
the device at each subsequent etch step are eledinahich were the key
problems of previously designed and realised PMUswerefore, the risks of
potential fabrication errors are reduced. Furtheeansmooth transitions from the
symmetric to anti-symmetric waveguides are addcesse¢his technique, thereby
resolved the mode mis-matching issue between thdesid_ow insertion losses
and single etch capability of this structure isoa#élvantageous. Moreover, the
complexity and time consuming factors to producehsdevices are significantly

reduced. Also we use a re-mask single trench psaoca®alise integrated devices.
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2.6. Conclusions

In the first section of this chapter, a review efmsconductor materials
including bulk, quantum well and strained quantueilwvinaterials, are described.
The effect of direct and indirect band-gap materfal realisation of devices and
the effect of heavy and light hole to obtain pdation insensitive devices are
explained. In the next section, SOAs, which mostlyapglemonstrate the
requirement for polarisation control in integrategtical circuits and PICs, are
introduced. Thereon, polarisation mode convert@oti, including Maxwell’s
equations and plane waves, is presented. Polansatiduced by change in
refractive index by birefringence and due to indlcarriers is explained. In the
last section, a review of major contributions iralil@ng PMCs is given. An
overview on the device parameters of realised @svicsing a slanted angle rib
waveguide approach is given in Table 2.1.

Table 2.1: An overview of proposed and realise¢pasPMCs using a slanted

angle rib waveguide.

Author Year Material Polarisation | Convertor Losses
name conversion length

Tzolov et| 1996 | InP/InGaAsP | 92-93% 250 um Coupling
al. [72] loss=2.5 dB
Huang et al] 2000 | GaAs/AlGaAs 96 % 720 pm Propagatign
[49] loss=1.25 dB
Rahman et 2001 | GaAs/AlGaAs >99% 320 um Insertion loss
al. [73] =0.4 dB
El-Rafai et| 2003 | InP/InGaAsP | >99.98 % 226 um N/A
al. [57]
Groen et al] 2003 | InP/InGaAsP | >80 % 150 um Insertion lpss
[74] =2dB
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El-Rafai et| 2004 | InP/InGaAsP | N/A 330 um excess logs=
al. [58] 0.02 dB

Zhu et al.| 2004 | InP/InGaAsP | 95-99 % 120 pm Excess |oss
[75] <2dB

Khalique et| 2004/| InP/InGaAsP | >95 % 125 pm Excess loss

al. [76, 77] | 2005 <1dB

Augustin et| 2007 | InP/InGaAsP | 97 % 131 um Excess loss =
al. [47] 2.5dB

In this research work, the RIE lag technique isdufee the realisation of
the PMCs. This technique was advantageous fromr déodniques as a single
mask process is required, so re-alignment and ikimg issues of the device at
each subsequent etch step are eliminated, whicle wex key problems of
previously designed and realised PMCs. Furthernsmmeoth transitions from the
symmetric to anti-symmetric waveguides are addcesteereby resolved the
mode mis-matching issue between the modes. Lowtioselosses and single

etch capability of this structure is also advantarge
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Chapter 3

Device fabrication

3.1. Introduction

Advanced technologies are required to realise mmodertegrated
optoelectronic components and circuits. Active padsive semiconductor based
optoelectronic devices are realised using diffefabtication techniques, etching,
deposition and lithographic processes. Passivecdgvcovered in this work
generally require one lithographic process and etwh, whilst fabrication of
integrated devices for active functionality requineultiple lithographic and
etch/deposition processes for high precision amdracy of the realised devices.
A technique with RIE lag was used in this reseavork to attain the polarisation
mode conversion. Whilst in integrated devices, ipldtetch processes were used
to achieve shallow etched laser section and dedmpe@tPMC section. Mostly
contact-optical lithography and electron-beam (anbelithography methods are
used for device realisation. The e-beam lithograglehnique was used due to the
nano-scale patterns required in the design whi@d riegh resolution and rapid
prototyping capabilities. This chapter describesicap and e-beam lithography
methods and fabrication steps starting from cleamhthe wafer, through dry

etching and metallisation lift off techniques.
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3.2. Lithography

Optical lithography is a process to transfer aa@ mask pattern on to a
semiconductor wafer, which subsequently is usea mssk to transfer the pattern
within the material via etch processing or lift gffocess. Crucial steps in the
fabrication process flow are the transfer of thehqtattern, metallisation lift-off
and accurate alignment of the mask with the previpattern. Contact optical
lithography is the most common and quickest metioonlansfer the pattern onto
the substrate and has the capability to producerpatrequired for micrometer
scale lasers. This process is mainly used for caialgroduction of devices in
industry (large scale). It is also used in the aede environment where the same
mask is required for the fabrication of the devideme after time. Other
lithographic techniques, like e-beam lithograplng @ore suitable for a research
oriented environment, where various sizes of deggtierns are required to
fabricate a complete device. Due to the maskletisrparansfer process, e-beam
lithography is considered as a flexible technigliealso provides very high
resolution pattern transfer, with feature sizestlué# order of 10 nm readily
achievable.

The devices fabricated in this work had small fe=dépuwhich were sub-
micrometer, some reaching nanometres, therefore-tmeam lithography (EBL)
technigue was used to pattern the design ontouibstraite. A Vistec Vector Beam
6 (VB6) e-beam tool, which is a state of the artLEBachine, located in the
James Watt Nano Fabrication Center (JWNC), Unityeis Glasgow, was used

for patterning the features on the structures itgated.

The patterns to be written using EBL, were designeal computer aided
design (CAD) package L-Efit It has its own internal format, and when
transferred to the next stage of the design progedgterns are saved in the GDSI|I
format. It can then become compatible to be prazksgith the e-beam writer.
Here, a computer aided transcription system (CAfli&)s generated (which the
VB6 tool understands). This software fracturesréggons to be exposed in small

areas called trapezia, which corresponds to eaditiqggo of exposure of the
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distance between the two lattice points, referredesolution [1]. The e-beam
scans this grid horizontally, row by row, and ex®snly dots which are
separated by a fixed distance. This fixed distasaalled beam step size (BSS),
and is the integer multiple of the resolution. Timeger (multiplier) is known as
variable resolution unit (VRU). The e-beam hasndtdi width and is called spot
size, which depends upon the diameter of the agednd on the beam current.
Therefore, the pattern becomes a discrete setpdsexd pixels. The BSS should
be a fraction of the minimum feature size (MFS)b® written, therefore, it is
suggested to be equal to MFS/5 [1, 2]. A schemiditistration of the e-beam

writing procedure and parameters are shown in Ei§ut.

BSS
=2 x Resolution  Spot size Resolution

SRR N A S O A

Figure 3.1: A schematic illustration of e-beam imgtprocedure.

Finally, the Belle software was used to submitghtern to the VB6 tool.
The beam current, spot size, VRU and the necessgrysure dose settings (the

required charge per unit area (LC#io expose the resist) was defined here.

Thereon, the fabrication process started with tie@aration of the surface
of the substrate for deposition of a layer of pBetwitive or electro-sensitive
material (photoresist). These resists are furtheplagned in detail in the

subsequent section.
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3.3. Electron-beam lithography resists

EBL resists are radiation sensitive compounds. @hae classified into
two types, positive and negative, depending upeir tlesponse to the electron
exposure. Poly-Methyl Methacrylate (PMMA) is usexdaapositive e-beam resist
whereas Hydrogen Silsesquioxane (HSQ) is used asgative e-beam resist.
Chemical composition of the exposed part of thatpesresist is changed and it
becomes soluble in developer solution, whereasexipesed part of the negative
resist becomes insoluble in the developer solufiagure 3.2 shows the exposure
mechanism of both the resists.

(a) Before develoment = ‘ s
E- beam irradiation

it

Substrate ‘n’ GaAs

Photo resist

(b) After development (with positive resist) (¢) After development (with negative resist)

Soluble area

Insoluble are
Substrate ‘n’ GaAs Sl Substrate ‘n’ GaAs

Figure 3.2: Schematic diagrams of exposure (a)rbefevelopment (b) after

development (positive resist) and (c) negativestesi

Parameters including sensitivity and contrast d@efihe EBL resist
structure. Sensitivity is the energy required tairethe complete thickness of the
exposed region after development, whereas, conisast selectivity between
exposed and un-exposed regions. EBL resists idshtiyld have high sensitivity,
which allow the possibility of a faster exposuregass and high contrast, to
achieve vertical profiles after the development.

In this work, PMMA, which is a very high resolutigositive tone resist,

was used in all the lithographic steps, excepttli@ waveguide definition, for
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which HSQ was used. Layer uniformity over the wafeis achieved by spinning
a dual layer of PMMA (as pin holes are eliminatedich are formed during the
first spin). This first spin was with 15 % of 20hiblecular weight PMMA which

gives a 1.2 um thick layer, and second spin wah wit% of 2041 molecular
weight PMMA which gives a 110 nm thick layer. Highmolecular weight (less
active) PMMA was used as the top layer. This prevéme sidewalls of the resist
to be coated during metal evaporation due to opeasiad so the lift off process
becomes easier. A schematic diagram of this prasegsown in Figure 3.3.

Gold

4 % PMMA
15 % PMMA

' HSQ

Substrate ‘n’ GaAs

Figure 3.3: A schematic diagram of lift off process

Generally, PMMA has a poor etching resistance quired chlorine based
dry etch processes. The usual etch selectivity &etvthe resist and the SiOr
SisNg mask in fluorine based plasma is around 1:2 (@sist is etched twice than
the mask material) [3]. Therefore, a thick layerresist is required to etch the
dielectric material (Sig) (i.e. 1 um thick resist layer for 300 nm dielectayer).
There is also the requirement of an additional HafeSiG; if the waveguide is
defined using PMMA. The inclusion of additional émyincreases the number of
fabrication steps, resultantly, there is more ckawé imperfections during

fabrication.

Throughout this work, the negative tone e-beanstebiSQ was used to
define the waveguide structures onto the substféte.benefit of using this resist
is that, it forms a Si@pattern after development, which is further usecd dard
mask for subsequent etching. Therefore, it avdigsdeposition of an additional

etch mask and additional fabrication steps (etcH essist removal) [4]. A
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schematic diagram of the process steps for PMMA RS is shown in Figure
3.4.

PMMA Process /
sequence

HSQ Process
Step 1 sequence
Si0:
deposition
Step 2
Step 1
v Resist P
spinning
Step 3
Step 2
' After Resisty
development
Step 4
SiO:
etching
Step 5
Step 3
¥ Material ¥
etching
Step 6 Step 4
Resist
+ removal

Figure 3.4: A schematic diagram for definition cdwe-guiding structure
using PMMA (on left) and HSQ (on right) processste

Furthermore, HSQ protects the waveguide structdveimg the definition
of the waveguides, and smoother sidewalls are aetielhese smooth side walls
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help in reducing the waveguide losses. This lossiggon technique has been

demonstrated in the Silicon on insulator (SOI) vauides [5].
3.3.1. Proximity correction

Electrons from the e-beam, incident upon the serfacopagating in the
material, collide in-elastically with neighbouriredectrons and the atoms of the
lattice, and therefore transfer their energy inte material. This causes the
primary electrons to change their direction andrgndevel. As a result, a well
focused, few nanometre, e-beam spot will sprea@s@&lelectrons scatter in the
resist layer and also within the substrate undeie resist layer. This exposes
the part of the resist layer around each of theogag features. Figure 3.5 shows
simulated trajectories of one hundred (100 KeV gykeelectrons in InP material
with a 1 pm thick HSQ resist layer on the top [Bje electrons scattering within
the resist layer and substrate are clearly visiBletthermore, the electrons
scattering back to the HSQ resist layer and leavimg surface can be seen.
Electrons passing through the resist-substratefawte, which do not return to the
resist layer, are called forward scattered elestr&tectrons which return towards
the resist and affect the exposure process aredchlack scattered electrons.
These back scattered electrons affect the regioarevithey pass and as an
outcome, the electron beam irradiation affects sherounding area, and the
exposure region is widened. Additionally, the cosnef a desired pattern get
rounded and the gap spaces between the features\atidied. Therefore, to
achieve the optimal resolution throughout the pafteespecially for narrow
spaced features, these electrons scattering effieats be minimised to get the
required dimensions of the features. By applying grnoximity corrections in
EBL, during fracturing of the pattern adjusts tlesel of each pattern, resultantly
minimising the proximity effects. These effects calso be minimised with
optimised mask design, and e-beam exposure pansm&ieh as acceleration
voltage, spot size, beam step size and exposure. dasgther, these can be
minimised using thin resist coatings for small teas.
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10+
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Figure 3.5: Simulated trajectories of one hunddgiDKeV energy) electrons
through 1pm HSQ and 40 pm InP [3].

3.4. Dry etching

PMCs are designed using various techniques, whigimlyndepend upon
the realisation of asymmetric profile waveguides, drder to increase the
birefringence of the waveguide. Asymmetric waveguidofiles can be formed by
various methods, one of which is the combinationrgétallographic wet etch and
dry etch processing. This results in a ridge waidgeonsisting of one sloped
and one straight sidewall. The alignment in these $teps is a major drawback.
The magnitude of the angle of the sloped sidewallwiet etch process is
determined by the crystallographic structure ofrthegerial [6, 7]. It is, therefore,
desirable to fabricate a single section asymmaetageguide cross-section profile
using a single etch process. In this work, a readtn etch (RIE) [8-12] process
was used for etching the material and the RIE émtpriique (i.e. the aspect ratio
dependent etching, as described earlier) was empléy achieve the desired
trench depth for a single section PMC with a sirdyleetch method.
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3.4.1. Principle

Dry etching techniques, such as RIE, remove unelésiraterial from the
sample surface using physical and chemical interastof highly ionized, low
pressure gas, resulting a plasma containing pesitins and free electrons. This
technique provides anisotropic profiles and goolectwity between the mask
layer and the material to be etched, enabling emallell defined features on the
sample [12, 13].

The machine used for the RIE of the GaAs/AlGaAsisenductors was a
System 100, manufactured by Oxford instruments.[T#]s machine consists of
an integrated loadlock chamber, with the main cremdvacuated by a Leybold
turbomolecular pump to a base pressure of <10 uTive radio frequency (RF)
signal generator is coupled to the bottom electfde parallel plate reactor. The
height and the diameter of the chamber are 135 min330 mm, respectively.
The sample is placed in the etch chamber (loadexugh a gate) on the lower
electrode. A typical diagram of this is shown iguiie 3.6.

Gas inlet

Sample under
etching

Showerhead

Electrodes
Sheath

Plasma region  Gas outlet Radio'frequency

generator
Figure 3.6: A schematic diagram of a parallel ptgee RIE machine.

The RF generator drives a current through a lowsuneed gas between the
two electrodes. The plasma is formed due to thehdige which is an ionized gas
of freely moving charged patrticles (positive iomglaelectrons). These reactive
ions are accelerated across the plasma in theityioi the substrate in the

direction of the electric field. The reactive smacicontained in the plasma are
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diffused perpendicularly onto the surface of thengle [9], which further
absorbed and react chemically with the materidiecetched. Here, the electrical
charge distribution always remains perpendiculdhé&surface of the sample, due
to which smooth etching was achieved. Thereonbyhproducts produced during
the chemical reactions are pumped away from thepasurface. The etching
rate depends upon the plasma density and can ket by controlling the ion

bombardment. The parameters used for the RIE pg@resgiven in Table 3.1.

Table 3.1: The RIE process parameters for Systédmidrhine at room

temperature.
Parameter Value
Process gas Sigl
Forward RF power 250 Watt
Process pressure 5m Torr
Gas flow 13 sccm

Different etch depths were obtained when samplese wetched for
different times, also different layers were etchedifferent rates, therefore, to get
the desired etch depth, a laser reflectromety tgaenwas used for calibrating
etching. This technique uses an input optical bednch is directed perpendicular
to the sample area to be etched and collects flected beam. This reflected
beam, which is received in the form of a wave, @sorded and plotted as a
function of time. When the epitaxial layers arehett and the input beam enters
into the substrate, the reflectivity of the sampmechanged. This change in
reflectivity depends upon the thickness and reffraghdex structure of the layers.
The obtained waveform can be used to extinct tble ette for the specific layer
of the material, which can then be used to etclotiggnal devices to the required
depth. The simulation result to get the desirech etepth on the under test
GaAs/AlGaAs material (layer structure with refraeti indices and doping

concentrations, given in Table 3.2) is shown inuFeg3.7. Here, the reflectance as
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a function of the etch depth (cap layer to subs}redn be seen. Matlab© softw:

was used for thessimulation results.

Table3.2 Layer structure of the GaAs/AlGaAs mate

Layer Material Thickness nm) Refractive Doping
index concentration
8 GaAs 100 3.631 p (1x10")
7 Alp30Gag70As 1000 3.381 p (2x10")
6 Alg.15Gag.gsAs 210 3.498 Un-doped
5 GaAs 5 3.631 Un-doped
4 Alg20Gag.g0As 10 3.455 Un-doped
3 GaAs 5 3.631 Un-doped
2 Aly15Gag.gsAs 210 3.498 Un-doped
1 Alp30Gag 70As 1200 3.381 n (1x10")
n-GaAs Substrate
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Figure 37: Simulation results by Matlab software for etclpithe

Throughout this work, it was required to etch thatenial through th
core, at a desired etch depth of ~1.8 um. Therethneng the etching process
the System 10@nachine, ion bombardment was stopped when the Ineanftor
crossed two cycles in lower cladding of the matefiiais can be observed clea
from the real time graph obtained using the lasfiectometry method which

shown in Figures.8.
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Cap Upper Core Lower
laver cladding lavers cladding

Retlectance (in %)

200.0 3000
seconds

Time (1n seconds)

Figure 3.8 Real time etch depth obtained by laser reflectengemethoc

Un-etched region

Figure 3.9: An uretched area due to residual .

Dry etching was also required for defining the @ats into the Siy
dielectric barrier layer films. If contact windowsthe SiC; films are not properl
opened, current cannot flcacross the device. This problem is observed, whe
device is not properly etched at the developed, @@ some Si, remains. This
residual SiQ prevents current flow to the device, which leadsa twor-functional
device. This is illustrated in SEM cture, shown inFigure 3.9. In order to

overcome this problem, the etch rate was propgatyrosed for Si(; etching. The
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sample was then properly developed, and etched fonger time, to ensure full

removal of SiG.

For this SiQ removal, the machine used was an 80 Plus RIE, also
manufactured by Oxford instruments, with GHhd Ar gases. The etch rate for
this machine was measured at 30 nm/min, theredoretching time of 20 minutes
was used for etching 600 nm thick S$if®m. This included an over etch (about 15
%) to overcome possible variations in oxide thideelrhe standard parameters
used for this machine are given in Table 3.3.

Table 3.3: The RIE process parameters for an 89 RIE machine at room

temperature.
Parameter Value
Process gas CHFAr
Forward RF power 200 Watt
Process pressure 30 m Torr
Gas flow 25 sccm / 18 sccm

3.5. Overview of the fabrication process

The fabrication process of semiconductor laser®lies a number of
critical processes. It needs considerate handlihghe fragile substrate and
requires ultra clean environments. The main proegssteps are summarised in
the block diagram of Figure 3.15. These processteps are the standard
procedure for fabricating semiconductor devices, [13, 16]. However, layer
thickness, etching recipes and e-beam doses cdiffé&ent for different devices.
All the fabrication work mentioned in this researaras carried out in the James
Watt Nano Fabrication Centre (JWNC) except for & feteps like sample
cleaving, thinning and mounting. The JWNC has a #5Cleanroom which is
designed for interdisciplinary nanofabrication weitiées to be conducted with

minimum cross contamination of processes. Thisnctgam also contains a class
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10 room, hosting the VB6 lithography tool, ten reowf class 1000, and four

rooms of class 10000.
3.5.1. Sample preparation and cleaning

The fabrication process starts with the cleavinghefwafer to the desired
dimensions. As the cleaving was carried out inraisgean environment, it was
pre-requisite to then clean the substrate beforendergoes fabrication. The
solvent cleaning method was used for cleaning titestsate, where the substrate
was placed in small beakers and then put in aa-gtinic bath. This ultra-sonic
assisted solvent cleaning involves soaking the sammpacetone for 5 minutes,
then 5 minutes in Isopropanol (IPA) and 5 minuteseverse osmosis (RO) water,
before the remaining layer of water was blown dcignf the sample using the
gaseous dry nitrogen ¢Ngun. Sample boxes were also cleaned to avoid any
possible contamination. In addition to that, in leastep of fabrication and
inspection, cleanliness was maintained. Prior tsistespinning, the cleaned
sample was placed on a hot plate at 90 °C for hit@énto dehydrate the substrate.
This helps in increasing the resist adhesion tostivéace of the substrate. This
dehydration step is very important for small featuon devices.

3.5.2. Registration markers

There are multiple lithographic processes involwedhe fabrication of
semiconductor lasers. These multiple lithograpmaxesses require defining sets
of markers for the accurate alignment of previond successive patterns to one
another on the substrate.

The e-beam lithographic method was employed in thak so the
registration and alignment techniques defined foe tvB6 machine, were
followed. Complete information about the alignménictionality of this e-beam
tool (which is the Vistec Vector Beam 6 (VB6)), asailable in the operator’s
manual [17]. An alignment cross was defined ondhmaple’s surface, which the
e-beam recognises through a sequential searcheaksbig its internal algorithm.

After cross recognition, the system searches aedtiiies the global markers
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which had already been specified in the e-beamsjdimission process. The e-
beam then performs the alignment with <0.1 pum presi The optical

microscope pictures of the big cross marker (befanel after e-beam job
submission and written) and global markers obtasféer the lift-off process are

shown in Figure 3.10 and Figure 3.11, respectively.

(b)

Figure 3.10: Cross markers (a) before e-beam jbmgsion (b) after e-beam job

written.

Figure 3.11: Global markers of 20 um x 20 pm din@rsafter alignment.

3.5.3. Waveguide definition

A critical step in the fabrication of a semicondudaser, is the definition
of the waveguide structure. The negative tone tré$&Q (as described earlier)
was used for the waveguide patterning in a singg@ snask fabrication. The

process uses 100 % HSQ for spinning, followed MWbaminute bake on a hot
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plate at 90 °C to remove solvent. The substraté) wasist layer, was the
exposed to the-beam and finally the pattern developed in 25 % a-Methyl
Ammonium Hydroxide (TMAH) solution. The waveguidase etched to result
a height of ~1.8 pym (as described in the previoudise using the lase
reflectometer). After etching, the sample was abelarready for the ne:

fabrication step.
3.5.4. Cap layer removal

The cap layer is highly doped, therefore, to awmg current leakage fro
one section of the device to the other; it is bieradfto keep isolation between t
metal contacts of adjacent sections. In order tdhiky the cap layer of 100 n
GaAswas removed from some areas using the System 16Bimeawith a Si(,
chemistry. Laser reflectometery was also usedHisr purpose. A real time tra
obtained during the cap layer removal is showFigure 3.12.

0o 100 00 " a00 40.0
seconds

Figure 3.12 A real time trace obtained during the cap lagenaval by lase

reflectometer.
3.5.5. Planarization

The metal evaporation onto themple is a highly directional procg;
therefore, a thin film of metal is very preciselgpdbsited on the wafer, on the 1
surface. However, the vertical walls of the wavegsiare not completely cover
by metal when using this process. Due to this-uniform metal coverage ov

the walls,the side and top of the waveguides do not haveiti@oth continuou
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metal deposition at all places. During applicatadrhigher current injections, the
thinner contacts become unstable and devices shoertain behaviour. This can
also be seen when probes are placed on the mettct® during measurement,
and can stop current flowing in the device. SEMtyes with broken metal

contacts are shown in Figure 3.13.

Broken metal contacts area

Figure 3.13: SEM pictures showing the broken metakacts.

Therefore, a planarization technique was usedhersmooth and certain
operation of the device, in which, HSQ was spuntgm of 200 nm plasma
enhanced chemical vapour deposited (PECVD),S#dd was then baked in an
oven at 180 °C for 90 minutes. The hot baked HS® as an insulator on the
sample. This HSQ has less thickness in the opes afethe sample and gradually
increases as it approaches to the waveguides. Howawery thin layer of HSQ
remains on the top of the waveguides due to theslasface area. Finally, a layer
of 100 nm of PECVD Si@was used in order to achieve better adhesionhior t
metal contacts. SEM picture of the planarizatioocpss is shown in Figure 3.14.
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Figure 3.14 SEM picture of planarizatio

3.5.6. Current injection window

After the planarization, the most important steptdsopen the currer
injection windows on top of the waveguides. If theme not properly opene
there will be no current flow across the deviced d@he device will behav
passvely. The samples were prepared f-beam lithography by spinning a-
layer, 15 % of 2010 molecular weight PMMA and 4 #2041 molecular weigt
PMMA, and baking at 180 ‘for 30 minutes and 90 minutes, respectively. A
exposure and development, tsamples were cleaned using a short Oxyger
for the removal of any leftover resist. PMMA is kwo to leave a thin (~nm’s
residual layer. The current injection windows wéren opened by RIE, using
CHFRs/Ar chemistry, for 20 minutes including a 15 %eretch. The remainin

PMMA was then removed using ar, plasma clean.
3.5.7. Contact metallisation

The final patterning job submitted to th-beam was for the definition
the pcontact layer. A |- layer of 15 % of 2010 molecular weight PMMA and ¢
of 2041 molecular weight PMMA was used, and thekeldaat 180 °C for 3
minutes and 90 minutes, restively. After exposure and development,
sample surface was -oxidised in a HCI: HO solution in the ratio of 1:5. Th
process was carried out immediately before metglosiion to remove th
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oxidised surface that forms on the semiconductofasa overtime. P-contact
metallisation was performed in the e-beam assistegial evaporator (Plassys
machine) with 30 nm Titanium (Ti), 33 nm PlatinuRt)(and 240 nm Gold (Au).
Ti is a reactive metal and oxidises readily, theref it is used as an adhesion
layer with SiQ layer, which is used as isolation. Pt is used d#fasion barrier
and prevents Au penetrating into the semiconduetaterial. Au is used as a
conducting layer. Excess metal was then removedguai lift-off process by
placing the substrate in a beaker of acetone placadot water bath at 50 °C, for

60 minutes, followed by cleaning of the sample.
3.5.8. Mechanical thinning

The GaAs/AlGaAs material used in this work hasiekiiess of 354 um.

In semiconductor laser devices, it is necessatfitothese devices to a thickness
of about 225 um. This is desirable in order to oedilne series resistance between
the p-side and n-side contacts. The process of amédd thinning was employed
for this purpose. First, the sample was mountedhenglass slide (with p-side
down) using photo resist S1818 and baking it iroa@an at 90 °C for 60 minutes
for better adhesion to the glass. Then the sampleiad glass slide was glued on
to a metal rod (using wax) and gently sliding tbd m a figure of 8 pattern on a
thick glass plate, using a mixture of water andmiilium Oxide (AbOs) powder,
until the thickness becomes ~225 um. After achievimg thickness, the sample
was removed from the metal rod and put into opdict® remove the wax from

the material, and, the sample was then cleaneceitoae and IPA solutions.
3.5.9. N-contact metallisation and annealing

The creation of the n-contact was achieved usiegstime procedure as
for the p-contact. First, the sample was mountetherglass slide (with the p-side
down) with the thinned surface on the upside. 14 Goid (Au), 14 nm
Germanium (Ge), 14 nm Gold (Au), 11 nm Nickel (ldhd 240 nm Gold (Au)
were then evaporated with an e-beam assisted,yBJanachine. Here, the Au/Ge

alloy is used because Ge is a group IV elementcamdbe used for doping the
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GaAs. It can be diffused into the area immediatehder the contact upon
annealing, and dopes the GaAs degeneratively n-#player of Ni is used to
improve the surface morphology post annealing,t aoes not form a eutectic
with the contact metals at temperatures below lbgiag temperature [13]. After
this, the sample was removed from the glass slidglacing it in the acetone

solution in a hot water bath and cleaning the sarith nitrogen blow.

Finally, the sample was placed in the rapid theraralealer (RTA) for
annealing the metal contacts at 360 °C for 60 s¥scéo form ohmic contacts,

which allows the current to flow into and out oétllevices with low resistance.
3.5.10. Cleaving and mounting

The last step of the fabrication was cleaving tam@e to the desired
dimensions and mounting onto brass bars with tHp bé silver conductive
epoxy. This conductive epoxy gives better adhesemm conductivity for

characterisation and further measurements.
3.6. Conclusions

In the first section of this chapter, the opticaldae-beam lithographic
processes are discussed. The resists used foripgttee mask are presented.
Furthermore, the background and the basic prinagbl@ry etch technique is
explained. In this research work, RIE lag techniquas used to attain the
polarisation mode conversion by changing the opéigs of the waveguide. Then
the overview of the fabrication steps starting friiva cleaning of the wafer to the
realisation of devices and lift-off techniques &mgefly explained. The process

flow diagram for fabrication of the devices is giva Figure 3.15.

84



Chapter 3

Deviabfication

Sample preparation

Sample cleaving
Size: 10x12 mm

Sample cleaning
Ultrasonic Acetone
Ultrasonic IPA
Ultrasonic RO water

v

v

Registration markers
definition

Resist spinning
Dual layer PMMA

E- Beam Lithography
VB6

Development
IPA:MIBK

1PA

RO water

Metal depostion
NiCr:Au evaporation

Lift-off
50 C acetone
v Cleaning

Interferometer (S100)
Height measurement (Dektek)

Cleaning
v Acetone, IPA, RO water
Oxygen ash

Cap layer removal

Resist spinning
Dual layer PMMA

E- Beam Lithography
VB8

Development
IPA:MIBK

IPA

RO water

Dielectric etch
HSQ removal (exposed area)
HF:Hz0

Dry etch
Interferometer (S100)
cap layer removal

Mask removal
02 clean (Bp80)

Dielectric etch
HSQ removal
HF:H20

Cleaning
Acetone, IPA, RO water
Oxygen ash

P-contact metaliization

Resist spinning
Dual layer PMMA

E- Beam Lithography
VB6

Development
1PA:MIBK

IPA

RO water

Deoxidation
HCEH20

Metal depostion
TilPt/Au evaporation

Lift-off
50 C acetone
Cleaning

Current injection
window opening

Dielectric deposition
200nm PECVD SiOz

HSQ spinning

100nm PECVD §i02

Resist spinning
Dual layer PMMA

E- Beam Lithography
VBE

Development
IPAMIBK

IPA

RO water

Dry etch
CHF3/Ar chemistry (RIE 80+)

Mask removal
Oz clean (Bp80)

Cleaning
Acatone, IPA, RO water
Oxygen ash

N-contact metaliization

Glass mounting
s1818

Mechanic thinning
Alz03 powder

Cleaning
Opticlear
Acetone, IPA, RO water

Deoxidation
HCILH2O

Metal depostion
Au/Ge/Au/NifAu evaporation
Cleanining

Annealing
380 C (RTA)

Device preparation
for measurement

Cleaving
Desired devices

Mounting
Brass bar
Silver epoxy

v Measurement

Figure 3.15: Fabrication of semiconductor laseoce@ss flow diagram.
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Chapter 4

Design and characterisation

of a semiconductor laser

4.1. Introduction

This chapter describes the material properties aAsFAIGaAs and its
characterisation, which was designed to emit atasefength of 850 nm. This
material was subsequently used to fabricate lasaiices with integrated
polarisation mode convertors (described in chapier The epitaxial layer
structures of these materials, which have activectfanality, are discussed.
Transmission line measurements (TLMs) used to agkesperformance of the p-
type ohmic contacts, are explained. Furthermorbry-Berot Laser (FPL) design,
optimisation, realisation and characterisation gmeesented. Finally, the
simulations and characterisation of far field patsegenerated by the FPLs are
discussed.

4.2. Material structure

The devices fabricated and presented in this theses based on
GaAs/AlGaAs and InP/AlGalnAs epitaxial layer stuwrets. The material
described in this chapter is GaAs/AlGaAs emittingpavavelength of 850 nm.
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InP/AlGalnAs material structure emitting at a warejth of 1550 nm is described
in the subsequent chapter. The preliminary workased on the GaAs/AlGaAs
wafer structure, given in Table 3.2, for the fahtion and realisation of the
devices. This wafer contains double quantum welteto-structure layers which
are lattice matched to an n- doped GaAs wafer. lsag€1200 nm and 1000 nm
of AlosdGa70As are used as lower and upper cladding layergeotisely,
whereas, 440 nm GaAs/AlGa gsAs is used as a core layer. The core layer
consists of two GaAs quantum well layers of 5 nncheawith barrier
Alg2Ga soAs of 10 nm, for confinement of the electrons amteh in the core.
Also, there are two 210 nm layers ofpAdGay g5As on the upper and lower sides.
The quantum well layers are sandwiched betweenAlyqa:Ga gsAs layers. A
highly p-doped layer of 100 nm GaAs is used as raamb layer on top of the
wafer. The complete epitaxial layer structure ofe thvafer with doping
concentrations and the refractive indices, is giueMable 3.2. The refractive
indices at a wavelength of 850 nm (1.459 eV) ané aémperature of 25 °C
(298.15 °K) were used [1-3].

Table 4.1: Layer structure of the GaAs/AlGaAs aefunctionality material used

for the preliminary work.

Layer Material Thickness Refractive Doping
nm) index concentration

8 GaAs 100 3.631 p (1x1Y)

7 Al 36Ga.70AS 1000 3.381 p (2x10

6 Alp 15Gay g5AS 210 3.498 Un-doped
5 GaAs 5 3.631 Un-doped
4 Alg 2dGay goAS 10 3.455 Un-doped
3 GaAs 5 3.631 Un-doped
2 Alp 15Gay g5AS 210 3.498 Un-doped
1 Alo3dGay.70AS 1200 3.381 n (1x10

n-GaAs Substrate
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Thereon, the second wafer used for fabricationraatisation of devices,
consists of GaAs and AlGaAs material. This matemas designed for a
wavelength of 867 nm by B. M. Holmes at the Uniutgref Glasgow. This wafer
contains double quantum well GaAs/AlGaAs separabaficement hetero-
structure (SCH), which was lattice matched to aoped GaAs substrate. The
active region consists of two 9 nm quantum welkelaywith a barrier layer of 10
nm Alp,dlGasAs. These are sandwiched between two 211 nm thick
Alo.GagAs layers on the upper and lower sides. This hdips better
confinement of electrons and holes in the actigore Two layers of 1500 nm
and 1000 nm of Al.Ga s0As are used as lower and upper claddings. These are
and p-doped, respectively. Whereas, a highly p-ddd@® nm GaAs cap layer is
used for contact purpose. In this structure, a hegitactive index layer of GaAs is
used as a core layer for the effective guidancthefinput source. The epitaxial
layer structure of this wafer with doping concetitnas and the refractive indices,
is given in Table 4.2. This wafer was grown usingtahorganic chemical vapour
deposition (MOCVD) at the EPSRC National Centrelfo¥ Technologies at the
University of Sheffield, Sheffield, United Kingdom.

Table 4.2: Layer structure of the GaAs/AlGaAs deuipiantum well material.

Layer Material Thickness Refractive Doping
(nm) index concentration
8 GaAs 10C 3.631 p (2x1(*8)
7 Al4Gég.ecAS 100( 3.31F p (5x1(*)
6 Al .2Gep.gcAS 211 3.45¢ Un-dopec
5 GaA:s 9 3.63] Un-dopec
4 Al .2Gep.scAS 1C 3.45¢ Un-dopec
3 GaA:s 9 3.63] Un-dopec
2 Al 2Gep gcAS 211 3.45¢ Un-dopec
1 Al 4GéeAS 150( 3.31¢ n (5x1(*)
n-GaAs Substrate
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4.3. Basic material testing

The easiest and quickest methods to identify tiséclaaterial properties,
such as material gain and electrical propertiestlaeefabrication of broad area
lasers and TLM measurements. These methods alparhelesign, optimisation
and process development. The devices required rty cat these tests can be
fabricated using a simple photolithography techaigln this work, the TLM
method was carried out first to identify the conta@sistance of the material, and

is described in the subsequent section.
4.3.1. Transmission line measurement

TLM is a well known method for the identificatior the specific contact
resistance of any ohmic contact. This informaticglpk in the selection of
materials used for a thin film (ohmic contact), @hisubsequently affects the

device performance.

The TLM in this work, was performed on the wafetusture shown in
Table 4.2. The contact resistances were taken enptbide (top side) of the
material in all the measurements. The geometrietdild of the mask used for the
contact pads are shown in Figure 4.1. The detéiteeofabrication process steps

are given in Annex |.

Figure 4.1: A schematic diagram of the mask useth#® contact pads.

There are multiple mesas in the sample which weed or the TLM,
each mesa has 5 contact pads with 200 um x 200ipnendion. These contact

pads have 25 pm, 20 pm, 15 pm and 10 um gaps betthem (Figure 4.1).
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However the actual gaps obtained after photolitaplgy were 25 um, 21 um, 16

pm and 10 um, which were measured using an opticabscope.

A schematic diagram of the TLM measurement setugh@avn in Figure
4.2. The four probe method was used because itetiamnate surrounding
resistances, which are produced by the probes. gnobes were brought into
contact with each pads, with one designated fovtiiage and the other for the
current. The measurements were carried out by eggphpe bias voltage across
the contact pads and by measuring the current filtom one contact to the other
as shown in a schematic of the measurement seigpréF4.2). Here, ¥and \b
are the bias voltages analdnd b are the current flows across the contact pads.
Resistance between the two contacts was measurie layitomated script on the
four probe station. This process was repeated feasoring the four resistances
for the four different gaps in a single mesa sectibhis was performed on the
multiple mesa sections across the sample to olaagmaph of the resistances
versus gap length. The resistances are then platjathst their respective gaps
between the contact pads as shown in Figure 4.3.

Driver

Computer

Mesa

Figure 4.2: A schematic diagram of the four proleasurement setup.
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Figure 4.3: The measured resistances as a funattioontact pads separations.

The linear fit to this scatter gives informationoabthe contact resistance
and ultimately the specific contact resistancesThicalculated using the equation
4.1 [4].

Rc
Rs/ W

L=

4.1

where Lt is the transfer lengthRcC is the contact resistancd®s is the sheet

resistance an@/ is the width of the contact pad.
The specific contact resistance is measured usjogt®n 4.2.
Pc = RsL1*
4.2

Lt, Rc, Rs, and pc are found to be 3.997xPhm, 9.166x16Q, 1832
and 2.932x10Qmn respectively.

Here, the specific contact resistange:§ is found to be 2.932x1@mnr
which is less than the ideal 1x3Omn? [4]. This low specific contact resistance

indicates low series resistance between the cantact
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4.3.2. Ridge waveguide lasers

Optical confinement in the vertical direction istaibed by the higher
refractive index in the core region than the sumcbng layers during the growth
of the material, whereas, in the horizontal dikattiit is achieved by the presence
of the ridge. Lasing action is achieved by the tyatormed between the two
cleaved facets resulting in edge emission. Theeridgdth and etch depth is
designed to ensure single mode behaviour. Thiengigith should be narrow in

dimensions and can be deep or shallow etched.
4.3.2.1. Design and optimisation

Commercial mode solving software [5] was used fotimising the etch
depth and the width of the ridge waveguide laséhgés mode solver software
determines the effective refractive inde¥X, ‘and propagation constanf’, at a
particular wavelength with different geometries tbé waveguides. Numerical
techniques based on finite difference and finiemants are used for the mode
solving. In this work, a finite element method (FEMased on a scalar wave
equation solver was used to investigate the ridgeeguide structures. The layer
structure shown in Table 4.2 was used to optinfisedepth and width of the ridge
waveguide for single mode operation. Shallow angpdetched device structures

were used to obtain laser and PMC sections, raspsct

In shallow etched devices, only the upper claddeger was etched,
whereas, in deep etched devices, both, the uppédidg layer and the core layer
were etched. There is lower optical confinement lagrace lower scattering losses
in shallow etched devices as compared to the dedyecek devices. The shallow
etched devices were preferred in this work for semiluctor lasers, due to their
lower sidewall scattering losses and to obtain héging power. This also avoids
side wall recombination (non-radiative) and oxidatof quantum wells. The deep
etched devices, where scattering losses are higherto the optical mode’s
interaction with the side walls of the ridges, wesed to fabricate polarisation

mode convertors, where RIE lag was required tmdhice asymmetry and alter
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the optical axis of the waveguide. Also, it was possible to achieve necessary
asymmetric birefringence in shallow etched deviddere detailed analysis of
these structures is given in chapter 7. Schematgrams illustrating the deep and
shallow etched ridge waveguides are shown in Figute The ridge waveguides
were based on a design with etch depth of 1.95 fon the deep etched
waveguide) and etch depth of 0.95 um (for the eha#ttched waveguide). Here,
zero order mode operation was verified at a wayglterof 850 nm for each

device.
Waveguide width Waveguide width
b -
Etch depth (1.95 um) Etch depth (0.95 um)
Core @% t Core
(a) (b)

Figure 4.4: Schematic diagrams of (a) deep etchddl@ shallow etched devices.

The mode solving technique was used to determieedhnrect width and
depth of the waveguide. First, the effective madédex values for the first three
TE modes with varying widths of the waveguide foallow and deep etched
devices were calculated, which is shown in Figure. 4 was observed that
increasing the width of the waveguide, the effextikefractive index also
increases. This is due to the increased confinerfaendr in wide waveguides,
which results in improved laser action. This iastributable to lower scattering
losses in shallow etched waveguides. However, kygocertain width, the laser
design will support more than one mode. The designuld therefore, be as wide

as possible without resulting in double mode opend6].
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Figure 4.5 Simulated wveguide modal effective index of fundament& and
2" order TE polarised modes as a function of the waigegwidth for (a) dee
etched and (b) shallow etched ridge waveguide tsires

The first order mode cutoff is at 3 um and 1.5 omdeep and allow
etched waveguides, respectively. This width is guadfle for single mod
operation as the losses increase for the zero ombele with decrease in t
waveguide width. Therefore, in order to keep the z@der mode, 3.0 pm wic
devices were fabrited for characterisation, which provide a single de
operation with high optical confinement. The simethmodal profile of a 3 i
wide ridge waveguide structures at the depth d L8 (into the waveguide cor
and 0.95 um (above the core), where gle mode operation was obtained

shown in Figurel.6.

-4 3 -1 0 1 2 3 4 -4 -3 -2 -1 (] 1 2 3 4
X (pm) X (pm)
(a) (b)

Figure 4.6:Simulated modal profiles offundamental mode of (a) deep and

shallow etched ridge waveguide structures with 3wide ridge waveguide
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4.3.2.2. Device fabrication

The fabrication of ridge waveguide lasers involvesiltiple steps as
described in chapter 3. The complete fabricatioocgss steps for the ridge

waveguide lasers are given in Annex Il
4.3.2.3. Device characterisation

Shallow etched devices were fabricated with 3 pmlthviThey were then
cleaved into lengths of 0.5 mm, 0.8 mm and 1.0 Alhdevices were measured
while the samples were kept controlled to 20 °Cintamed with a thermoelectric
cooler (TEC). A direct current sweep was used tasuee the power emitted from
the devices. A silicon detector was used to detestemitted light. The emitted
power (light) was measured as a function of apptiedent for several device
lengths. It is observed that with an increase enlémgth of the cavity with fixed
width of the waveguide, the threshold current iases. This is shown in Figure
4.7.

5.0 =

454

0 Device lengths:

0.5mm
s 0.8mm
----- lmm

3.5

3.0 4

2.5 =

Power (mW)

2.0 -
1.5 =
1.0 =

0.5 -

; /
0.0 rrrrrrrrrrrrrrrrrrrrrrrrr

L )
0 10 20 30 40 S50 60 70 80 90 100 110 120 130 140 150
Current (mA)

Figure 4.7: Power as a function of applied curfen8 pm wide and various

cavity length ridge waveguide lasers.
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4.3.2.4Calculation of material parameters

The quality of the laser material being used canabsessed by the
calculation of basic material parameters includiiferential quantum efficiency

(f7d), internal quantum efficiency/j ), internal loss @i), threshold current
density (Jin), infinite threshold current densityJé ) and the modal optical gain (

gm).

Using the L-I curves in Figure 4.7, the threshaldrent (In) of the device
is determined, and from the slope of the curvedifferential quantum efficiency

is calculated using the relation given in equatidh

4.3

where ( is the charge of an electroh, is the Planks constant, is the optical

frequency of the laser light.

From equation 4.3 is calculated for each device length and tiépa

as a function of cavity length (L) is plotted whigh shown in Figure 4.8, and

gives a linear relationship. This intersects thaxis at the value o]//7d. From

this intercept, and slope of the fitted line, imi@r quantum efficiency/fi) is

calculated.
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Figure 4.8: A plot of inverse differential quantwfficiency as a function of the
cavity length.

Internal loss &i) is calculated by substitutingi into equation 4.4 [7] for

each cavity length.

1 1
_—=—+

ai L
nda N ﬂiln}l/?
4.4

where L is the cavity length of the device amlis the mean Fresnel

reflectivity of the two cleaved facets which is ~0.3

In this case/;i is found to be 34 % andi with 0.5 mm, 0.8 mm and 1

mm long devices, is found to be 19/cm, 13.5/cm Bhé8/cm, respectively.

The threshold current density is calculated usopgaéon 4.5.

4.5
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This gives threshold current densities of 4.7 KAlc2 KA/cnf and 2.9

KA/cm? for 0.5 mm, 0.8 mm and 1 mm long and 3 um widdasy respectively.

The infinite threshold current densityd4) is calculated by plotting a
graph betweern Jn and 1L, which is shown in Figure 4.9. From slope of the
line and using equation 4.6)« is calculated, which is found to be 1763.75

Alcm?.

InJm:EHn Jo
L

4.6
8.6 =
y=0.048 x+ 7.47
8.4 -
8.2 -
ges.u-
=
7.8 <
7.6 =
At TT T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22
1/L (em™)
Figure 4.9: A plot ofin Jn as a function of 1/L.
The modal optical gain is calculated using equadioh
1 1
Wl gh=ai+—In=
L R
4.7

where nw is the number of quantum wellk, is the optical confinement

factor of one well,gwn is the material gain per quantum well at threshdlde
product nwl g is called the modal gainggn). Here, modal gain of 40.47/cm,
25.23/cm and 22.03/cm was calculated for 0.5 mgipn and 1 mm long and 3
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um wide devices, respectively. This decrease inahgdin with increase in the

device length is due to the higher threshold curd@nlonger devices.
4.3.2.5. Temperature characteristics

The semiconductor lasers are temperature sensifige.the sample
temperature increases, the lasing threshold ofléwces increases. This can be
observed from the L-I curves of 3 um wide and 1 thomg lasers at various
temperatures, shown in Figure 4.10. This increaskasing threshold is due to
increase in the transparency carrier density wémperature, which in turn
decreases the gain of the device. This is beches@ajected carriers spread over a
large range in energy [7]. The losses also incredie a rise in temperature;
which are most likely due to the thermionic emissioin which carriers cross

their potential energy barrier, resulting in highieeshold current.

The characteristic temperaturé ) of the material which describes the
temperature dependence of the threshold curremvaguated by plotting the
natural log of threshold currenti) as a function of operating temperature. This
is shown in Figure 4.11. The values of the thredlmlrrent and the operating
temperatures are taken from the measured data (showFigure 4.10). By
applying a linear fit to the measured data andgu#ire equation 4.8 [8, 9], the
characteristic temperature is found to be 97 °Kicivis less than earlier reported
values [10]. This loweil o is attributed to poor quality growth of the maatms

compared to the commercially growth material, anddsign of the material.
T
lth =ltoexp —
To

where |t is the threshold currentdo is the threshold current at 0 °K

4.8

which is known as the characteristic curreht,is the operating temperature in

°Kelvin andT o is the characteristic temperature of the material.
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Figure 4.10: A plot of emitted power as a functafrcurrent at various

temperatures.
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Figure 4.11: A graph of natural log of thresholdrent as a function of

temperature.
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4.3.2.6. Spectrum analysis

The optical spectrum was obtained for a 0.5 mm,I@gm wide shallow
etched waveguide laser. The light was coupled ioptical fibre using a
microscope objective lens and was measured usmg@hical spectrum analyser
(OSA). A schematic diagram of the optical spectmeasurement setup is shown
in Figure 4.12.

Temperature

Controller
Microscope
objective
Ontical Fiber optic cable Lems
ptical spectrum Current
analyser O D |put Controller

Figure 4.12: A schematic diagram of optical spentraeasurement setup.

The threshold current for this device was 70.5 a8 $hown in Figure
4.7). However, the first peak was observed for @0 current at a wavelength of
870 nm. This spectrum is shown in Figure 4.13. &hsra change of 20 nm in
wavelength between the laser excitation and thégaded output wavelength of
850 nm. This difference is likely due to the grovdéfects or current injection
effects i.e. heat. A red shift in peak wavelengtswlso observed when measured
with higher CW current injection. A plot in Figurel4 clearly shows the peak
wavelength shift with increasing current. Here,hwi20 mA change in current, a
red shift of 27 nm in peak wavelength was obseag&dompared to the first peak
at a wavelength of 870 nm. This red shift in wamigté is due to the existence of
localized heating in the intrinsic core of the metle produced due to the presence
of carrier traps in the core which produce hindeafar carrier transportation in

the core medium from the surrounding layers.
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Figure 4.13: Spectrum showing the excitation wawglle of 870 nm for 0.5 mm
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long and 3 um wide ridge waveguide laser at 80 mA.
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Figure 4.14: A plot of observed peak wavelengtthwitrease in the current.

4.3.2.7.

Far field pattern analysis

The far field pattern is important in determinirfge tcoupling efficiency

and coupling tolerance between a semiconductor laseé a single mode fibre
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[11]. Smulation of the far field patterns was performed &3 um wide, 0.8 mm

long and shallow etched device using 3-D BPM. The olehisimulation results are

shown inFigure 4.15

0
0.1250
0.2500

0.3750
0.5000
0.6250
0.7500
0.8750
1.000

Vertical direction (deg)

-30 -20 -10 0 10 20 30
Horizontal direction (deg)

Figure 4.15: Far field simulation of a 3 um widakbw etched waveguide

structure.

The simulation results show the divergence angtberhorizontal direction is
15°, whereas in the vertical direction is 58°. Eadter, the fabricated devices were
measureddr far field patterns at a distance of 5 mm awaynfrthe device facet
using the measurement setup shown in Figure 4 & dé&vices were mounted on a
TEC with the temperature controlled to 20°C andemgaced in front of the rotating
slit of the goniometric radiometer. The emittechtigrom the devices was collected

and the beam intensity as a function of angulaitiposvas measured.

Temperature
Controller

Goniometric
radiometer

Computer

Pulse generator DUT

Figure 4.16: A schematic picture of far field pateemeasurement setup.
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Results were obtained - far field patterns in the horizontal and verti
directions at different currents with full width lhenaximum (FWHM) measure(

and are shown ikigure4.17.

(a)

Figure 4.17 The measured far field patterns in (a) horizoatal (b) vertica

directions.

The measured divergence angle in horizontal doactvas around 5.6
whilst in the vertical direction, it was around 39at 130 mA current. Compar
to the simulated results, the divergence angleomzbntal direction is reduce
likely due to fabriation errors (most likely being an under etched dajn
whereas the divergence angle is consistent with rtigelelling in vertica
direction. Furthermore, these results are condistéh the simulated single mou
(Figure 4.6(b)) results, where, the horizontal and verticalegd of mode i

entirely opposite to the far field pattern, as vablé expecte
4.4. Conclusions

GaAs/AlGaAs material system emng at a wavelength of 850 nm, w
its epitaxial layers is discussed. The methods rfaaterial characterisatic
including TLM and ridge waveguide lasers are presstrHere, TLM method we
used for identification of the specific contactiséance of the hmic contact. It
was found to be 2.932x’Qmn?¥ which is less than the ideal 1>*Qmn?. This
showed that there was low series resistance betiieeoontacts. Thereafter, t

ridge waveguide lasers design, fabrication andattarisation are discusseche
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evaluation of the emitted power with current chegastics of different lengths
was used for determination of the most common natgroperties. These

include internal quantum efficiencyy{(), internal loss i), threshold current
density (Jin) and the modal optical gairgf) of the material. Herei was found

to be 34 % which is very low from the typical vaduaf 60-80 % for good quality
material. Furthermore, the internal losses were fsnd to be very high which
showed that the material is highly resistive. Tharacteristic temperature was
calculated for this material and found to be 97 WHKich is less than already
measured values. The measured parameters showedetmaaterial is poor to use
in devices with active functionality, but it is Istworthwhile to make passive
devices. The characterisation of above paramegeisportant to analyse the

material quality, so that it can be used for furttadrication of the devices.

In the subsequent section, the optical spectrummeasured for shallow
etched fabricated devices. A red shift in wavelbr@ft20 nm was found between
the excitation wavelength and the designed outpavelength of 850 nm.
Furthermore, with the injection of current, a rddftsin peak wavelength was
found. This red shift in wavelength is due to thhevgh defects and localized
thermal effects.

In the last section of this chapter, measurememtfaf field patterns were
carried out. It was found that there was more sprefalight in the vertical
direction than the horizontal direction. There wexlso inconsistent results
(measured) for far field patterns as compared ® dimulated results in the
horizontal direction, whilst consistent in the veat directions. This is most likely

due to fabrication errors (being an under etchedpss).
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Chapter 5

Design and characterisation of
polarisation mode convertor on
GaAs/AlGaAs material

5.1. Introduction

Numerous polarisation mode convertors (PMCs) andarization
insensitive devices have been demonstrated onuglid-V material systems,
including GaAs/AlGaAs, InP/InGaAsP and silicon amsulator (SOI). These
PMCs reported in literature are of various desiging are based on the principles
of mode evolution [1, 2] and mode beating. Theseluthe longitudinal
periodically loaded waveguide sections [3], londital waveguide bends [4],
single ridge waveguide sections with a sloped wsidks [5-8] and sub wavelength
air trenches [9-11].

This chapter explains the basic structure and desighe PMC with its
principle of operation, which is based on etched dévices (Figure 5.1). Further,

the design and optimisation of PMCs with a semicotal laser are described.
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The modelling was carried out to optimise the @dtexis and the length of ti

PMC. The characterisation of the fabricated devisedso discusse

5.2. Principle of the etched slot polarisation mod

convertor

A schematic design of PMC with a -wavelength air trench is shown
Figure 5.1 Here w, h, t and d represent the width of the egande, the trenc
depth, thickness of the trench and position ofttbiech from the waveguide ed
respectively. The PMC is highly affed by these dimensions, and is describe

the subsequent secti

Atpul

Vi
e .
“d Asymmetric
waveguide

Symmetric )
. &S
waveguide I

N

/// y
(N y //
N / 4 Trench taper

W Alput e

(a) (by

Figure 5.1 (a) A schematic design of a single trench PMC @)dhe symmetri

and asymmetric waveguide sections.

The RIE was employed tfabricate the waveguide with s-wavelength
air trenches, resulting in an ability to attain tohable asymmetric waveguic
profiles. Therefore, the PMCs were fabricated wddep etching, as it helps
attain the etched slot as well as strong modeinement. The asymmetric crc
section enables the optical axis of the waveguadéd changed relative to t
wafer normal as shown Figure 5.1 (a)where x and y* axes are changed to
from their respective x and y axes. When a TE (b)) Thode enters into th
asymmetric waveguide section (PMC section) from sigenmetric waveguid
(Figure 5.1(b)), two eigen modes, which are orthogonally pe&d to each othe
are excited. As a result, the r-dominant field components of these modes
increased, and the modes become hybrid in naturesel rodes propagate

different propagation constan $1 and 32, and for a fully hybridised mode wi
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optical axis of 45°, results in a polarisation tiota of 90° (100 %) at the half beat
length, L77. Here, L71=71/AB where AB = f1— 32 and is the difference

between the propagation constants of two fundarhemddes. When the optical
axis changes to 22.5° or 67.5°, the polarisatiomtisted to 45° (50 %) and the

length of the convertor is reduced kg7/ 2.

5.3. Modelling and design of the polarisation mode

convertor

Commercial beamprop software [12] was used to madel design the
symmetric and asymmetric waveguide structures (Ftdcture) on the material
system presented in Table 4.2. The asymmetric waslegstructures can be
obtained using a sub-wavelength air trench in ti€RBection with deep etching.
For simulations, a ridge waveguide with 1.24 umtiigdvhich gives single mode
operation (as described in Chapter 4) was used aspait waveguide, whereas
different trench geometries, were used to desigrPIC. This includes one, two
and three trenches with different widths, at ddtipositions from the waveguide
edge, and with various depths. The appropriate &smn was obtained with one
trench geometry (Figure 5.1 (a)). However, the epsion can also be obtained
using two and three trenches in the waveguidesthase were difficult to realise.
Therefore, a single trench design was further mdsas it was comparatively
easier to achieve than two and three trench ge@setihe efficacy of the
waveguide for polarisation conversion was set Qysdohg different trench widths
(), trench positions from the waveguide edge &y the trench depths (h). The
losses associated with PMCs are not taken intoustcaue to the software
limitations.

The polarisation conversionPC) efficiency was obtained using the

expression in Equation 5.1.

111



Chapter 5 Design and characterisation of polaosahode convertor on
GaAs/AlGaAs material

c=— P 100%
(PTE + PTM)

5.1

The geometrical dimensions (as stated earlier)ctftee polarisation
conversion efficiency. Polarisation conversion@éincy changes with changes in
dimensions, such as the trench width (t), the traepth (h) or the trench position
from the waveguide edge (d). The trench positieamfthe waveguide edge was
determined by the mechanical stability of the renmgy pillar (d). This was set by
my previous fabrication experience (during thiseeesh work) to be 140 nm, as

small (d) results in damaging the pillars on they@gauide edges side.

Simulations were carried out for optimisation o¢ fAMC by changing the
trench width, the trench depth, and at the posittdnthe trench from the
waveguide edge of 140 nm. It was found that 50 % 200 % polarisation
rotations were obtained at trench depths of 1.261a83 um, respectively, for a
230 nm trench width with a 140 nm trench positioomf the waveguide edge. A
plot of polarisation mode conversion as a functbthe trench depth for different
trench widths at constant trench position from Waveguide edge is shown in

Figure 5.2.
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Figure 5.2: A plot of % polarisation mode convensas a function of the trench
depth for different trench widths at constant treposition (140 nm) from the

waveguide edge.

Thereafter, using the optimum trench width (230 mm) the trench depth
(.25 pm) for 50 % polarisation rotation, and gositof the trench from the
waveguide edge was varied from 120 to 170 nm. Tp&mom polarisation
conversion was obtained at a position of 140 nnpldk of % polarisation mode
conversion as a function of the propagation dicgctt various trench positions
from the waveguide edge, at constant trench wi@80 (nm) and trench depth

(2.25 pm) is shown in Figure 5.3.
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Figure 5.3: A plot of % polarisation mode convernsas a function of the

propagation direction at various trench positicwsf the waveguide edge, at
constant trench width (230 nm) and trench dept?5(fLm).

The optimised values for the trench width (230 nttm, trench depth (1.25
and 1.33 um) and position of the trench (140 nminfithe waveguide edge for
45° (50 %) and 90° (100 %) rotations, respectivelgre used for further
simulations. The polarisation mode conversion &fficy of 50.8 % was obtained

at the convertor length of 415 um and the trengdttdef 1.25 pm. The width of
the PMC section was 1.24 um and this PMC includ28Ganm wide trench at a

position of 140 nm from the waveguide edge, as nup8d above. The

polarisation mode conversion as a function of thepagation direction is shown

in Figure 5.4.
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Figure 5.4: The TE to TM mode conversion as a fonobf the propagation
direction for 45° (50 %) rotation.

Using the optimised dimensions for the trench wi@B0 nm), the trench
depth (1.33 pm) and position of the trench fromwaeeguide edge (140 nm) for
90° (100 %) rotation, the polarisation mode conweargfficiency of 99.9 % was
obtained at the convertor length of 665 um. Thapsdtion mode conversion as a
function of the propagation direction is shown iigufe 5.5. The polarisation
mode conversion depends upon the trench depth @snsin Figure 5.4 and
Figure 5.5, which identifies that changing the ¢ferepth from 1.25 to 1.33 um
at optimised dimensions of the trench width (230) rand the position of the
trench from the waveguide edge (140 nm), causes %bQifference in
polarisation mode conversion, which is due to cleaimgthe optical axis of the
PMC. In this work, only devices of 50 % rotation re/fabricated due to the

difficulties associated with etching a deep, nartemch.
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Figure 5.5: The TE to TM mode conversion as a fonobf the propagation

direction for 90° (100 %) rotation.

5.4. Optimisation of the trench depth in realised devicse

The trench depth and the trench width are intendegece to each other as

shown in SEM images in Figure 5.6. In order toiatthe desired etch depth of

1.25 pum for 50 % polarisation rotation, the varialeyvices were fabricated to

optimise the trench depth relative to the trenctitvi The trench width of 500 nm

to achieve 1.25 um trench depth, was optimisedaldnication, less etching was

advantageous to attain 50 % polarisation rotatios tb various factors including

etch rate, trench widening due to non vertical iegghand pillars breakage due to

ions reflections, which results in mesa formatiOwer-etching also causes mask

erosion.
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Trench width= 200nm Trench width= 300nm

Figure5.6: SEMs of trench widths relative to the trench ts
5.5. Device structure with a single PM(

The devce structure shown iFigure 5.7was devised for realisation
devices based on GaAs/AlGaAs material. This strectonsists of a single PV
with input and output waveguide sectic

L R T I, Neodooood
1renci tapers /‘-\/ vuiput

Input waveguide

Input

Figure 57: A schematic diagram of the device with a singiéd?
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In this structure, the dimensions optimised for #C including the
waveguide width and position of the trench from weeseguide edge, except the
trench width, were used. A 500 nm wide trench wseaduinstead of optimised
trench width (230 nm, as was in initial design)attain the trench depth of 1.25
pum for 22.5° rotation in optical axis (as explain@éviously, Figure 5.6). This
was due to the fact that, with optimised trenchtidhe desired trench depth
could not be achieved. A single PMC was placed eetws00 pm long input and
output waveguide sections. The width of the symimetraveguide and PMC
sections was kept 1.24 um. The PMC comprises anBOWide trench at position
of 140 nm from the waveguide edge. Various PMC# wahgths ranging from
350 to 600 um, with a step of 50 um, were fabrata®apers of 5 um length,
were provided on each corner of the trench of PMICsmooth etching from the
input and output waveguide sections to the convestrtion. These tapers
provide deep to shallow etching in the slot duth®RIE lag effect, which in turn
provides smooth transitions of modes in the devite devices were deep etched

through the waveguide core to achieve asymmetnegaides (PMC sections).
5.5.1. Device fabrication

Passive PMCs were fabricated and optimised usibgaga lithography.
The trench pattern was formed using direct writbeeam and standard etch
process as described in chapter 3. The fabricatieps required to realise the
passive PMCs are given in Annex lll. Precise cdraxer the trench depth in the
PMC sections is critical, and was achieved usingefiectrometeric etch
monitoring technique (as described previously). deeices were fabricated using
reactive ion etching with ridge depths of 1.45 pomlt50 um, measured for the
different samples using a Dektak Profilometer. Thass-section of the fabricated
PMC is shown in Figure 5.8. The defined waveguiddthy the trench width and
position of the trench from the waveguide edgeh@m PMC were 1.24 um, 500
nm and 140 nm, respectively. However, the achieesdlts after fabrication for
the waveguide width, the trench depth and posioénthe trench from the
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waveguide edge were 1.27 um, 610 nm and 100 nipectsgely. The obtained
trench depth was 1.18 pm.

GaAs cap layer
Aln JGan J)AS
upper cladding

0.10 umg@
_’1 1.49 um

GaAs/Al,.Ga, As
N § core

e & Al,Ga,As
S Jower cladding

= R— : A —— hl‘-.l
$4700 10.0kV 13.0mm x35.0k SE(U) 3/31/10 14:42 1.00um

Figure 5.8: SEM picture of the cross section ofghssive PMC.
5.5.2. Passive device measurements

The fabricated devices were measured and chasedetising the setup
shown in Figure 5.9. In this setup, 1064 nm radratwas provided using the
diode pumped solid state neodymium-doped yttriunmahium garnet (Nd:YAG)
laser. A 1064 nm laser beam was used to avoidygreydf absorption losses. An
optical chopper was used along with a lock-in afigsli Microscope objective
lenses of 40x were used for coupling the beam tiiradhe device. A polarising
beam splitter ensured only TE polarised radiatiemmf the Nd:YAG laser was
injected into the device. An analyser was useti@butput to separate the TE and
TM polarised radiations. The TE and TM componen&renthen separately

detected using a photo-detector lock-in amplifier.
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Figure 5.9: A schematic diagram of the device mesamant setup with Nd:YAG

solid state laser, emitting at 1064 nm.

The TM purity was found to be depend on the PM@tleras shown in
Figure 5.10. Conversion efficiency varied from 5 46.5 %, and maximum
conversion efficiency, i.e. 40.5 % was obtainethatconvertor length of 400 pm
with a 1064 nm wavelength laser beam. The simul@gurity was in the range
of 30.7 to 50.8 % for PMC lengths of 400 to 600 with maximum conversion
efficiency i.e. 50.8 % at the length of 415 pm a0 &im wavelength (Figure 5.4).
As expected, this lower conversion efficiency fdre tfabricated devices as
compared to the initial simulated results was doethte dimensions of the
fabricated PMCs, and due to the wavelength chahggexted signal. The % TM
purity was obtained at the optimised dimensionshefdevice, which were 1.24
pum, 230 nm, 1.25 um and 140 nm (in simulations)enels, experimentally
measured devices had 1.27 um, 610 nm, 1.18 umG@hdrh for the PMC width,
the trench width, the trench depth and positiotheftrench from the waveguide
edge, respectively. Furthermore, the wavelengthalsschanged from 850 nm to
1064 nm. Thereon, the experimentally measured diimea were used to
simulate the devices. This yielded a conversiorncieficy of 57.3 % at the
convertor length of 400 um with 1064 nm wavelengthe later simulation
results (Figure 5.10) are nearly comparable wit é&xperimentally obtained
results, and have a similar trend in terms of peddéion mode conversion versus

convertor length.

120



Chapter 5 Design and characterisation of polaosahode convertor on
GaAs/AlGaAs material

At 1064 nm wavelength
—a— Measured
—e— Re-simulated

% TM purity

360 390 420 450 480 510 S40 570 600
Convertor length (pm)

Figure 5.10: The % TM purity as a function of tHd® length (experimentally
measured and re-simulated).

5.6. Device structure with back to back PMCs

The devices fabricated with a single PMC (as dbedriearlier) were
intended to give 50 % polarisation rotation. The o§two PMCs, and attaching
them back to back, is a method to achieve furtbtation to the optical axis. The
first PMC vyields 50 % rotation in the signal, ame tsecond PMC gives further
change of 50 % rotation, resulting in 100 % poktr® mode conversion, in

total. This device structure is shown in Figurel5.1

In this structure, two gain sections, with widtlsging from 1.23 to 1.35
um, and the length of 800 um, were used on bothotigitudinal sides with two
PMCs, lengths of each ranging from 300 to 500 prhesé PMCs were
sandwiched back to back in the gain sections, aatk velectrically pumped.
Taper waveguides of 5 um length, were used ataheecs of each trench of the
PMC to ensure smooth dry etching from the gainisestto the convertor
sections, which in turn provides smooth transmissad optical modes in the
integrated device. These devices were deep etdmedigh the core, while
trenches in the convertor sections were obtainetth WIE lag. Trenches of

varying widths, ranging from 500 to 540 nm in coreesections were defined at
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positions of 140 nm from the waveguide edge in mome devices. The waf

shown in (Table 4.2) was used to fabricate theseds

Trench lapers 4

Figure 5.11 A schematic diagram of the deviwith back to back PMC

5.6.1. Modelling and design of devices with back t
back PMCs

Using the optimised dimensions, the back to backCBMere modellec
The waveguide width of 1.24 um, the trench deptlil.@6 um and the trenc
width of 230 nm at position of40 nm from the waveguide edge, which w
optimised to attain 45° (50 %) rotaticFigure 5.4, was routed. Simulations we
carried out using the beiprop software based on the beam propagation m
(BPM). In simulations, the device structure withotMCs, placed back to ba
between two symmetric waveguide sections, was aseshown irFigure 5.11.
The polarisation conversion efficiency of 99.5 % swabtained from th
combination of two PMCs at the convertor lengtt840 pum. The % polarisatic
mode conversion as a function of the convertorth is shown inFigure 5.12.
Here, the first PMC yields 50 % polarisation modewersion as the optical a
is rotated at 22%(in first PMC), and further 50 % rotation was acfaig in the
second PMC as mode continues to rotate (in secoh@)Presulting in 100 ¢

polarisation mode conversion in to
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Figure 5.12: The TE to TM mode conversion as atfonof the propagation
direction for PMCs, attached back to back.

5.6.2. Fabricated device

The fabrication process to realise the integra®dogs is given in Annex
IV. Figure 5.13 shows the cross section of a redIBMC. This PMC is integrated
with a semiconductor laser. A waveguide width &41um, a trench width of 500
nm (as optimised for the realised devices) andtiposif the trench from the
waveguide edge at 140 nm, were designed for faiitaThe waveguide width
was kept little bit higher from the optimised vadue compensate any fabrication
errors during fabrication. The obtained resulterathe fabrication were 1.34 pum,
710 nm and 130 nm for the waveguide width, thednemidth and position of the
trench from the waveguide edge, respectively. Taech depth was found to be

1.18 um. All three sections of the integrated deviwere electrically pumped.
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Figure 5.13: SEM picture of cross-section profilehee PMC.
5.6.3. Passive measurements with back to back PMCs

The fabricated devices were measured and chamsederusing the

measurement setup shown in Figure 5.9.

A plot of the % TM purity as a function of the camtor length is shown
in Figure 5.14. Conversion efficiency was foundyaith length, i.e. from 14.2
to 64.4 %, and maximum conversion efficiency, 6.4 % was obtained at the
convertor length of 760 um with a 1064 nm wavelbngft injected laser beam.
The simulated TM purity was in the range from 855 % for PMC lengths
ranging from 680 to 840 um with maximum conversadiiciency, i.e. 99.5 % at
the length of 840 um with 850 nm wavelength. THisves lower conversion
efficiency as compared to the initial simulateduiesss These incomparable results
were due to dimensions of the fabricated PMCs, dne to the wavelength
change of simulated and experimentally obtainedltsesThe % TM purity was
obtained at optimised dimensions of the device Wwiere 1.24 ym, 230 nm,
1.25 pm and 140 nm (in simulations), whereas, exyartally measured devices
had 1.34 um, 710 nm, 1.18 um and 130 nm for the RWiEh, the trench width,
the trench depth and position of the trench fromwiaveguide edge, respectively.
The experimentally measured dimensions and waviélesfgl064 nm of injected

laser beam were further used to simulate the devitkis yielded a conversion
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efficiency of 49.7 % at the convertor length of 76®. The re-simulation results

(Figure 5.14) compare well with the experimentalbyained results.

70 =
60 -

50 =

=
(—
1

% TM purity
i

20 -

—a— Measured
10 - —e— Re-simulated

5T rTrJ5TrrrrrrrrrrrrrrerT
660 680 700 720 740 760 780 800 820 840 860

Convertor length (um)
Figure 5.14: A plot showing experimentally measuwaad re-simulated results of
the % TM purity as a function of the convertor ldnfpttached back to back).

5.6.4. Active PMC measurements

The devices consisting of back to back PMCs werasmed using the
experimentally arrangement shown in Figure 5.150atical chopper was used to
modulate the lasers and a lock-in amplifier wasdusar detection of the
corresponding signal. A 40x Microscope objectiveslevas used for coupling the
beam from the device using end fire technique [B3polarising beam splitter
cube was used to get the TE polarised radiatiom ftee injected laser beam,
whereas an analyser was used to separate the THMnpolarised radiation,

subsequent to the fabricated device.
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Figure 5.15: A schematic of the device measurersetoip with Ti-Sapphire and
GaAs laser.

Initially, the input signal was provided using df@ated Fabry-Perot laser
(GaAs, FPL). CW current was injected to differeerttgons of the integrated
devices with the intention of amplification of thgout optical signal. It was found
that no amplification occurred in the integratedsides. These measurements
were performed with six fabricated samples, wittn@dt 200 devices, in total.
These devices were subsequently tested using tBagphire laser (as shown in
Figure 5.15) but there was neither lasing nor afecption in all of the fabricated
integrated devices. This was assumed to be mobaply due to un-even growth
of the wafer. The behaviour of some of these falbeid devices was observed by

taking V-I curves, which is given in the subsequssttion.
5.6.5. Voltage-Current characteristics

The voltage-current (V-1) curves were obtained didferent sections of
the integrated devices. The V-I curves of a degitew the device resistance. It
was found that the PMC section and the other sectiexhibit a very high
resistance ~120 ohms for 50 mA injection currente Tevice resistance should
be normally ~6-&2 and the switch on voltage should be ~1.4 V. Thecutves
of three sections of an integrated device are shoviAgure 5.16, which show the

higher voltage (higher resistance) in all the e The high series resistance of
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the device suggests that the epitaxial layers didhave the specified doping

profile leading to high series resistance.

Voltage (volts)

Output section
—— PMC section
Input section

0 10 20 30 40 S0 60 70 80 90 100
Current (mA)

Figure 5.16: Voltage-current curves for three sediof an integrated device.

Output power of these devices was measured fott iggon section biased
at 80 mA, PMC section biased at 25 mA, while therent at the output gain
section was varied from 0 to 100 mA. A plot of measl power as a function of
the output gain current is shown in Figure 5.17e Teasured output power was

very low, i.e. in micro-watts, which is due to highries resistance (as explained

earlier).
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Figure 5.17: A plot of output power as a functidrite current on the output gain

section of an integrated device.
5.7. Device structure with deep to shallow etching

Integrated devices were fabricated with shallovineticgain sections along
with deep etched PMC sections. This was to invastighe poor performance of
the previous samples was due to the deep etchedsgations. Tapers between
deep and shallow etched sections were used to eemptecal losses. The device

structure of these devices is shown Figure 5.18.

4 pm wide 8 um wide
waveguide slots waveguide slots

Gain
section 1

4 um wide 8 m wide
waveguide slots  waveguide slots

Figure 5.18: A schematic diagram of the deep amtlesh etched sections.

In this structure, two gain sections, each randnogn 1.23 to 1.35 pm
wide and 800 um long, were used on both the lodgial sides with two PMCs
of lengths ranging from 300 to 500 um. These PM@sewsandwiched back to
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back in the gain sections. Taperd waveguides ofrblgength, were used at the
corners of each trench of the PMC ensuring smooghetthing from the gain

sections to the convertor sections, which in tumviges smooth transmission of
optical modes in the integrated device. Two 4 apdrBwide passive waveguides
were placed on each side of the two gain sectibp®sition of 300 nm and 800
nm from the waveguide edge respectively. These guades confine the carriers
in the gain sections by compressing from the sidesirds centre and to achieve
the shallow gain sections by the RIE lag. A tapaveguide with a length of 100
pum towards the convertor section was used to gebgnshallow to deep etching.
The PMC section was deep etched, while the gaitiosscon both sides were
shallow etched. Trenches in the convertor sectiegr® etched to a depth of 1.25
um by the RIE, in order to attain 45° rotation asdelled earlier). Trenches of
varying widths, ranging from 500 to 540 nm in theneertor sections were

defined at position of 140 nm from the waveguidge=dThe trench widths of

>500 nm instead of the optimised trench width (28@) were used to achieve

1.25 um trench depth (as described earlier).

PMC
section

(b)

Tapers ﬂ
between
two PMCs
(c)
Cap removal l ',

region and
tapers

Gain {
section I

Figure 5.19: (a) An optical microscope image offdi@icated device with a
pumped laser section, tapers, cap removal regidrP8C sections (b) magnified
view of PMC (c) magnified view of tapers used foupling the two PMCs (d)
magnified view of cap removal region and tapers @)enagnified view of a

pumped laser section.
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5.7.1. Fabricated device

An optical microscope picture of the fabricatedidewvith a pumped laser
section, tapers, and PMC sections is shown in Eigut9 (a). Figure 5.19 (b)
shows the PMC section, which was used in variousedsions in different
devices. The two PMCs were coupled by trench taffeigure 5.19 (c)). The
heavily doped p-cap layer was removed from the oregbetween different
sections of the device for electrical isolationdahe tapers were used to get
smooth shallow to deep etching, between the lasgion and the PMCs on both
sides of the device. This is shown in Figure 5.dP The electrically pumped
laser section is given in Figure 5.19 (e). The dapgssive waveguide slots of 4
and 8 um widths on both sides of pumped laser wectivere provided for
confining the injected carriers below the pumpettioea.

The SEM pictures of cross section of the pumpeerlagction with
passive waveguide slots, and the PMC are showngiré-5.20. In Figure 5.20
(b) magnified view of the pumped laser section hseven and Figure 5.20 (c)
shows top view and cross sectional profile of theick.

(b) Pumped section

-t P

1.04 I lmh111

pm =1

(c) Pumped section
top view

10.0kV 14.2mm x4.00k SE(U) 3/10/11 10.0um

(a)

Figure 5.20: (a) SEM picture of cross section efititegrated device including a

pumped laser section (b) magnified view of crossise of the pumped laser

section and (c) magnified top view of the pumpesiasection.
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5.7.2. Active PMC measurements

These devices were characterised using the measnresetup shown in
Figure 5.15. Unfortunately, the behaviour of thdeeices was similar to the deep
etched devices. There were neither lasing nor apémplification in all of the

fabricated integrated devices.

Some deep and shallow etched devices were cleasardtime start of the
PMC section. This was carried out to observe behavof the shallow to deep
etched sections transitions. These devices wetedtassing CW and pulsed
current setups. It was found that life time of thekevices was very short (as
immediately, the output power dropped significanthnd all the devices failed
when using drive CW current. However, the emissiblight was observed under
pulsed current measurements. The devices measutkdpulse currents were
quite stable as compared to the CW currents. Itduasto less heating produced
during pulsed current injection. The comparison @& and pulsed current

performance of the shallow to deep etched deviehawn in Figure 5.21.
4.0 - ;
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—— CW current
- - - - Pulsed current
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Figure 5.21: Comparison of CW and pulsed currerfopmance of the shallow to

deep etched devices
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5.7.3. Power-current characteristics

The power-current (P-I) characteristics of the deed shallow etched
devices, were measured. Most of the devices wetelasing, however some
devices showed lasing. Output power of 13.6 mW whtined at 150 mA
injection current. The plot (Figure 5.22) showsttli@e device is operating in
multimode. This is evident that for injection curt®f around 130 mA, one mode

Is converted into another, and the device stasiadgagain at this current.

24 - _
{ —=— Power with increase in current
21 4 —e— Power with decrease in current

Power (mW)

0 20 40 60 80 100 120 140 160 180 200
Current (mA)

Figure 5.22: Hysteresis of the emitted power asatfon of the current.

5.8. Conclusions

This chapter gives the description of the passiW@CP the devices
monolithically integrated with a single PMC, andotWwMCs, attached back to
back, with a semiconductor laser, fabricated witallew and deep etching. In the
first section, the principle of etched slot bas®&tidPis presented. The polarisation
mode conversion was obtained by changing the dmida of the waveguide to
the wafer normal. The basic structure, design, ftiadeand optimisation of the
PMC with and without semiconductor lasers are arpth Various PMCs were
modelled using different trench depths, trench kgdand position of the trench
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from the waveguide edge using double hetero-strecit@aAs/AlGaAs material
systems. Polarisation mode conversion of 45° (50a%s) 90° (100 %) was
obtained at the waveguide width (1.24 pm), thedneridth (230 nm), the trench
depths (1.25 pm and 1.33 um) and position of teactn (140 nm) from the
waveguide edge, respectively. Simulations wereiaghrout using two PMCs,
attached back to back to get 90° (100 %) rotatidnch gives 99.5 % polarisation
mode conversion at the convertor length of 840 pith(combination of two

PMCs). Fabrication of these devices with SEM piesus discussed.

The measurements carried out on numerous devicdls, passive and
active functionality of PMCs, are discussed. Thdawmied results from the
integrated devices for active functionality of despallow, and deep to shallow

etched devices, are presented.

Although some polarisation rotation has been demnatesi using these
devices, the devices suffered from large amountaoétion between devices and
high series resistance, which made a robust asatygperformance versus design
difficult. The next chapter addresses these problepnmoving to high quality,

commercially available epitaxial material.
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Chapter 6

Design and characterisation of
polarisation mode convertor on
InP/AlGalnAs material

6.1. Introduction

Devices based on the GaAs/AlGaAs epitaxial matevide discussed in
the previous chapters. While we demonstrated thsicb&unctionality of
polarisation mode convertors, the material qualitgs not sufficient, which
results in poor and variable device performanceerdlore, high quality
commercially available material (InP/AlGalnAs) oging at a wavelength of
1550 nm was chosen. This material is suitable &ri€ation of the devices
operating in a 1530-1565 nm wavelength range. Mmselength range is
commonly used for telecommunications devices. Thiterial also provides
better performance than other materials operatinthis wavelength range, i.e.
GalnAsP due to its large conduction band offset dherefore improved
temperature performance. The conduction band oftsealuminium quaternary

systems(AECc=0.72AEQ) is larger than the phosphorous quaternary systems
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(AEc=0.4Q0EQ). This results in lower carrier losses due to thienic

emission and therefore a higher characteristic esatpre [1, 2]. Furthermore,
aluminium layers in the core region have the adagatof selective dry etching,

which helps in controlling the etch depth via anbAbked etch stop layer.

In this chapter, a brief description of the epithdayers, with the band
diagram of InP/AlGalnAs material structure, is mm®d. The integrated device
structures, consisting of shallow etched activeioregy with tapers, and deep
etched passive polarisation mode convertors, aeussed. The modelling and
optimisation of the integrated devices are als@utised. The characterisation
results of the fabricated devices are presented.pbtarisation mode conversion
is demonstrated. Further, active phase shiftingpoldrisation modulation at 300

Mbps was demonstrated for the first time.
6.2. Material structure

The devices were fabricated on the commerciallylavia [3, 4] a 1550
nm, p-i-n laser diode structure. The design of weder was specified by the
supplier. This wafer contains five &§Ga 24no.77As quantum well (QW) layers,
and six Ab2Ga2dno4dAs barrier layers. The thicknesses of QW and barrie
layers are 6 nm and 10 nm, respectively. The ejpitdyer structure with layer
thickness of each layer, and doping concentrai®slown in Table 6.1. The QW
and barrier layers are sandwiched between the twar6 Ab 3G 1dNo53AS
layers, which are graded refractive index sepatatdinement hetero-structure
(GRINSCH) layers. These GRINSCH layers are usetbfarcarrier population in
the core and improved optical confinement, as coethéo the standard separate
confinement hetero-structure (SCH). This also hétpseducing the threshold
current density and increase in the differentiahda, 5]. These layers are further
sandwiched between the two wide band-gapsAa osnossAs layers, which
prevent electrons and holes escaping from the eacggion. Two InP layers of
800 nm and 1650 nm thickness are used as loweuppeér cladding layers. A

200 nm thick highly doped Gadnos3sAs layer is used on the top as a cap and
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ohmic contact layer. The quantum well layers arenp@ssive strained with
12000 ppm, whereas, barrier layers are tensilensttavith -3000 ppm. All other
layers used in this wafer structure are latticecmad to InP. The zinc (Zn) and

silicon (Si) are used as p-type and n-type dopants.

Table 6.1: Layer structure of the IQE wafer, part iEGNS-13-17

Layer Material Thickness (nm) Doping
16 Ga.4ANosAS 200 p > (1.5x1%)
15 Ga.2dN0.71AS0.67%0 35 50 p > (3x16))
14 InP 100 p > (1.5x19
13 InP 1500 p (1x16)

12 Ga.19N0.85AS0.38%0 67 20 p (1x106°)
11 InP 50 p (7x18)
10 Alo.42Ga 0dNo sAS 60 p (4x16)
9 Alp 34Ga.1dN0 55AS 60 Un-doped
8 Alg 25Gay 2dNp 49AS 10 Un-doped
7 Alp.07/Gay.2dNo.7/AS 5x6 Un-doped
6 Alp2G &y 2dNp.40AS 5x10 Un-doped
5 Alp 34Ga.1dNo 55AS 60 Un-doped
4 Al 485 a,09M0 5AS 60 n (1x16)
3 Alg 4dGay 07AN0 53AS 10 n (1x16))
2 InP 500 n (1x1%)
1 InP 300 n (3x1%)
InP-Substrate
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This wafer structure is grown using metal organiemical vapour

deposition (MOCVD). The energy band diagram of thligicture is shown in

Figure 6.1.
Aln J:Gan niInn SSAS
60nm
g RR (5{}?1];1) [nP
(800nm) Al,;,Ga ;In, ;As (1600nm)

Aly,Ga,ng ;As In,\Ga, ;As, P (20nm)

(10nm)
Al,,,Ga,,.In, ,,As (6x10nm)

Al,,,Ga,,,In,,, As (5x6nm)

Figure 6.1:. Energy band diagram (conduction bang)@f InP/AlGalnAs

material system.
6.3. Waveguide design

Optical confinement in the ridge waveguide struesucan be achieved in
the vertical and horizontal directions. The veitmanfinement is achieved due to
the higher refractive index of the core region tlthe surrounding layers. The
confinement in the horizontal direction is achie\mddefinition of a waveguide
structure, through etching of the semiconductorenat Deep etched or shallow
etched waveguides can be fabricated from the sapm@axgl material. A
schematic of these is shown in Figure 6.2.

Waveguide width Waveguide width
—> P —

Etch depth (1.92 um)
Etch depth (3.70 um)

Core g

(a) (b)

Figure 6.2: Schematic diagrams of (a) deep etchddl@ shallow etched ridge

waveguide structures.
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In a shallow etched ridge waveguide structure,laberal confinement is
achieved by etching a ridge into the semiconduntaterial to just above the
active region. There is no mechanism for carrienfioement in horizontal
direction, which leads to losses due to diffusiod a&combination [6]. However,
the scattering losses are lower than deeply etalaegguide structures due to the
reduced interaction of the optical mode with thaewialls of the ridge. In a deep
etched ridge waveguide structure, stronger opticafinement is achieved due to
the large contrast of the refractive index betwdba waveguide and the
surrounding medium, such as air or dielectric. @&haninium containing active
region of deep etched waveguide is exposed to ithéuang fabrication which
leads to oxidisation and increase non-radiativeomrdmnation losses, which

decrease the device performance and life time.

Beamprop software was used to determine the comedth of the
waveguide. First, the effective modal index valimsthe first three TE modes
with varying widths of the waveguide for deep amél®w ridge waveguides,
were calculated, and are shown in Figure 6.3. Thesdlts indicate that the first
order cutoff mode is at ridge width of 2.5 um an8l im, for deep and shallow
etched waveguides, respectively. Whilst any widtfoke the cutoff for the first
order mode would be adequate, the losses for detgiyed devices decrease and
the confinement factor increases in both structasethe width is increased. It is
therefore wise to make the waveguides as wide asilde whilst remaining
single mode. A 2.4 um wide ridge waveguide, withgk? mode operation was
used for shallow etched lasers, in this researble. Simulated modal profile of a
2.4 um wide ridge waveguide structures at the wanegdepth of 3.70 um (into
the waveguide core) and 1.92 um (above the wavegcide), where a single

mode operation was attained, is shown in Figure 6.4
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Figure 6.3 Simulated waveguide modal effective refractivéex of fundamenta
1%'and 29 order TE polarised modes as a function of tlaveguide width for (a

deep etched and (b) shallow etched ridge wavegiidetures

X {jum)
(a)

Figure 6.4 Simulated modal profile of a fundamental model@ép and shallo

etched ridge waveguide structures.
6.4. Modelling and design of the device with a sing

PMC

Commercial beam prop software based on the BPMugad for earlie
devices and described in previous chapters) was fasanodelling and design
the PMC with a semiconductor las

141



Chapter 6 Design and characterisation of polaoisahode convertor on
InP/AlGalnAs material

Initially, using different trench widths, trenchpths and position of the
trench from the waveguide edge, the trench depth eydimised for 50 % of
polarisation mode conversion. It was found to #72.um deep for the desired
polarisation mode conversion of 50 % at the trematith of 600 nm and the
trench position of 300 nm from the waveguide edge trench position of 300
nm was kept to achieve the vertical pillars. Thigttv also protects them from
damaging during dry etching process (as describe@hapter 5). A plot of %
polarisation mode conversion as a function of teadh depth is shown in Figure
6.5.

60 =
58 -
56 -

54-
52 -

-IS- /

46:

44 -

% Polarisation mode conversion

o A Trench width = 600 nm
' . Trench position = 300 nm

40 -

1.956 ' 1.9'60 ) 1.9'64 1.9'68 1.9'72 1.9l76 1.5:30

Trench depth (pm)
Figure 6.5: Simulated % polarisation mode conversi® a function of the trench
depth.

The polarisation mode conversion was also carriedto observe the
effect of the trench width, at the optimised tremgpth of 1.972 pum and trench
position of 300 nm from the waveguide edge (as ehp$or 50 % polarisation
mode conversion. A plot of % polarisation mode @sion as a function of the
propagation direction at various trench widthshsven in Figure 6.6. This was

found that the trench width is tolerant to the pektion purity i.e. with 20 nm
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change in the trench width; there was +1.75 % claimgpolarisation purity,

which is quite stable with little change in thenich width.

q—————————
4| Trench width

55 =

580 nm
09| ——590 nm
45«4 | —— 600 nm
40 - — 610 nm

1 —620 nm

35 -
30-"
25-.
20 -

15 -

% Polarisation mode conversion

15 Trench depth=1.972 pm

Trench position = 300 nm

——r—TT T T )
0 25 50 75 100 125 150 175 200 225 250 275 300

Propagation direction (pm)
Figure 6.6: A plot of % polarisation mode convernsas a function of the

propagation direction at various trench widths.

A trench width of 600 nm and trench depth of 1.972 with the position
of 300 nm from the waveguide edge, were used inlsitions to ascertain the
beat length. A plot of polarisation mode conversafficiency as a function of the
propagation direction is shown in Figure 6.7. Aspexted, the maximum

conversion efficiency was 50 % and this occurs7dt |Lm length.
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Figure 6.7 The TE to TM mode conversion as inction of the propagatic

direction.

Additionally, the launched zero order TE mode itite integrated devic
and modal profiles obtained at the entering poirthe PMC, and at the length
174 um of the PMC, are shown Figure 6.8 The tilt of the mode can t
observed in PMC which is due to the change in fitecal axis of the asymmetr
section of the waveguide. This change in opticéd &xdueto the air trench. Th
launched mode was obtained at shallow etched walegFigure 6.8 (a)),
whereas, modes at the start, and in the PMC seatiere attained using de
etched waveguideigure 6.8(b & c)). The structure of the integrated devic

further explained in the subsequent sec

X (um)

{a) (b

Figure 6.8 Modal profiles at (a) the launched position (b¥tart of the PM(and
(c) at the length of 174 pum of the PMC.
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6.4.1. Device structure with a single PMC

The integrated device structure shown in Figure W& devised for
realisation of the devices on InP/AIGInAs matetiaing optimised values for the
PMC. In this structure, a single PMC was placedvben the two gain sections,
which consist of a 700 um long semiconductor lagefQ00 pum long differential
phase shifter (DPS), and a 120 um long taper sectioe width of the laser and
DPS sections was 2.4 um, whereas, the PMC secasnlvd pm wide. The PMC
includes a 600 nm wide trench at position of 300from the waveguide edge, as
optimised. Various PMCs with lengths ranging fro@® 1o 190 um, with a step of
15 um, were fabricated. The PMC section, which @88 um long for all the
devices, was un-pumped. Furthermore, 16.4 um widbssaround the gain
sections, were placed to obtain the shallow etcfioghe top of the waveguide
core). Tapers from the laser section to the coovesection, were used to closely
match the mode profiles at the interfaces, andmis@ the coupling losses. A 373
nm wide deep etched slot was made at the end abfier section (on the laser
side) [7]. This slot provides the reflectivity fdasing action, and means to
propagate as a single pass through PMC and DPigrsectapers of 4 um length,
were also provided on each corner of the trenclthef PMC for provision of
smooth etching in the un-pumped section of the agwvhich in turn provides
smooth transition of modes in the integrated devidee devices were shallow
etched around the gain sections, whereas, deepdetbinough the core around
convertor sections. Trench depth was obtaineddal#sired value using RIE lag.
The laser cavity was defined between a cleavedt, facel a transverse deep-
etched slot prior to the PMC section, with the sgjoent exit waveguide set at an

angle of 10° to the facet, in order to mitigateiagfacompound cavity effects.
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Lasersection  Taper  Un-pumped Taper  DPS seciion

Figure 6.9 A schematic diagram of the integrated device ai#ingle PMC
6.4.2. PMC fabrication analysis

Previous attempts made, for realisation of activiCB led to variable an
unpredictable behaviour of PMCs and amount of imtatit was supposed to |
probably some stress was induced in the fabricaéstices, which can be due
the SiQ deposition, HSQ or metallisation during fabricatiés high temperatur
is needed for these processes, therefore t-efficient of thermal expansion ci
be changed after cooling, which can result in str@herefore, to isolate tl
problem, some acie PMCs were fabricated, and polarisation rotatioas
observed at each step of fabrication. Detail ofriéaion stages are shown

Figure 6.10.

(a) M (b)

| -

Substrate . SiO, . HSQ Gold

Figure 6.10Various fabrication stages (a) as fabricatedaft®r removal of HS(

(c) after HSQ planarization and (d) after metaliza
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Initially, these PMCs (test chips) were with diffat convertor lengths
ranging from 40 to 300 pm with various widths 2 |h® um and 2.4 pm. These
devices were measured passively at different stalgiedbrication (as stated above
and shown in Figure 6.10), i.e. after etching, rafamoval of HSQ mask, after
HSQ planarization and after metallisation, using tieasurement setup shown in
Figure 6.11. A tuneable laser was used as an iinghit source. A TE input at
wavelength of 1600 nm (lower than the band-gap gnefor passive
measurements) was provided using a polarisatiomtaiaing (PM) fibre to
reduce the TE optical absorption at the band-edgineo material. The output
optical signal was collimated using 20x microscaggective lens onto the
detector, which is attached to the high speed loscbpe. A polarising beam

splitter cube was used to examine the ratio of & BV polarisation.

OSCIllOSCOPE [ussusssinsississsssmsmssssssssismsssssssssssssssssmsssisssssssssssonssssossse] COMPULEE frsssssssassisssssensinsurssssimmsssssssssmansang
2
! Infrared >|—|
camera | Monitor
< S L-aser
Photodetector M) |] ....... = Lensed PM optical fiber (1555nm
1T 20x wavelength)
Mirror Analyser DUT

Iris
diaphragm

Figure 6.11: A schematic diagram of the device mesamsent setup with a 1555

nm tuneable laser.

In the fabricated devices with 2.2 pym wide convsttohe % TM purity
was found to vary from 4 to 37.5 %, with the maximgonversion efficiency
obtained at the convertor lengths ranging from 2060 um. The data for ‘after
etching’, ‘after the removal of HSQ mask’ and ‘aftee HSQ planarization’ was
consistent with similar trends seen for the thrages with length. Although there
is a little bit variation in the experimentally aloted results in terms of TM purity,
which is attributed to the fabrication, as theseiaks are fabricated on different
samples. After metallisation the data has changesnatically. This change
seems to be most likely due to the stress indugethé metal or due a heating

effect during metallisation. Therefore, the devidesther fabricated include
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PMCs without metallisation. Although passive PM@s aot advantageous due to
extra losses but to remove the stress probleme thes used. A plot of % TM
purity as a function of the convertor length witt?2 2um wide convertor, at

different fabrication stages is shown in Figure26.1

—s— After etching

—e— After removal of HSQ mask
657 —— After HSQ planarization
] —— After metallisation

% TM purity
1.

L L L L L L L L e e e |
0 25 50 75 100 125 150 175 200 225 250 275 300 325

Convertor length (um)

Figure 6.12: A plot of % TM purity as a functiontbie convertor length at

different fabrication stages.

The obtained % TM purity for these devices, meabafeer planarization,
and the simulated results for the convertor lengfh®0 to 220 um, are shown in
Figure 6.13. Here, 23 to 37.5 % TM purity was atedi at the convertor lengths,
ranging from 100 to 180 um, with maximum conversefficiency at 120 um
length. The simulated TM purity was in range oft8%0 % for the PMC lengths
of 100 to 174 pum, with maximum conversion efficigrat the length of 174 pm.
This difference was due to the trench depth ofialbed devices, as the % TM
purity was obtained at the optimised trench depgth.872 pm, in simulations,

whilst, experimentally measured devices had tha&ctredepth of 1.96 um.
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Furthermore, this difference in measured and sitadlpurity is most likely due
to the fabrication errors, as conversion efficiensyvery much sensitive to
dimensions of the PMC. Additionally, the devicesrevasimulated at 1550 nm
wavelength whereas, measured at 1600 nm wavelefgtijected laser beam, to
avoid absorption on the band-edge of the mateFiaéreon, the obtained results
of fabrication with trench depth of 1.96 um withOD6nm wavelength, were used
to re-simulate the devices. This yielded a coneersfficiency of 37.7 % at the
convertor length of 120 um, whereas, a maximum emsion was obtained at the
length of 180 um. The later simulation results (fFey6.13) were nearly consistent
with the experimentally obtained results (at staitconvertor lengths). The
difference in conversion efficiencies above 140 |omg convertors, was most

probably due to fabrication errors.

—a— Measured at 1600 nm
354 —e— Simulated at 1550 nm
] —~— Re-simulated at 1600nm

L B e S e e LA B e e a m a e e ey |
40 60 80 100 120 140 160 180 200 220 240

Convertor length (um)

Figure 6.13: The % TM purity as a function of tlemeertor length

(experimentally measured, initially simulated aaesimulated).
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6.4.3. Realised device with a single PMC

The integrated devices were fabricated on diffedmps using standard
fabrication procedures. These procedures are thescin the previous chapters,
in detail. Precise control over trench depth, i@ MC, is critical, and was
achieved using an etch-stop layer, together witlegemeteric etch monitoring
techniques, resulting in the required run-to-rupeagability. The shallow etched
laser sections (to the top of the waveguide corg) @menches were fabricated
using RIE (as described in Chapter 3) and the dgghth of two individually
processed samples were measured - using a DeldéloReter - to be 1.912 um
for both the samples. The deep etched sectionseofi¢vice (into the waveguide
core) were fabricated using an inductively coupiaisma (ICP) etching tool,
resulting in measured ridge depths of 3.676 pum awh5 pum for the two
samples. This demonstrates a process repeataijilitgtter than 0.3 %. The SEM
image of cross section of a realised PMC in thegrdted device is shown in
Figure 6.14. The trench depth of 1.96 um was obthiThe PMC section was
kept passive, whereas, both sections on longitidiides of the PMC were

metallised using standard contact metallisatiohrigpie.

15.0kV 14.4mm x3.50k SE(U) 2/29/12 15:33

Figure 6.14: SEM image of cross section profiléhef PMC used with a
semiconductor laser (a magnified view is giverhia inset).
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6.4.4. Light current characteristics

Light-current (L-1) characteristics of the integrdtdevice were measured
using a photodetector at a wavelength of 1550 nsh.curves were obtained
separately for the TE and TM polarised lights frbath sides of the device, i.e. at
the semiconductor laser facet and on the anglest tf¢he DPS side. The device
was mounted on a TEC controlled copper with termpesaat 20 °C. A constant
(CW) current of 10 mA was applied on the DPS sec¢twhereas, the current on
the semiconductor laser section was changed frota 050 mA. In order to
separate the TE and TM components of light, a sitey beam splitter cube was
used. First, L-I curves were measured on the f#s@t side, which are shown in
Figure 6.15. Here, the TE component is dominantpamed to the TM, owing to
the material design which emits predominantly Tghti The threshold current for
TE polarisation state was found to be 20 mA. Thesueed TM output power
was due to the TE leakage, which emanates frorfirtiie extinction ration of the
PBS, which is 30 dB. The L-I curves from DPS andkezkt side were also taken.
Here, the TE and TM polarised L-I curves show anaégnpact in terms of the
emitted power, but with lower optical output powempared to the optical power
obtained at the semiconductor laser facet. Thigfgeower is most likely due to
the TE band-edge absorption in the PMC sectionlofAgd optical out power as a
function of the current at the semiconductor lasstion is shown in Figure 6.16.
A small kink is observed in L-I curve of the TE poted light at 70 mA, which is

supposed to be due to mode hoping.
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Figure 6.15: L-I curves of the TE and TM polaridigtht at the laser facet of the
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integrated device.
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Figure 6.16: L-I curves of the TE and TM polaridigiht at the DPS angled facet

of the integrated device.
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6.4.5. Optical spectrum measurements

An optical spectrum was measured for the integrdeadces with a single
PMC using the measurement setup shown in Chagtégdre 4.11). It was found
that, there is a red shift in peak wavelength @ devices with increase in the
injection current. Pictures of the measured optsg@Ectrum at constant currents
on laser section, ranging from 40 to 140 mA, and/img currents from 0 to 20
mA on the DPS section, are shown in Figure 6.1°2 dibserved peak wavelength
as a function of the current at the laser sectigh wonstant current of 20 mA on
the DPS section, is also plotted, which is showRigure 6.18. The devices start
lasing at 1546 nm wavelength and shifts towardshdrigwavelengths with
increase in the current on a laser section. Thishét with increase in the current
indicates the existence of localized heating atvaaegion which is temperature

dependence of band-gap.

100 mA current
on Laser section

40 mA current
on Laser section

i
1
<

£
B
e
8o
*

0 TS YT G0 0 S0 15
Wavelength (nm)

;
=
gu

€
2,
G
J

0y

120 mA current

60 mA current ;
on Laser section

on Laser section

Current (mA)
Current (ma)

140 mA current
on Laser section

80 mA current
on Laser section

Current (mA)
3 a3 al

Heu s ooa 3

Current (ma)
I EE R

il
1580 15400 1550 BEE0 1EF0 1584
Wavelength (nm)

Figure 6.17: Optical spectrums measured at constargnts on the input laser
sections, ranging from 40 to 140 mA, with varyingrents from 0 to 20 mA on

the output gain section.
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Figure 6.18: A plot of peak wavelength as a funcbthe current on a laser

section, with constant current on the DPS section.
6.4.6. Transparency current measurements

The current at which the semiconductor materiabbexs transparent and
stimulated gain is zero, is referred to as thesparency currentl). It is very
important to measurk; for integrated or compound devices, so that, they lwe
characterised after aging or degradation. We cam thés to equalise the
stimulated gain and loss in active devices, anddquealise the losses for TE and
TM parameters [8]. The Junction-voltage methodl[, was used for measuring
Iy in this work, in which an input signal was induckd changing the carrier
density in the device, due to optical emission/ghsan [11]. This results in
voltage drop across the p-n junction. The pointretasorption becomes equal to
the emission, and voltage drops to zero, is cdli@asparency current point. The
polarity of the voltage also changesigttherefore, the induced input signal was
modulated and lock-in amplification was employedi&tect this polarity change
sign. An experimental schematic of this setup iswshin Figure 6.19. Here, a
tuneable laser with internal modulation of 100 KM@&s used to induce the input

signal into the rotator/phase shifter section, Wwhigggers the lock-in amplifier,
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and lock-in amplifier was used to detect the nuld associated phase in the

voltage. A current driver was used to inject theiegs in the device.

LOCk_ln ...........................................................
amplifier Trigger :
- Modulated
Current driver Lensed eptiezl fibor tuneable
Device =
under test

Figure 6.19: A schematic diagram of the transparencrent measurement setup.

The transparency current was measured for varialischted devices of
equal lengths, and for different induced input algn having different
wavelengths |, was found to similar for all the devices. As aramyple, the
measured; was11.45 mA for a 1550 nm of wavelength. The measuyéor few
devices as a function of the wavelength is showRigure 6.20. Here, it can be
observed thal, decreases with increase in the wavelength. Thiseleagth
dependence of; is due to the requirement of the lower carriershi@ reduced

band-gap energy.
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Figure 6.20: Measured transparency current asaifumof the wavelength for

various fabricated devices.
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6.4.7. Active PMC measurements

The fabricated devices (shown in Figure 6.9), waesasured using the
measurement setup shown in Figure 6.21. Theseatewere measured with the
temperature controlled at 20 °C.

Current
driver
Temperature
controller
DUT

Detector

Analyzer

Figure 6.21: A setup used for active PMC measurésnen

First, the semiconductor laser sections of thesegrated devices were
tested, and output powers were measured at theecldacet of the laser side at
several currents above threshold current. The T&rigation purity was found to
be between 97.5 % and 98 %. Further devices weaeacterised for the TM
purity, and output powers at the angled facettefdevices. Computer automated
program was used with CW currents ranging from @20 mA on the laser
section, whereas, varying currents from 0 to 20 with a step of 0.2 mA were
applied at the DPS section, and the TE and TM adroutput powers of the
devices were monitored. At 100 mA drive curreng kaser output from the back
facet was 3.18 mW, and the TE and TM output powaethe DPS facet were 78
MW and 98 uW respectively, with the DPS biasedhatttansparency current.
Assuming 30 % and 40 % reflectivity for the clea¥aded and the slot mirrors of
the laser respectively, the total loss of the PM@ BPS combination is of the
order of 13 dB. This loss may be attributed to gtson in the unbiased PMC

section, diffraction losses in the slot mirror aredidual losses at the PMC/DPS
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waveguide transition. The TM purity obtained istf#d as a function of the DPS
current at each laser injection current for theicewith a 100 pm trench length,
with the values obtained for transparency currénéaech of the laser injection
currents indicated (Figure 6.22). The injected enirrchanges the effective
refractive index of the material, leading to theria@on in the operating
wavelength. It can also be observed that the % TNtypdecreases with increases
current on the DPS section. This is consistent witheased TE gain relative to
TM, with an increase in the bias current on the BB&ion, which is acting an
SOA. The value at the DPS transparency conditieidyithe power fraction in
each polarisation mode exiting from the PMC [8]ralge of devices with various
trench lengths were characterised in the fashiod,the result closest to that for
the desired half beat length 3dB polarisation ceuplas the ~40 % TM purity
shown for the 100 um trench length. The wavelergitift with changing bias
current has to be taken into account, which resnlts change of bias current on
the second gain section (DPS section).

The measured results for various trench lengthogswvere analysed, and
calculated the % TM purity. It was found that figithe injection current equal to
transparency, polarisation mode conversion of 40,139.7 % and 39.2 % were
obtained at the convertor length of 100 um withrentr injections of 80 mA, 100
mA and 120 mA, respectively. The measured % TMtpwas a function of the

convertor length of these devices is shown in FEdguP3.
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Figure 6.22: The TM purity as a function of the D&fsrent for a range of laser
bias currents in mA. The transparency point fothdaser bias is indicated on the

graph.
6.4.8. Active polarisation control

Integrated devices which consist of a semicondueteer monolithically
integrated with PMC, followed by an active, diffetiel phase shifter (DPS)
(shown in Figure 6.9) were characterised for meaguthe active polarisation
control. Active polarisation control, which is olstad by injecting the variable
current on the DPS section of the device, is acgedus to attain the desired
polarisation state, and to change the phase ofappdied signal. A constant
current of 120 mA was applied on the laser sectamd the current on the DPS
section was varied in the range of 0 to 6 mA, vaitetep of 0.2 mA. The optical
output power was measured through a polarisatiatyser, which was set at +45°
and -45°, to the plane of the wafer. The obtainggw power as a function of the

DPS current is shown in Figure 6.24.
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Figure 6.23: The % TM purity as a function of tlueertor length for different

laser currents.

The output power increases with increasing DPSeotrThe differential
phase shift between the TE and TM modes as therduis varied, results in the
observed oscillations as the output polarisatiatesalternates between linear and
elliptical polarisation states. From the numbeps€illations, we can deduce that
in the range of 0 to 6 mA current on the DPS sactibere is a differential phase
shift of 9t/4 (slightly larger than®) (Figure 6.24). This is due to the % TM purity
of ~40 % (as shown earlier) which is less than deali (50 % TM purity),
therefore 100 % visibility of the depth of the dlstions cannot be observed.

Here, the visibility of the oscillations is 88 %.
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Figure 6.24: Output power as a function of the @BBent for polarisation angles
of 45° and -45°.

Thereafter, these measurements were repeated filmmcdimat behaviour of
the devices is due to the current induction, antltoothe thermal effects. A
quarter wave plate (QWP) was inserted immediatelgr go the polarisation
analyser, set to +45°. The fast axis of the QWP seaparallel to the plane of the
wafer to align the TE polarisation. The resultsantéd with and without QWP are
shown in Figure 6.25. It can be observed that wWithincorporation of the QWP,
the obtained oscillations are in the form simitathe above measured results, but
are advanced by a relative phaseu/@f where the fast axis is aligned with the TE
polarisation. It can therefore be deduced thaeiasing the DPS current decreases
the refractive index of the TE polarised mode re¢ato the TM polarised mode.
This result is consistent with a refractive indévage due to band filling (carriers
injection) affecting the heavy hole/ conduction dharsonance (as described in
Chapter 2).
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Figure 6.25: Output power as a function of the @B8ent with addition of a
QWP, with a fast axis aligned in plane of the wdiieg aligned).

The temporal response of the polarisation stateimestigated using the
measurement setup shown in Figure 6.26. A modukitgthl between 3 mA and
6 mA was provided to the DPS section, using a fonagenerator. The electrical
input driving pulse of 8 ns was provided. The otitpptical pulse was measured
on a high speed oscilloscope at output of the salion analyser (polariser), set
at +45° and using a 2.5 GHz bandwidth, ac coupledtqaetector. The
polarisation modulation output along with the dleetl input driving pulse is
shown in Figure 6.27. We can see that the outplgepexhibits significant rise
and fall time of 4.8 and 14.6 ns respectively [Bjis is attributed to the electrical
driving arrangement used, which consisted of loweesp probe connections,
designed for use with DC signals. The 3dB bandwifith DC probes was
measured to be 6.4 MHz as shown in Figure 6.28. CHnger life time of this
device is expected to be around 500 ps [12]. Tl Bpeed modulation can be
obtained by employing the quantum confined staf&cefwith a reverse voltage in

these devices.
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Function Oscilloscope
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Optical fiber
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driver 20x 20x
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Figure 6.26: A schematic diagram of the measuremsetip of temporal response

of the polarisation state.
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Figure 6.27: Polarisation modulated output measwuigd8 ns input driving pulse

to the DPS section.
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Figure 6.28: A plot of output voltage (responseajpus frequency measured with

low speed DC probes.

6.4.9. Polarisation modulation measurements with
data injection

These devices were also measured to obtain theigailan switched
optical output data. The experimental arrangemsetl dor this is shown in Figure
6.29.

Bias-T
DC current “ Pattern Oscilloscone
source N generator p
|
Frequency
generator
Constant ?* G _________ D Optical fiber AC coupled
current source —1 20x 20x Detector
DUT Analyser

Figure 6.29: A schematic diagram of the measuremeip for measurements of

response of polarisation state after inducing lyimaput data.
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A 70 Mbps, 2 V peak to peak signal was combinedh &iDC bias at 0.7
mMA via a bias-T, used to drive the DPS sectiorhefdevice. A constant current
of 120 mA was provided to the laser section. Thécap output beam was
obtained, and collimated using two 20x microscopgdive lenses on the fibre,
attached to the 2.5 GHz bandwidth, ac coupled pmletémtor. A polarisation
analyser (polariser) was placed between the twaosikiog lenses. The optical
output power was obtained through the polarisatioalyser, set at +45° and -45°
to the plane of the wafer. This differential phasft results in observed
polarisation modulation. A comparison with the &lieal input driving signal is
shown in Figure 6.30, whereas in Figure 6.31, tpécal outputs with the
analyser at +45° and -45° are shown. As anticipdtexl signals are be logical
complement of one another. Given the limitationghef existing probe setup (as
shown in Figure 6.28) for high speed device driyihg setup was modified using
the high speed RF probes, which is explained irstissequent section.

1.25 " [] " [ 2 1 2 [ 2 1 " [ " 1 2
Optical output signal at -45°
- - - - Electrical modulation

1.00 =

r
—_— = = = ¢

=]

~1

i
[

=

th

(=]
[l

Intensity (a.u.)

0.25 4

s

0.0 2.5 5.0 7.5 100 125 150 175 200
Time (ns)

Figure 6.30: Polarisation switched optical outpuisp (measured), and induced

electrical input binary data.
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Figure 6.31: Optical output pulses measured foaggdtion angles of 45° and -
45° (with injection of electrical input binary data

6.4.10. High speed polarisation modulation

measurements

Generally using low speed probe connections, desdidar use with DC
signals for driving the device, the bandwidth wasyvlow i.e. 6.4 MHz (as
described earlier). Therefore, it was investigated using RF probes; high speed
polarisation modulation can be achieved. In oraeda this, modification was
done to existing arrangement. The device was sadderounted on the aluminium
nitride tile with the impedance matching of 43 to make ~50Q matched
impedance with RF probe. A schematic of this areamgnt is shown in Figure
6.32. Normally, the device resistance fall betwéenQ, therefore a 482 resistor
in series with device, using micro-strip line, wesed. This strip line was isolated
from the ground plane of the device. The device p@stioned perpendicular to
the micro-strip line, with the DPS facet facing svieom the strip line to provide
access for the focusing lense to accumulate thpubwsignal. A gold wire was
then made across the end of the strip line (aétsistor) to the DPS section of the
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device to provide an electrical bridge suitableRét biasing. The laser section of
the device was kept to operate with DC probese tiie input signal to the PMC

and DPS section the device.

L?ser . D{S
\E
X

Wire bond

v

43 Q) series
resistance

v

—— Ground plane

SMA input

Figure 6.32: A schematic of the wire bonded arramgy& of the device to use

with RF probes.

Initially, polarisation switching was measured witie voltage bias on
DPS section of the device with keeping the constamntent of 120 mA on the
laser section. This was done due to change indhessresistance of the device.
RF probes were used to observe the bias voltagswibching, which was found
to be 1.5 Volt. This is the voltage where maximumtshing was obtained
without amplification of the signal, as DPS sectaxets as an SOA for higher
voltages. At this voltage DC current was 19.8 mAeDptical output power was
measured through the polarisation analyser, whiah set at +45and -45, to the
plane of the wafer. The output power as a funcbbithe voltage on the DPS

section is shown in Figure 6.33.
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Figure 6.33: Optical output power as a functiothaf voltage on the DPS section

using RF probes for polarisation angles of %d&d -45.

The high speed polarisation modulation was charaet with the setup
explained above, and shown in Figure 6.29. A signtl frequency of 100 to 500
Mbps, with a step of 100 Mbps, was provided. Thgmal was combined with a
DC bias of 19.8 mA, equivalent to 1.5 V via a biastsed to drive the DPS
section of the device. A constant current of 120 més provided to the laser
section. The data input was 0.5 V. As the voltag@&c modulation was limited
to a minimum of £ 0.25 V, the bias was adjusteddbbdain the largest optical
modulation whilst checking the polarisation wasnigemodulated, rather than
amplification effects. This was confirmed by saitithe analyser to 0° and 90°,
where no modulation was observed. The eye diagnaitis -15 dBm output
optical signal from device with frequencies fron010 500 Mbps, were obtained
through the polarisation analyser, set at +45°,-@%5{TE) and 90° (TM). These
eye diagrams and output optical signals from 10®@0 Mbps are shown in
Figure 6.34 to Figure 6.38. As anticipated, thepattoptical signals with
polarisation analyser set at +45° and -45° are gt of one another, whereas
at 0° (TE) and 90° (TM), there is no signal. Alditbit signal at 0° (TE) and 90°
(TM) (as shown in Figures) is due to the noise gaed by the equipment itself.
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We can also see that the signal weakens as we teedngher bit rates such as

400 and 500 Mbps. The output optical signals witld 81bps obtaind at these

angles at the same scale are also showFigure 6.39 Here, the TE and TI

signals are straight lines as anticipated (duargel scale
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Figure 6.34 Eye diagrams obtained at 45° (b) -45°, and optical output signe
measured for polarisation angles of (c) 45°-45°, (e) 0° (TE) and (f) 90° (TN

at 100 Mbps.
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Figure 6.35Eye diagrams obtained at 45° (b) -45°, and optical output signe
measured for polarisation angles of (c) 45°-45°, (e) 0° (TE) and (f) 90° (TN
at 200 Mbps.
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Figure 6.36 Eye diagrams obtained at 45° (b) -45°, and optical output signg
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at 300 Mbps.
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Figure 6.37 Eye diagramobtained at 45° (b) and5°, and optical output signe
measured for polarisation angles of (c) 45°-45°, (e) 0° (TE) and (f) 90° (TN
at 400 Mbps.
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Figure 6.38 Eye diagrams obtained at 45° (b) -45°, and optical output signe
measured for polarisation angles of (c) 45°-45°, (e) 0° (TE) and (f) 90° (TN
at 500 Mbps.
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Figure 6.39 Optical output signals measured for polarisatiagles of (a) 4°, (b)
-45%, (c) 0° (TE) and 90° (TM) at 300 Mbps (on tame scale

6.5. Integrated devices with back to back PMC

The concept to attach two PMCs back to back (asritesl in Chapter 5
was used. The optical axis is rotated at ° after £'PMC and furtler 22.5 after
2" PMC to attain total change in the optical axis 48°. This change in optici
axis yields 100 % polarisation rotation. This chamg optical axis is shown
Figure 6.40where A, B and C are the termination points efldser, * PMC and
2" PMC. These integrated devices, consisting of a cemluctor laser, tw
PMCs attached back to back, and a DPS sectiorshemen inFigure6.40. This
structure with back to back PMCs, instead of usirgingle PMC, to attain 100
polarisation rotation is advantageous due to lesking requirement, which |
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easily achievable. Further mode matching is easieachieve. Although it he
some disadvantageous such as increase in lengjtie #VC, and higher losses
the unpumped section of the PMC. Same dimensions werdadt descbed in
the first structureFigure 6.9 except lengths of the laser section and the atow
sections. These dimensions were 600 nm trench wadth 1.972 um trencl
depth, and 300 nm trench position from the wavegw@dge. The laser and D
section widths were 2.4 um, and PMC section wid#s W.8 pm. Here, a 10!
um long semiconductor laser section, 200 to 380 lamg trenches (in PM
sections) witha step of 30 um, and a 1050 um long DPS sectios fal@icated
Tapers of 4 um length were used on each side ofr¢meh for smooth etchir
and mode matching. These two PMCs helped in oloigithe polarisation moc
conversion two times higher as corred to the single PMC devices. The PI

section was 440 um long and-pumped for all the devices.

Laser section  Taper Un-pumped Taper  DPS section
: section

1
o
e

"PMCI PMC2'

]
2un] [ =

e
Vv v B

16.4 um

C
v

Optical axes  Optical axes Optical axes
atA= (° atB=22.5° atC=45°

Figure 6.40 A schematic diagram of the integrated device witb back to bacl
PMCs, followed by a DPS sion, with change in the optical axis at A, B an

6.5.1. Modelling and design of devic

The integrated devices with a laser, two back tkiBMCs, followed by
DPS section, were simulated using BPM. The simutaparameters used, we
same as for the singstage PMC simulations. These parameters were 60
trench width with 1.972 um trench depth, and 300trench position from th
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waveguide edge. The width of the laser and DPSicseatas kept 2.4 um,
whereas PMC section was 1.8 um wide. A polarisatiade conversion of 99 %
was obtained for the convertor length of 366 pno(i188 um long PMCs), and
with 1.972 um deep trench. The TE to TM polarisatinode conversion for a
zero order TE mode launched into the convertori@edor this device is shown
in Figure 6.41. When the TE and TM modes convergdoh other at 188 um,

there is an uneven behaviour of the modes, whiocjhtmibe due to the mode

mismatching.
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Propagation direction (pm)

Figure 6.41: The TE to TM mode conversion as atfonof the propagation

direction for the integrated devices (with baclh&zk PMCs and a DPS section).

Additionally, the modal profiles of the modes prgpting in the integrated
device at various positions such as at the entepimigt of ' PMC, and at
termination points of 3L PMC section (at 188 um) and®2PMC section (at 366
um), are shown in Figure 6.42. We can see thag tisea tilt of the modes aftef'1
and 29 PMCs, which is due to the change in the opticés ax the asymmetric
section of the waveguide. This change in opticas a due to the air trench.

These all modes were obtained with deep etchedguades.

175



Chapter 6 Design and characterisation of polarisatieade convertoon
InP/AlGalnAs materi:

X () X (um) X (um)

(a) (b) ()

Figure 6.42 Modal profiles (a) at the start of th® PMC (b) at the terminatio
point of £'PMC (188 um) and (cat the termination point of"2PMC (366 pm).

6.5.2. Device measuremen

These integrated devices with back to back PMCe vadsricated on th
same chip, on which the integrated devices witlingls PMC were fabricate:
and described earlier. The measuremetup shown in Figuré.21 was used to
measure the TM purity. In these devices, Polaosatmode conversio
efficiencies of 90.7 %, 88.1 % and 86.3 % were iolkth for the PMC length ¢
200 pm with injection curreniof 80 mA, 100 mA and 120 mA, respectively.
plot of % TM purity as a function of the PMC lengihthree laser drive currer

is shown inFigure6.43.

Current on Laser section:
—=— 80mA

—e— 100mA

—4&— 120mA

% TM purity

10 4 —v— Re-simulated

0 T Y T v T Y T y T v T ¥ T
200 220 240 260 280 300 320

Convertor length (um)

Figure 6.43 A plot of % TM purity (experimentally measureddar-simulated)
as a function of the PMC length at three laseredcurrents
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Furthermore, the measured results were comparddswitulated results,
and found that the measured results are not censiaith each other in terms of
the convertor lengths. From simulations, conversafficiency of 99 % was
obtained at the convertor length of 366 um (Figu#d), whereas; 86.3 % to 90.7
% conversion efficiencies, were obtained from thalised device with a 200 pm
long convertor section. The experimentally obtainesults were used to refine
the refractive indices and loss coefficients usedhie simulations, yielding a
conversion efficiency that closely followed the ebh&d trend (as shown in Figure
6.43), albeit with a reduced conversion efficiedcye to the effects of preferential
absorption of the TE component of polarised lighthe un-pumped PMC section
[13].

The obtained results of the integrated devices Wwibk to back PMCs
were compared with the measured results of thelesiRMC devices. It is
observed that the conversion efficiency is almastbde in devices with back to
back PMCs as compared to the single PMC devices. sifows the consistency
of simulated models with the fabricated deviceghwvgingle and back to back

PMCs. Comparison of both integrated devices is shiovwigure 6.44.

90 4
Laser current = 100mA

—=— Single PMC
—e&— Back to back PMCs

80 -

70 -

60 -

%TM purity
4

40

30

20 T — r — — .
100(200) 115(230) 130(260) 145(290) 160(320)

Convertor lengths, single (back to back) PMCs (m)

Figure 6.44: Comparison of polarisation mode cosieerwith single (and back to

back) PMCs at 100 mA current on a semiconductar lssction.
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6.6. Conclusions

In the first section of this chapter, the descoptiof the quaternary
material (INP/AlGalnAs) is provided. This materfaovides the better research
interest than the other phosphorous quaternary rralteystems, due to the
attractive band discontinuity properties. Furthemenahe brief description of the
epitaxial layers with the band diagram of InP/Al@&$ material structure, is
presented. Thereon, the structures devised foisadiain of the integrated devices
using a single PMC, and two PMCs attached baclatk,bwith a laser with their
modelling and optimisation, are discussed. The attarisation and
measurements including optical spectrum, transpgrenrrent and polarisation
mode conversion carried out for these devices aengThe polarisation mode
conversion efficiencies of 40.1 %, 39.7 % and 3%2from 100 pum long
convertor, and 90.7 %, 88.1 % and 86.3 % from 200lgng convertor, with the
current injections of 80 mA, 100 mA and 120 mA,pedively, were obtained.
Dynamic polarisation control measurements are ptedefor devices with a
single PMC. The investigated temporal responsd@fpolarisation state using a
function generator is given, which shows 4.6 ns tisne and 14.6 fall time for the
electrical input driving pulse of 8 ns duration.eTimeasurements of these devices
by applying the electrical input binary data ane t¢iptical output signals obtained
at +45° and -45° to the plane of the wafer, alsesqumted, which show the
consistency with the applied electrical input bynattata. The polarisation
switching was observed at 300 Mbps using high feeqy probes on these
devices. This high polarisation switching was amdi by modifying the DC
probe arrangement to use with RF probes for dritimg DPS section of the

device.
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Chapter 7

Conclusions and future

recommendations

7.1. Conclusions

A polarization mode convertor (PMC) integrated mldhizally with a
semiconductor laser is introduced, which is, thecay optimised, fabricated
and characterised. The integrated devices weréedaln a single reactive ion
etch (RIE) process, and the RIE lag technique was®yed to attain the desired
trench depth above the double quantum well (DQW@roestructure layers in the
polarization mode convertor section. This addeddne makes the asymmetric
waveguide section, which helps to alter the optiaals of the waveguide

structure.

A DQW, un-strained GaAs/AlGaAs material with activdevice
functionality, was used for optimisation of thenith width, and the depth of the
PMC in the integrated devices. The integrated desvigere devised, in two ways,
I.e. using a single PMC with a semiconductor laaed using two PMCs attached
back to back, with a semiconductor laser. Polaonatnode conversion of 40.5 %
and 64.4 % was obtained in passive devices withgesPMC, and back to back

PMCs, respectively, in the GaAs/AlGaAs materiateys
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Integrated devices were also fabricated using IiBP#As strained
quantum well material. Polarization mode conversibr40 % was obtained for a
single PMC with a convertor length of 100 um, abdwe 85 % was obtained for
a convertor length of 200 um, using two PMCs, &gacback to back, with
current injections from 80 to 120 mA on a semicandu laser section. High
speed modulation at 300 Mbps, by applying the irglettrical binary data using
RF probes, on the differential phase shifter (D§&g}ion of the integrated device,
was also measured using a single PMC with a coowkemgth of 100 pum.

7.2. Future recommendations

Some suggestions for future work as a follow ughis research are as

follows.

* Loss characterisation was not performed in thiaesh work, which
should be addressed theoretically and experimgntall

» The devices fabricated for 480 %) polarisation mode conversion, and
presented in this research, can be further realfsed90 (100 %)
polarisation mode conversion using a single PMQGesxs$ of two PMCs
attached back to back. This can be achieved bgasang the trench depth
in the PMC section. However, an accurate contrdl ke required to
achieve the desired trench depth. This will aldp irereducing the device
length as well.

e The devices with a single PMC, and two PMCs (attartback to back)
can be fabricated with an SOA. Therefore, the gl devices can be
used for polarisation mode conversion, and optaaplification, at the
same time.

* High speed modulation in integrated devices ~1GHz lwa obtained by
employing quantum confined stark effect (QCSE),hwét reverse bias
voltage on the DPS section.

» Further, improving design of the integrated devjeesh two PMCs and
two DPSs, a dynamic polarisation controller carrdmised. This can be
done by increasing the trench length, the widtlpasition of the trench
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from the waveguide edge in the PMC for obtaining % TM purity uptc

~100 %. The schematic structure of this type of ks shown irFigure

7.1.
Laser Taper Un-pumped Un-pumped Taper
[ section f # sectionl; DPSI isection2 | | DPS2
| Tewep e

2.4 |,11_1:1-I:- é\{ :"_—'i , Tw—fv/_lm -—g-

/ 4\w_\ ' 16.4 um
4 pm'tapers 4 pm tapers § . 2

Figure 7.1 A schematic diagram of the integrated device with single PMCs

and two DPS sections with a semiconductor laséiose
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Transmission line measurement

fabrication steps

The steps of the fabrication process for measurenféeflLM are given below.

Cleave the sample measuring 6 mm x 8 mm in dimansio

Clean the sample in ultrasonic bath with acetoRé, &nd RO water for 5
minutes each and then blows dry with gaseous rtrog

Spin coat the sample with photo-resist S1818 (mesresist) at 4000 rpm for
30 seconds. This produces 1.8 um thick resist layer

Clean backside of the sample with acetone soakidncbud and place on the
hot plate at 90 °C for 15 minutes.

Put the sample in chloro-benzene filled petri dmh10 minutes. This makes
the resist hard enough and the lift off proces®bexs easier.

Blows dry the sample with gaseous nitrogen andeptat the hot plate for 5

minutes at 90 °C.

. Expose the pattern shown in Figure 4.1 in Chaptersthg photolithography

technique.

Develop the sample in 1:1 mixture of micro-posiveleper and RO water for
75 seconds and then rinse in RO water for 75 sexcohigen blows dry the
sample with gaseous nitrogen and inspect the dpedI@attern under the
microscope.

Deoxidise the sample with 1:5 HCI:,8 mixture for 30 seconds and then
rinse in RO water for 30 seconds and blows dry wébkeous nitrogen.
Evaporate 30 nm Ti, 33 nm Pt and 240 nm Au to nta&econtact pads using
electron-beam assisted Plassys machine.

Lift off Ti/Pt/Au layer using acetone in hot wateath at 50 °C for 1 hour.
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12.Clean the sample with acetone and RO water for dutaieach and then
blows dry with gaseous nitrogen.

13.Spin coat the sample with photo-resist S1818 (mesresist) at 4000 rpm for
30 seconds.

14.Clean backside of the sample with acetone soakidncbud and place on the
hot plate at 90 °C for 15 minutes.

15.Expose the pattern using second mask (oppositkdady used mask, shown
in Figure 4.1 in Chapter 4) using photolithograpéghnique.

16.Develop the sample in 1:1 mixture of micro-posiveleper and RO water for
75 seconds and then rinse in RO water for 75 secdsidws dry the sample
with gaseous nitrogen and inspect the developddrpainder the microscope.

17.Remove any remaining resist on the sample usingst for 2 minutes.

18.Dry etch the sample to create the mesa structyge® 100 machine was
used with SiGJ chemistry for 5 minutes. The process was carrigdad 5
mTorr pressure, at the flow rate of 13 sccm and2&itis power. Thereon, the
sample was cleaned with usual cleaning process.

19. Anneal the sample in rapid thermal annealer (RT10%)50 seconds at 360 °C
with an initial ramp of 320 °C for 20 seconds. Aalimgy temperature profile is
shown in Figure A-1.
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Figure A-1: An annealing temperature profile praddo the sample after mesa

definition.
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Annex Il

Ridge wavequide laser fabrication steps

below.

The fabrication process steps for the ridge wavkguasers are given

Step 1:Creation of e-beam position calibration markers.

1.
2.

Cleave the sample measuring 8 mm x 10 mm in dimansi

Clean the sample in ultrasonic bath with acetoRé, and RO water for 5
minutes each and then blows dry with gaseous r@trog

Spin coat the first e-beam resist layer with lowerecular weight PMMA
(positive resist, 15 % of 2010) at 5000 rpm forsg@onds. This produces
1.2 pum thick resist layer.

Clean backside of the sample with acetone soak#dncbud and place it
in the oven at 180 °C for 30 minutes.

Spin coat the second e-beam layer with higher nutdeaveight PMMA
(positive resist, 4 % of 2041) at 5000 rpm for @@ands. This produces
100 nm thick resist layer.

Clean backside of the sample with acetone soak#dncbud and place it
in the oven at 180 °C for 90 minutes.

Expose the bi-layer resist coated sample to th&tigosmarker pattern
with VB6 e-beam writer. VB6 control parameters aesolution: 1.25 nm,
proximity correction file: gaas700-100t.pec, do380 uC/cm, spot size:
12 nm and VRU: 8.

Develop the exposed position marker pattern usin IPA:MIBK
solution at 23 °C for 30 seconds. Rinse the deeelggample in IPA and
RO water for 30 seconds and 60 seconds, respectiVeken blows dry
with gaseous nitrogen.

Metallise the developed sample with 33 nm NiCr: 120 Au. This is
carried out using e-beam assisted Plassys machine.
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10. Lift off NiCr:Au layer using acetone in hot wateath at 50 °C for 1 hour.

11.Clean the sample in acetone, IPA and RO water foinlte each and then

blows dry with gaseous nitrogen.

12.0, ash on asher for 10 minutes at 100 Watt power.

Step 2:Realisation of a ridge waveguide structure.

1.
2.

Pre-bake the sample on hot plate for 2 minute® &C9

Spin coat the e-beam resist layer of 100 % HSQatmeg resist) at 5000
rpm for 60 seconds. This produces 360 nm thiclstémyer.

Clean backside of the sample with acetone soak#dncbud and place it
on the hot plate at 90 °C for 10 minutes.

Expose the ridge waveguide structure with VB6 enbeariter. VB6
control parameters are, resolution: 1.25 nm, prayimorrection file:
gaas300-100b.pec, proximity minimum: 0.05, proxymgrid 0.01, dose:
670 puClcm, spot size: 12 nm and VRU: 8.

Expose the protection markers pattern with VB6 arbewriter. VB6
control parameters are, resolution: 1.25 nm, prayimorrection file:
gaas300-100b.pec, dose: 640 pCcspot size: 33 nm and VRU: 20.
Develop the exposed patterns using 25 % TMAH &tQ38or 30 seconds.
Rinse in RO water for 30:30 seconds in two separatkers and then in
IPA solution for 15 seconds. Then blows dry witlseaus nitrogen.

Dry etch the developed pattern using System 10hmado etch 0.95 um
and 1.95 um for shallow and deep etched waveguisieg reflectometer.
In order to remove the HSQ from the ridge wavegusttacture, process
the sample for wet etch with 10:1 ratio of RO wated HF solution for 60
seconds. Rinse in water for 60 seconds and blowswith gaseous
nitrogen.

Clean the sample in acetone, IPA and RO water faridute each and

blows dry with gaseous nitrogen.

10.0; ash on asher for 10 minutes at 100 Watt power.
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Step 3: Realisation of a current injection window on thep tof the ridge

waveguide structure.

1. Deposit the layer of 200 nm SIQPECVD) to isolate the etched regions
and side walls. This isolation acts as passivdtger as well.

2. Spin coat the e-beam resist layer of 100 % HSQ4neg resist) at 5000
rpm for 60 seconds. This produces 360 nm thiclstésyer on SiQ

3. Clean backside of the sample with acetone soakegdncbud and place it
in the oven at 180 °C for 90 minutes.

4. Deposit the layer of 100 nm SiQPECVD).

5. Spin coat the first e-beam resist layer with lowslecular weight PMMA
(positive resist, 15 % of 2010) at 5000 rpm forsg@onds. This produces
1.2 pm thick resist layer.

6. Clean backside of the sample with acetone soakidncbud and place it
in the oven at 180 °C for 30 minutes.

7. Spin coat the second e-beam layer with higher nnoédeaveight PMMA
(positive resist, 4 % of 2041) at 5000 rpm for @@ands. This produces
100 nm thick resist layer.

8. Clean backside of the sample with acetone soakidncbud and place it
in the oven at 18€C for 90 minutes.

9. Expose the current injection window pattern with 6/B-beam writer.
VB6 control parameters are, resolution: 1.25 nraxjpnity correction file:
ige_b.pec. proximity minimum: 0.05, proximity grid.01, dose: 360
nClenf, spot size: 12 nm and VRU: 8.

10.Develop the exposed -current injection window pattarsing 1:1
IPA:MIBK solution at 23°C for 30 seconds. Rinse the developed sample
in IPA and RO water for 30 seconds and 60 secardpectively. Then
blows dry with gaseous nitrogen.

11.Process the developed sample with @her for 1 minute at 100 Watt

power to remove any remains of resist after devakg.
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12.Dry etch the sample with RIE 80 plus machine. Wilsremove the SiQ

from the exposed regions on the ridge waveguidetsire. Dry etch was

carried out with CHE/Ar chemistry as a reactive gas for 30 minutes.

13.Remove the e-beam resist by ap gas using BP 80 machine for 12

minutes with following recipe, Power: 100 Watt, gsare: 50 mTorr and

flow rate: 50 sccm.

14.Clean the sample in acetone for 10 minutes and tinse with IPA and

RO water for 1 minute each and blows dry with gaseatrogen.

Step 4:Realisation of p-contact metallisation on currefgction window on the

top of the ridge waveguide structure.

1.

Spin coat the first e-beam resist layer with lowsrecular weight PMMA
(positive resist, 15 % of 2010) at 5000 rpm forsg@onds. This produces
1.2 um thick resist layer.

Clean backside of the sample with acetone soaki&dncbud and place it
in the oven at 180 °C for 30 minutes.

Spin coat the second e-beam layer with higher nutdeaveight PMMA
(positive resist, 4 % of 2041) at 5000 rpm for @@amnds. This produces
100 nm thick resist layer.

Clean backside of the sample with acetone soak#dncbud and place it
in the oven at 180 °C for 90 minutes.

Expose the p-contact pattern with VB6 e-beam writéB6 control
parameters are resolution: 1.25 nm, proximity aroa file: gaas700-
100t.pec, dose: 370 pC/énspot size: 33 nm and VRU: 20.

Develop the exposed p-contact pattern using 1:INPBK solution at 23
°C for 30 seconds. Rinse the developed sampleAnalitl RO water for
30 seconds and 60 seconds, respectively. Then bdloyvsvith gaseous
nitrogen.

Deoxidise the sample with 1:5 HCI:,@ mixture for 30 seconds. Then
rinse in RO water for 30 seconds and blows dry wébkeous nitrogen.
Evaporate 30 nm Ti, 33 nm Pt and 240 nm Au usiregtedn-beam
assisted Plassys machine.
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9. Lift off Ti/Pt/Au layer using acetone in hot wateath at 50 °C for 1 hour
and clean the sample.

10.Clean the sample in acetone, IPA and RO water faridute each and
blows dry with gaseous nitrogen.

Step 5:Realisation of n-contact metallisation on bacleflthe sample.

1. Spin coat the glass cover-strip with photo-resi818 at 2000 rpm for 5
seconds, place p-side of the sample down ontol#ss gover-strip. Then
put the sample into oven at 90 °C for 60 minutestitk the resist well
with the glass cover-strip.

2. Clear back side of sample with acetone soakedrcaital.

3. Mount glass cover-strip onto a metal chuck using.wa

4. Process the sample for thinning with aluminium pew® pm/ 3 pm
granules) with water mix. The sample was thinnedamoapproximate
thickness of 225 pum.

5. Clear off wax from glass cover-strip by putting tbemple into opticlear
for 10 minutes.

6. Release the sample from glass cover-strip by muitinacetone placed in
hot water bath at 50 °C for 30 minutes.

7. Rinse sample with IPA and RO water, blows dry vg#seous nitrogen.

8. Spin coat the glass cover-strip with photo-resis818 at 2000 rpm for 5
seconds, place p-side of the sample down onto ldss gover-strip and
put it into an oven at 90 °C for 30 minutes.

9. Evaporate 14nm Au, 14nm Ge, 14nm Au, 11nm Ni, a#@hgh Au with
electron-beam assisted Plassys machine.

10.Release sample from glass cover-strip by puttingitd acetone beaker
placed in hot water bath at 50 °C for 1 hour.

11.Rinse sample in IPA and RO water for one minutéehesad then blows
dry with gaseous nitrogen.

12.Anneal the sample in RTA at 380 °C for 50 secondsrder to form the
ohmic contacts.

13.The sample onwards is scribed and cleaved fongesind measurements.

190



Annex Il

Annex |l

Fabrication steps for realisation of passive

polarisation mode convertor

Fabrication process to realise the passive PM@engoelow.

. Cleave the sample measuring 6 mm x 8 mm in dimeansio
. Clean the sample in ultrasonic bath with acetoRé, &nd RO water for 5

minutes each and then blows dry with gaseous r@trog

3. Pre-bake the sample on hot plate for 2 minute® &C9

. Spin coat the e-beam resist layer of 100 % HSQdtneg resist) at 5000 rpm
for 60 seconds. This produces 360 nm thick layeesist.

. Clean backside of the sample with acetone soak&dncbud and place it on
the hot plate at 90 °C for 10 minutes.

. Expose the ridge waveguide structure with VB6 eabe@iter. VB6 control
parameters are, resolution: 1.25 nm, proximity ecion file: gaas300-
100b.pec, proximity minimum: 0.05, proximity gridod, dose: 670 pC/cn
spot size: 12 nm and VRU: 8.

. Develop the exposed pattern using 25 % TMAH at @3fér 30 seconds.
Rinse in RO water for 30:30 seconds in two sepdraskers and then in IPA
solution for 15 seconds. Then blows dry with gasedtrogen.

. Dry etch the developed pattern using System 10@t¢h 1.50 um using
reflectrometer.

. In order to remove the HSQ from the ridge wavegusttacture, process the
sample for wet etch with 10:1 ratio of RO water @l solution for 60

seconds. Rinse in water for 60 seconds and bloysvidin gaseous nitrogen.

10.Clean the sample in acetone, IPA and RO water fmirlute each and blows

dry with gaseous nitrogen.

11.Finally the sample was scribed and cleaved foimgstind measurements.
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A schematic diagram illustrating the fabricatiolwgess is shown in Figure A-

E-Beam Fadiation

e
Resist —»
STEP-1 »
Gabs [ AlGabs —w
Eesist After Development Wafer

STEP -2

STEP-3 After HE Etching

4 Resist after 3101
Etching

+— Gabs fAlGals
Water

STEP - 4 STEP- 5

Figure A-2: A schematic diagram of fabrication step
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Fabrication steps for realisation of

polarisation mode convertor with a

semiconductor laser

The fabrication steps for realising the PMC witeeamiconductor laser are given

below.
Step 1 Creation of e-beam position calibration markers.

The electron beam position calibration markers @éeéned according to the

description given in Annex IlI.
Step 2 Realisation of integrated waveguides structure.

The realisation of integrated waveguides strucisitbe same excluding step 8 as

described for the ridge waveguide structure inAhaex IIlI.
Step 3 Removal of cap layer for isolation of contacts.

1. Spin coat the first e-beam resist layer with lowerecular weight PMMA
(positive resist, 15 % of 2010) at 5000 rpm forsg@onds. This produces
1.2 um thick resist layer.

2. Clean backside of the sample with acetone soaki&dncbud and place it
in the oven at 180 °C for 30 minutes.

3. Spin coat the second e-beam layer with higher natdeaveight PMMA
(positive resist, 4 % of 2041) at 5000 rpm for @@mnds. This produces
100 nm thick resist layer.

4. Clean backside of the sample with acetone soake&dncbud and place it

in the oven at 180 °C for 90 minutes.
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10.

11.

12.

13.

Annex IV

Expose the cap layer pattern with VB6 e-beam writéB6 control
parameters are, resolution: 1.25 nm, proximity ectron file: ige_b.pec.
dose: 270 pCl/cmspot size: 12 nm and VRU: 8.

Expose the reflectometer layer view pattern with6\vBbeam writer. VB6
control parameters are, resolution: 1.25 nm, prayinsorrection file:
ige_b.pec. dose: 380 pC/gnspot size: 33 nm and VRU: 20.

. Develop the exposed patterns using 1:1 IPA:MIBKiBoh at 23 °C for 30

seconds. Rinse the developed sample in IPA and B@rvior 30 seconds
and 60 seconds, respectively. Then blows dry waegus nitrogen.

In order to partial remove of the HSQ from the a@dgaveguide structure
within the cap layer pattern, process the samplevéd etch with 5:1 ratio
of RO water and HF solution for 10 seconds. Rinseater for 60 seconds
and blows dry with gaseous nitrogen.

Dry etch the developed pattern using System 10@t50seconds to etch
100 nm cap layer using reflectometer.

Remove the e-beam resist by aa §as using BP 80 machine for 12
minutes with following recipe, Power: 100 Watt, gsare: 50 mTorr and
flow rate: 50 sccm.

In order to remove the HSQ from the ridge wavegusttacture, process
the sample for wet etch with 10:1 ratio of RO wated HF solution for 60
seconds. Rinse in water for 60 seconds and blowswith gaseous
nitrogen.

Clean the sample in acetone, IPA and RO water faridute each and
blows dry with gaseous nitrogen.

O, ash on asher for 10 minutes at 100 Watt power.

Step 4 Realization of current injection windows on tlop tof the waveguides

structure.

The same steps described in Annex Il were cawigdfor the realisation

of current injection windows on the top of the waguiigles structure.

Step 5 & 6 Realisation of p-contact and n-contact metallisat
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Annex IV

The steps described in Annex llIl were performedthiar realisation of p-
contact metallisation on current injection windows the top of waveguides
structure and the realisation of n-contact metili® on the back side of the
sample.
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