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ABSTRACT

Polymer-based optical waveguides are a promisiongni@ogy for integrating optical
links onto standard printed circuit boards as tegble cost-effective manufacturing and
assembly as well as offer high bandwidth. The nadibn for this work is to address the
lack of amplifying components the currently demaosigid polymer interconnects, which
limits the complexity, functionality and reach bese systems. This dissertation studies
combination of rare-earth-doped material with padynplatform to create compact

erbium-doped waveguide amplifiers (EDWAS) for beberdel interconnect applications.

Siloxane polymer materials developed by Dow Corr@rgused as they have shown the
necessary optical, mechanical and thermal propentiguired for EDWA designs (such
as the ability to withstand temperatures in exads850 °C). The feasibility of two
approaches for integrating Er-doped materials isitoxane polymer layers is
investigated, namely: (i) ultrafast laser plasmalantation (ULPI) and (ii) solution-
based dispersion of Er-doped nanoparticles (NRildped thin films are prepared with
these two methods and their properties investigdtieel maximum dopant concentrations
and lifetimes are determined to be 16.3, 4.4 aBk LG’ cnm® and 12.1, 4.2 and 5.7 ms
for ULPI into silica glass, ULPI into polymer antet dispersion of erbium NPs in

a polymer matrix, respectively.

An EDWA numerical modelling framework is developéa optimise the erbium-
ytterbium ratio to maximise the device gain whilec@unting for various potential
integration methods and waveguide design parameiemsg a channel geometry based
on the measured optical properties of Er-dopedsglas internal gain of 9.6 dB/cm is
predicted at the optimal Er:Yb ratio of 9.0:7.3 %cn® when pumped at an optical
power of 200 mW. A hybrid, polymer-glass strip-ledddesign is proposed to combine
the highly doped glass layer with the polymer matekVhile a slightly lower gain of
7.4 dB/cm is projected in the re-optimised desigdar the same operating conditions, it
benefits from a simpler fabrication procedure.

An experimental study of devices prepared throbghdirect Er integration into polymer
waveguides enables a comparison with developeddheal models. A good agreement
between measured and modelled results show thedcigal amplifier operation with
erbium concentration of 1.5 x ¥&m?3 is prevented by the dopant NP clustering and the
potential gain limited by the absence of ytterbicordoping. The excess scattering loss
of 9.3 dB/cm could not be further reduced only witte proposed additional
ultrasonication and filtering fabrication stepsigading alternative approaches such as

core-shell structures are required.
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Chapter 1: Introduction

In this chapter a short introduction to the topicoptical technologies is given with a
focus on integrated systems based on polymer raktefihe qualities of the polymer
platform in terms of mechanical, thermal and optipeoperties are discussed and
compared with alternative technologies. Numeroudyrper-based systems and
components have been demonstrated over the yeawingha range of potential
applications in different fields. However, the méypof the reported systems have been
non-amplifying which limits the potential of polymbased solutions. Therefore, key
potential techniques for achieving gain in polymeaterials are discussed. The three
types of the gain mechanics in the platform, nanrahg-earth (RE) doping, use of
conjugated polymers and laser dyes are examinédyr@viously reported experimental

results are reviewed.

Polymer-based optical systems with active companérive a number of potential
applications in fields such as communications apiical sensing. The most important
characteristics and requirements for practical iappbns are discussed. These design
specifications are then compared with researchithatbeen done so far in developing

such devices not only employing polymers, but atsather material systems.

Finally, an overview of the aims and the work asttinesis is given. The focus has been
placed on developing an extensive modelling frantkves well as experimental study
of two-dimensional waveguide amplifiers that arsdzhon rare-earth-doped material for

polymer-based integrated optics.

1.1 Polymer-based optical systems

The last four decades have witnessed great changesmmunication systems. The
exponential growth in computer processing speeddata volume has resulted in ever-
increasing requirement for transmission capacitigis Thas been initially addressed
through the use of optical transmission systenh@ig-haul telecommunication networks
[1]. These systems have grown at an equally rapa pbecoming more sophisticated
through the addition of new functionalities suchsamal multiplexing, processing and
routing. A basic system consisting of a light seyecdetector and a transmission medium
has been enhanced over time. The performance basrproved by complementing the

basic components with more advanced such as mexept, amplifiers and switches [2].

Initially adding new advanced optical functionality the network required the use of
bulk optics elements such as lenses. This has sop®f{proven problematic due to

misalignment sensitivity, handling difficulties amtability. The limited scalability and

2
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handling difficulties can be avoided in a systertegmation, which combines many

functionalities on a single element.

The idea of integrated optics was initially devedldpn 1969 at Bell Labs to describe a
system composing of a single planar layer thatithes a number of photonic components
[3]. Photonic integrated circuits (PICs) highly egtble their electrical counterparts,
where numerous components are compactly placedtoextte another and connected
together via waveguides. Photonic integration iseay broad topic with extensive
research being currently undertaken. As a resetsiléd investigation of the field is not
done here, but a good overview of theory and implaiations can be found in the
literature [4]-[6].

Waveguides are a key component of almost any plogystem. They are especially
important in case of integrated photonic deviceshsas optical circuits [7], where due to
the small size of the system’s elements, good tyuatansmission lines are key
components required to send light signals betwdéereht parts of the circuit. One of
the main reasons for the increasing interest inofptecal transmission for board-level
interconnects is the much higher bandwidth it effesmpared with traditional electrical
connections [8],[9]. However, currently this bebefomes with a disadvantage of

relatively high cost of fabrication [10],[11].

Even though data transmission has been the maiwatioh behind the development of

optical waveguide systems, there are a number lidraiesearch areas and potential
applications for such designs. A compact and pldagout is advantageous in any
complex system as it provides increased efficiamgyired by a number of fields such

as biochemical analysis [12],[13].

Optical fibre networks for long-haul telecommunioat systems have been based on
silica glass. Therefore, there has been much r@séaintegrating new functionality on
this platform as well as other types of glass [T#je work in this PhD dissertation
however focuses on using polymer as a materiahoice for photonic integration. This
choice offers a possibility of fabricating opticedmponents that have the increased
communication bandwidth advantage of glass, butecatma comparatively lower cost
[15],[16]. While this is not crucial for long-hauptical communications due to
component cost being a small part of the wholegatojt is a key requirement for short
distance, compact systems. Polymer-based optibadsfiare already used in many

automotive and short-haul communications applicatipl7]. However, there is an
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increasing need to develop integrated componenth si8 waveguides, splitters or

modulators for inter- and intra-chip applications.

In contrast to inorganic systems that require egpenand time-consuming fabrication
techniques such as reactive ion etching or spn€fi8], polymers components can be
easily produced and patterned using spin-coatimipossing or direct laser writing [19].
In addition to the ease of deposition, a thin filan be produced on a wide range of
substrates (glass, silicon, FR4) that are botll agid flexible. All of the above properties
make polymers an attractive alternative to inorgasemiconductors for short-

transmission-distance applications.

The mixture of the above advantages combined \wgthfact that polymer structure can
be modified in order to adjust or improve its pnd@s to address a specific need has
made it a popular material for a number of syst¢p®§,[21]. What is more, many
polymers can exhibit high thermo-optic and elecpbic coefficients which has led to
the development of high-speed and low-voltage meidus and switches [22],[23]. Both
of these components are crucial as they add negefisactionality for a practical

integrated optics system.

The main physical problem with many polymer matsria their intrinsically high loss
at second and third communication windows corredpmnto 1310 nm and 1550 nm,
respectively. This mid-IR (infrared) wavelengthssaiption loss results from the
overtones of the fundamental molecular vibratidt¥§ pnd an additional scattering loss
can be introduced through thermally-induced criisttion. While the latter can be
minimised through careful processing during faliieg the former requires more
careful material engineering. Methods such as datid@ and halogenation (removal of
hydrogen atoms from the polymer molecule in ordegliminate highly absorbing C-H
bond) have been developed in order to reduce lossexeptable levels [25]. As a result,
an increasing number of commercially available organaterials offers low losses
reaching 0.1 dB/cm at both 1.31 um and 1.55 pum. [E6En though some inorganic
materials such as glasses still offer a betteroperdnce, these are generally low enough

for most short-distance, integrated applicatiorq.[2

Furthermore, a prolonged exposure to the UV ramhathay result in breaking of the
polymer chains that eventually leads to deterioraidf the optical properties. Even
though the visible yellowing and embrittlement laagdetrimental effect on the material

performance, a number of system stabilisers has bxsed to minimise these effects [28].
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1.2 Applications of Active Polymer-based Optical Dewdce

Optical amplifiers are currently widely employed o number of applications. One of
the most common examples is in long-haul opticahmoinication systems where they
have replaced signal repeaters in order to incib@siansmission lengths without a need
for electro-optical conversion. In such systemsotes types of amplifiers can be used as
booster amplifiers at the transmitter end, in-lamaplifiers and pre-amplifiers at the
receiver end of a link [29]. Another important apation is in high-power systems, where
power in range of hundreds of watts is requiredesehinclude not only material
processing, but often specialised scientific setspsh as atom trapping [30] or

gravitational wave antennas [31].

Miniaturisation of such devices explored in thisrkvbas opened a new group of potential
applications related to PICs, sometimes also refeto as to planar lightwave circuits
(PLCs). The need for simple, low-cost fabricatiaurges and amplifiers for high-end
scalable systems makes organic solid-state dewiggsat candidate. Their potential to
integrate active components with existing functigigs on the same chip leading to
reduced size, increased performance, portabilit/ rehability is considered one of the
key factors for the success of this technology.[B?Jssible applications of such compact
devices range from optical interconnects to neregation passive optical networks and

optical sensing.

1.2.1Backplane and Chip-to-chip Interconnections

Optical interconnect technologies have gained muadlearch interest for short-reach
communication links in high-performance computiygtems such as data centres and
supercomputers. The reason behind that is the ntlyrebserved trend of rapidly
increasing internet traffic, particularly within tdacentres. Figure 1-1 shows a recent
report by Cisco estimating the compound annual groate of data centre traffic to be
25% and the trend is expected to continue in tlae fugure putting strain on the current

infrastructure.
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Figure 1-1: Predicted growth of the global inter- ad intra-data centre IP traffic
flow from 2019 to 2021 based on the actual data (26-2018) [33]

Currently used board-to-board and chip-to-chip esppterconnects have reached their
physical limits and replacing them with opticalt®ys promises to overcome the resulting
transmission bottleneck [34]. The main argumenfgpetting the use of optics in such
environments are related to the performance adgasttéhey offer over conventional
electrical solutions. The benefits of optical linkelude lower power consumption,
higher bandwidth and increased density requiraddet the predicted need for 780 Th/s
with a 50 fJ/bit energy budget of future 310 frzhips [35].

One of the leading candidates for the implementatidooard-level optical interconnects,
that are compatible with electrical printed cirdustards (PCBs), are polymer waveguides
[36],[37]. A number of successful system demonstsatbased on various types of
polymer materials and implementing different odtibais architectures have been
reported in the past [38]-[40]. What is more, hggieed data transmission over polymer
multimode waveguides has been achieved using 850wost vertical-cavity surface-
emitting lasers (VCSELSs), with record values of@i's and 56 Gb/s demonstrated over
1-m-long link using non-return-to-zero (NRZ) ande#el pulse amplitude modulation
(PAM-4) respectively [41].

There is currently a great interest in migrating tinultimode technology from the first
communications window (around 850 nm) to longeedemmunications’ wavelengths
(1310 nm and 1550 nm) and single mode waveguidesniain driver behind this trend
is to enable a direct interface of board-level pody waveguides with the emerging high-
performance Si photonics chips and PICs basedldhmaterials as suggested by IBM

technology roadmap as shown in Figure 1-2.
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Figure 1-2: Electro-optical interconnect developmenroadmap [42]

Despite the great progress made, there is stillrmber of challenges before a fully
integrated elecro-optical chip-level backplane barfabricated. One of such problems,
addressed in this work, is the fact that all cuityeimplemented polymer-based optical
backplanes have been non-amplifying. This not anjyoses a limit on the length of the
on-board links as well as on the number of compt:ntdrat can be interconnected via,

for example, splitters in a bus architecture.
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In the past, this limitation has been addressedutiir employing optoelectronic 3R
regenerators [43]. However, this solution requirestiple signal conversions that could
be more efficiently addressed by an all-opticalicevAs a result, there is great interest
in developing optical amplifiers suitable for intatjon onto PCBs [44]. Although various
materials and doping approaches have been studéedane encouraging results have
been reported in recent years [45]-[47], high-gpower-efficient and PCB-compatible
EDWAs are still to be demonstrated.

1.2.2Next Generation PONs

Access networks cover the final part, sometimegrrefi as the ‘last mile’, of a
telecommunications infrastructure connecting imdiinal customers to the service
provider’'s central offices (COs). A passive opticatwork is an approach that promises
to provide end customers high-capacity traffic inoat-efficient way. Even though the
underlying standards and technologies have evalved time, the common property is
the absence of active components between an optiegkermination (OLT) and optical
network unit (ONU) [48].

Increasing demand for bandwidth has been satisfjed continuous evolution of the
technical standards through inclusion of solutisaosh as time division multiplexing
(TDM) and wavelength division multiplexing (WDM) 94 Most of current research is
carried out on next generation PONs (NG-PON) prorgidownstream speeds of 10 Gb/s
and eventually 40 Gb/s (NG-PONZ2) and more in thae figture [50].

As the demand for bandwidth in access networksxpeeed to keep rising, future
standards are being put forward to satisfy the dehiar a more scalable solution that
can serve a large enough number of subscriberske mheconomically viable. The most
recent development has been a super-PON propostdrpuard by Google that opened
a discussion for the IEEE 802.3 task group [51]e Phoposed architecture, shown in
Figure 1-3 (a), offers cost effective network desigapable of reaching up to

1024 customers within 50 km radius.

One of the key components in the CO is the optogplifier used as both preamps and
boosters to compensate for not only the distantkemodes, but also the high splitting
loss to reach all the nodes. The proposed wavdialigication depicted in Figure 1-3 (b)
assumes usage of 1530-1600 nm window which is cobipawith the erbium-based
amplifiers. Therefore, there is an emerging needafduture high-volume integrated
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solution, possibly employing EDWAs instead of detercomponents, to bring the unit

cost down allowing for a mass market delivery.

Figure 1-3: Super PON (a) suggested architecture,
b) potential wavelength allocation [from [51]]

1.2.3Sensing

Another emerging area of application for a polymeaveguide platform is to use an
integrated device as a sensor. The concept of aatmiised lab-on-chip has been
developed to analyse a number of biological or dbeimsubstances [52]. The
characterisation of samples is performed througting optical properties using a small
polymer device, where optical waveguides are placegroximity of microfluidic
channels. Polymer has been successfully deployddsrapplication as it offers ease of
fabrication of all the necessary structures foula §ystem through various patterning
techniques as well as chemical stability requiredr&liable results [53],[54]. These
sensors can be used to detect certain substancbsas ammonia [55], or used to detect
other environmental factors, for example, tempeeatohanges [56] as shown in

Figure 1-4.
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Even though optical amplifiers are generally nguieed for such small, few-centimetre-
squared devices, light sources can be useful im systems. This has been demonstrated
in the past that a sensor platform benefits froenpitesence of an active rare-earth doped
microring structure as it boosts the sensitivityl amcreases the limit of detection for

cancer biomarkers by an order of magnitude [57].

Figure 1-4: Polymer-based sensor used to measure amnia concentration

through exposed waveguides [55]

Another emerging application for erbium-doped iné¢gd devices in sensing has been
the use of both amplifiers and sources for lightdigon and ranging (LIDAR) systems

[58]. Wavelengths around 1550 nm offer an advantageich systems due to not being
perceivable by human eye and relatively higher-sgf’ power levels that are needed
in order to extend the device range. What is mergum-based planar amplifiers have
been considered for satellite-based .C&fdd CH mapping systems due to suitable

absorption features of these greenhouse gassesdatéi0 nm [59].

1.2.4Infrared Upconverters

Over the past few years, there has been intenesgarch in using various materials as
hosts for rare-earth doped infrared-to-visible ighconverters. These offer a range of
applications, but the primary focus is for colouspdays. In contrast to the previously

mentioned applications for RE-doped systems, wtier@pconversion process is seen as
a shortcoming and the design effort is focused onmising the phenomena, in this case

the process is desirable.
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Figure 1-5: Visible light upconversion emission fra rare-earth materials

One of the key driving factors has been the dematish that various lanthanides have
energy transitions that cover wavelengths acrassigible spectrum as shown in Figure
1-5. Initially, various excitation frequencies hakeen used for different elements,
however, such systems are not suitable for prdamalications. In order to overcome
this problem, rare-earth doped materials are cedaopith ytterbium. This acts as an
effective sensitizer due to its very high absomiiooss-section combined with efficient
energy-transfer mechanism between Yb and neighbguaicceptor ions [60]. This
principle has been demonstrated to work well faulithm, praseodymium, erbium,
holmium, europium and gadolinium under 980 nm exicih wavelength [61]. The final
step towards a practical design has been combthifegent RE ions in order to produce
a white light source. This has been successfulhyesed by a number of systems, for
example by using a combination of Tm-Ho-Yb to gateralmost perfect colour light for
RGB devices as defined by CIE chromaticity diagfé8aj.

Upconversion is still an inefficient process, bohsiderable interest resulted in finding a
number of suitable host materials that enhanceptemomena. Most of the research in
this area has focused on various glasses and gptgniheir structure to enhance the
upconverters efficiency. This has been shown fetesys based not only on tellurite,
fluorolead germinate, fluorophosphates or lithiuordte but also on other materials

including crystals and polymers [63],[64].
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1.3 Active Components in Polymer Systems

Most of the polymer systems demonstrated so fay mlude a combination of non-

amplifying components such as waveguides, splitadsmodulators. While this may be
sufficient for certain applications, there is arcrgmasing need for adding active
(amplifying) components into the photonic integdatécuits as explained in the previous
section. These would not only improve the existiegigns by increasing the link lengths

and scalability, but also add new functionalities.

As already stated, this work focuses on developmgntegrated polymer amplifier that
combines compact size with relatively low-cost fedtion. An active region in polymer,
required for not only an amplifier but also for@ptical source, can be realised by either
introducing optically active dopants into the pobmor by using special type of polymer
with behaviour similar to that of semiconductorsisBd on the above distinction, there
are three major candidates for implementation dicapamplifiers in polymers: dye-

doped, conjugated polymer and rare-earth ion doped.

1.3.1Dye-doped Polymer

Lasing action in dye material was first observed $60s [65],[66] with a great number
of new dyes developed since [67]. Dyes are comptganic molecules that have many
sub-states that naturally form a four-level lageteam. This allows them to absorb and
emit light over a relatively broad range of wavejits. The two spectra are separated due
to the presence of sub-states leading to absorpfibigher energy photons followed by
a fast, non-radiative relaxation inside the endeyel and finally a light emission as
shown in Figure 1-6. This means that dyes withrgeaStokes shift have a clearly

separated absorption and emission wavelengths.

Dyes can be used in a number of both organic argamic hosts. The former type makes
the fabrication process easier [69] leading to essful doping of a variety polymer host
materials over a range of emission wavelengths,[[7J]] Most of the reported dye-
doping attempts show visible light spontaneoudiongated emission between 400 and
600 nm [72],[73] including a combination of mulgpmaterials to generate a white light
emitter [74]. There has been increasing interestear-infrared (NIR) dyes mainly for

biological imaging with emission wavelengths gredtan 1000 nm [75].

Most of the work on dye-doped polymers has beended on creating organic lasers

using resonator structures such as planar cavigedings, rings or discs [76],[77].
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However, in the process of creating working dyeatbjpased devices, a number of
problems have been encountered including low radiatdamage threshold,
photobleaching, short device lifetimes and diffimd with continuous wave (CW)
operation [78]. These problems have been addrdsgethproving dye and polymer
formulation [79],[80] or quenching triplet statégmt absorbed energy [81].

Figure 1-6: Typical energy levels of a dye molecukhowing transitions lifetimes

and emission/absorption cross-sections [68]

Semi CW lasing through a dye jet replenishmentidgesh demonstrated since the 1970s
in liquid solutions [82], but the same approacmas possible in a solid-state system.
There have been successful attempts of non-CW (soee referred to as quasi-CW)
amplifiers and lasers both in plastic optical flbo(BOFs) [83], [84] as well as in integrated
systems [85],[86]. Although there have been nontspaf devices working in the telecom
C-band, lasing has been reported in the near-gdraGain coefficients of 11 chat
1270 nm [87] and 14 cthat 970 nm [88] were achieved under low optical ping
duties. The improvements in the device efficienayehbeen realised through a reduction
of the triplet state exciton accumulation via tiptonversion [89] and a decrease of the
lasing threshold under L/cn? [67].

1.3.2Conjugated Polymer

Ordinarily a polymer is an insulator, but therestxia group of organic materials that
conduct electricity. They are made of conjugatedecwde chains, where atoms form a
sequence of alternating single and double covdlentls. The overlapping orbitals lead
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to a band structure similar to the one seen inc@mductors [90]. These types of polymer
are particularly attractive due to the fact thattkliminate the need for an external optical
pump source. This in turn would enable fabricatwdrthin, flexible lasers that can be

made at low cost.

Organic materials with electroluminescent properaee widely used in organic light
emitting diodes (OLEDSs), but there has been a nurabehallenges to combine them
with an efficient resonator structure capable ebting a directly-pumped laser [91].

As in dye-doped materials, most of the demonstraystems operate in the visible light
emission range, as creating conjugated chainsatbdbng enough to emit IR has proven
difficult.

Amplified spontaneous emission (ASE) phenomenéhis type of material has been
achieved from both solid state and liquid form poéys. This was demonstrated with
assistance of not only top, but also edge pulsditadgpumping with gain exceeding
70 cm? in the visible spectrum [92],[93]. These materils therefore a good potential
candidate for optical amplifiers and initially hakeen demonstrated in liquid polymer

[94] and later in waveguide structures [95].

Figure 1-7: Energy transfer cascade in polymer systn combining conducting host

with a dye and triplet manager [96]

The promise of conjugated polymer-based amplifiexs in electrical pumping that
cannot be achieved with other polymer amplifietsefe have been attempts at achieving
such a device, but a number of problems are praxgtite creation of a reliable and
practical prototype. The difficulty with attachimdectrical contacts that usually leads to

gain guenching has been addressed by adjustingedgeometry [97].

The problems aforementioned for the dye-doped petgrare also present in conjugated
polymer systems. The practical applications arg@didhby the triplet state absorption and

operational lifetimes of approximately 2 x’1fulses before the output drops by 50%
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[98],[99]. These are particularly relevant as thbeve been attempts in combining
conducting polymer hosts with dye molecules as aglriplet state managers in order to
create a more complex system combining benefitmuatiple materials as shown in

Figure 1-7.

Finally, there has been also been increasing researerest to combine OLEDs with

rare-earth-ion dopants. As a result of this ingasion, early reports show a potential for
electroluminescence in IR wavelength range albéih wery low external quantum

efficiencies under 0.1 % [100] -[102].

1.3.3Rare-earth-doped Polymer

The two previously mentioned types of polymer afigf are in most cases optically
active under 1 pm which means that they do not rcdhe second and third
communications windows (around 1300 nm and 1550 raspectively) [103]. An
alternative approach is to use RE ions, which ageoap of 17 elements that differ in
terms of their optical properties, as dopant irivactegion. These have a multi-level
energy band structure with various trivalent REihgenergy transitions corresponding
to different emission wavelengths. In many casesihbltiple different radiative and non-
radiative decay paths are possible depending otorfasuch as wavelength of the

absorbed photon supplied to the system througlecapgiumping.

The most widely used element from the RE grouphsuen (Er), as its emission spectra
coincides with third communication window. This lexdcreation of erbium doped fibre

amplifiers (EDFA) used in long distance communimatthat are optically pumped to

achieve stimulated emission at wavelengths betw&80 and 1580 nm. More detailed

information on progress in Er-doped integratedaspis given in Section 1.4 as the use
of this material is the topic of this thesis.
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Figure 1-8: Simplified energy diagram for Er, Yb, Nd and Tm

Even though most research on RE-doped systemsobaseld on Er, there has been
interest in other trivalent ions due to a wide &g emission wavelengths they offer.
Other commonly used elements are ytterbium (Ydgmium (Nd) and thulium (Tm).

They all offer the potential for amplifier devicasa range of IR wavelengths between

940 nm and 2 um as shown in Figure 1-8.

These materials, as well as other rare-earths, e widely used as active laser media
in optical fibre based amplifiers and lasers, a8l @& in solid state devices such as
Nd:YAG for many years [104],[105]. More recentlyifmthe emergence of plastic optical
fibres (POFs), attempts have been made to dopeligmare-earths, such as europium,
to achieve stimulated emission [106]. However, mafsthe reported attempts have
focused on devices working in the visible range7]4Q09]. This in turn has led to an
investigation of polymer as potential host for wgwnele amplifiers to take full advantage
of the ease of fabrication of polymer waveguidesiisimed with the potential for high
gain devices [110],[111].

The main difficulty preventing the demonstrationaofully successful compact device
has been due to poor solubility of rare-earth ioas$,only in polymer matrix, but also in
most widely used glasses [112]. The resulting faionaof clusters highly limits the
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achievable gain per unit length of the device. Tigssie has been confronted by trying
different combinations of host and active materibég reduces the ligand formation and
resulting emission quenching. It is the potentiad fow pumping energy required,
combined with absence of the exciton annihilatisacpsses observed in dye-doped
polymer devices, that allows CW operation withduermally damaging the polymer

structure.

The intensive research in optimising the host-doggnamics has resulted in a number
of encouraging results. Lasing or amplification bagn reported for a number of rare-
earth doped polymers covering a range of wavelendgiome notable examples in IR
include neodymium-doped 6FDA capable of lasing 4ntl dB/cm amplification at
1060 nm [113],[114]. Furthermore, a number of dest@tions for visible light
amplification has been reported. Europium-dopedahal optical adhesive (NOA) has
produced strong red emission and a gain of 17.4rdBt 612 nm under CW pumping
with 60 mW at 337 nm [115]. Furthermore, a 5-mmgaquoly(methyl methacrylate)
(PMMA) waveguide doped with terbium has been shéwgenerate strong green light
and an estimated gain of up to 10.8 dB/cm at 54%under 488 nm pumping [116].

All the above attempts have demonstrated the patdéot combining polymer hosts with

active RE-based dopants to create practical devides range of available materials
allows light emission at a range of wavelength$iwlifferent applications. However, the
most intensive research, including this work, hasrbcarried out in combining polymer
hosts with erbium ions which enable creation ofegnated components that are

compatible with currently used telecommunicatioagvorks.

1.4 Erbium-doped Polymer Waveguide Amplifiers (EDWAS)

Erbium-doped optical amplifiers have been interngivesearched since the 1990s due to
the fact that their emission spectra around 1550matches low loss region in glass fibre.
This has led to rapid improvements in their deslgading to a better performance [117].
Optimisation in terms of dopant-concentration, pypoper [118] and adding sensitizing
elements [119] to increase efficiency have allovexliium-doped fibre amplifiers

(EDFAS) to replace regenerator units and domiraatg haul transmission systems [120].

As the technology matured for long-distance appbcs, new possible applications
emerged with device miniaturisation. Small sizéeys have been previously dominated
by semiconductor materials due to more efficieatical pumping and larger transition

cross-sections leading to higher gain per unit tlerjd21]. Recent developments in
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enhancing optical gain in compact devices have steidence that rare-earth-ion-doped
dielectric waveguide amplifiers and lasers can tmpetitive for integrated photonic
applications [122].

The main reason that practical EDWAs have not liEgnonstrated so far is due to the
fact that high-enough dopant concentrations hateébeen achieved without triggering
detrimental quenching mechanisms in the matematcadse of EDFAs that are widely
employed to overcome losses in long haul telecomeations systems, high gain
without saturation effects is obtained by optimgsamplifier pump power, dopant level
and fibre length [123]. Since the transmissionattise is usually measured in hundreds
of kilometres, the EDFA can be as long as tenseiers, which in turn leads to required
dopant concentrations in range of&em? [124].

In case of waveguide amplifiers for integrated phats based on silicon chips, there is
much less freedom when designing a device. A macsize is limited to a few
centimetres with the pump power being also cappesl td possibility of thermally
damaging the device. As a result, much higher Enbaoncentrations are needed to
achieve a practical amplifier. The exact concemmnaineeded is still affected by
waveguide dimensions, pump power and device efftgigbut is expected to be in range
of 10?* cm® or even higher [125],[126].

In addition to increasing the concentration of enbiin the waveguide, it is necessary to
increase the absorption efficiency of the pump aigmhis is usually achieved by co-
doping the host material with other materials, geess such as ytterbium [127]. This is
a popular technique used to compensate for relgtlogy absorption cross-section of
erbium compared to that of ytterbium. The two eleteecombine well because Yb
absorbs light at 980 nm and efficiently transfertineighbouring Er ions to be later
emitted around 1550 nm. Figure 1-9 shows a denmetigstrin aluminium oxide, where
almost seven-fold increase of emission intensitydaco-doped waveguide under the
same pumping conditions has been achieved.
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Figure 1-9: Emission intensity of erbium and erbiumytterbium
doped material [128]

A much more detailed description of the theory hdherbium-based systems is given in
Chapter 2. Not only the mechanisms governing thiopwance will be explained, but
also key design factors discussed. This is followgdaverview of the current state-of-

the-art designs in both polymer hosts as well heranaterials such as glasses.

1.5 Thesis Aims and Outline

The aim of this thesis is to explore the potenti@hind a new fabrication process —
ultrafast laser plasma implantation (ULPI) to ceshigh gain erbium-doped amplifiers.
This doping method has been recently demonstrabecéchieve a very high Er
concentration of 1.63 x #bcmi® in silica while maintaining a long metastable tiifiee
required for practical devices [129]. The undenyotential of the reported results is
researched with the help of a model developed amijfy effects of various performance
factors. Based on measured parameters, perforntddreeestandard channel waveguide
geometry is investigated to assess material slittafor formation of optical amplifier
with gain of 10 dB/cm. This dissertation continwath a novel process of a dopant ratio

optimisation in order to maximise the potential EB\yain.

Furthermore, the focus is placed on possible iategn methods of the ULPI with the

polymer platform. The work in this thesis assesdyf adjusting implantation process
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parameters, Er-doped thin films of comparable qualan be formed. A study sets to
identify the most suitable materials and viablerapphes to doping the polymer either
directly or through compatible hybrid waveguidehaiectures proposed in this thesis.
This dissertation assesses not only the implementateasibility but also the
performance of designed and modelled devices. 3figeiof minimising impact of the
alternative waveguide geometries on the amplifierfggmance is addressed and
guantified through the dopant profile optimisation.

This dissertation describes the work performedraeustanding the performance factors,
design and characterisation of the erbium-dopetsys The reminder of this document

is structured as follows:

Chapter 2 describes the operation principles aciifa affecting the performance of the
EDWA. It discusses the processes that diminishatttéevable gain in highly doped,

miniaturised systems. The effect of these concegatraguenching mechanisms leading
to the upconversion is debated and a number ofedstto counteract them is presented.
The chapter ends with a presentation of the custie-of-the-art devices based on a

number of a different host materials.

Chapter 3 presents the design considerations évattio be accounted for in the polymer-
based waveguide amplifier. It discusses the wawddggitheory and simulations
undertaken in order to establish single mode ojperatonditions in various device
architectures. It then presents a multi-level eapeations model required for a simulation
of the gain dynamics in EDWAs. The impact of vasoparameters such as ion
concentration, length of the device, pump powercoapersion and co-doping is
described quantitatively. These theoretical preuhst are then used to propose

alternative device geometries for further studies.

Chapter 4 introduces in detail the fabrication teghes and steps required for
implementation of the designed polymer-based devitle siloxane polymer features
are developed using a prepared mask and charactenigerms of loss. Ultrafast laser
plasma implantation and nanoparticle dispersiorhou of erbium doping are described
and employed to prepare Er thin films. The qualitaand quantitative characterisation
results of the obtained layers, such as spectrgsan@ erbium lifetime measurements,
are presented and compared between various sariplese findings are then used to

identify most promising approaches for an amplifeasibility study.

20



Chapter 1: Introduction

Chapter 5 discusses the process used to desigmd hylass-polymer devices using
channel and strip-loaded geometries. The procedaresstimate key simulation
parameters from material properties is presented thie obtained values then used in
more detailed amplifier studies. The implementatibstrip-loaded devices is chosen due
to their predicted performance and relative easelwication. The process of the polymer
ridge deposition on glass is optimised and thegrexpsamples experimentally assessed
for their potential to form EDWAs.

Chapter 6 describes the nanoparticle dispersioneggemployed to create Er-doped
polymer devices. The obtained waveguides are \isuatpected to optimise the
fabrication recipe and characterised in terms eif tihansmission across the C-band. The
experimental results are fitted to a loss modetl useextract and analyse the underlying
device properties. The EDWA model introduced intthied chapter is then used to verify
the experimental results and determine the dewitenpial. Finally, the performance is

compared with the alternative state-of-the-art ipetl polymer systems.

Chapter 7 presents the main conclusions drawn fraresults obtained in this thesis
and suggestions regarding the future work. Allted key findings from the amplifier
modelling and feasibility studies on different EDWsfsproaches are summarised. The
limitations addressable through a further develagmbased on other existing

technologies as well as simulation work are disedss

1.6 Summary

In this chapter a brief introduction of polymer-bdsntegrated optical systems is given.
The key advantages of polymer materials, such gis processability and favourable
mechanical, thermal and optical properties are udsed. This is followed by a
description of previously demonstrated componemdistaeir applications in a wide range
of fields. However, the performance and scalabditgurrent systems is constrained by
a lack of integrated amplifying elements. Therefar@umber of potential techniques of
introducing gain into polymer systems to overcohis limitation is presented. Methods
of using rare earth doping, conjugated polymers lasdr dyes are introduced and the

current progress in these fields is summarised.

Potential applications of polymer-based systemsé &inplifying capabilities, such as
optical interconnects or sensors, are presentadtiBal design requirements in each case
are discussed and compared with the latest resaahtbvements.
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Finally, an outline and aims of the work includedhe following chapters in this thesis
are summarised. The focus is placed on explorirgg gbtential behind promising
fabrication processes as well as developing alddtaiodelling framework to optimise
device performance. The key aspects and findingsegmted in each section are briefly

explained with short description of the most reteviandings.
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Chapter 2: Review and Theoretical Analysis of EmbiDoped Waveguide Amplifiers

Efficient optical amplifiers and sources are ineéisgable components of any
communications system. The widespread use of EDirlng-haul telecommunications
systems has been enabled by the broad gain spectinmding with the low-dispersion
and low-loss region of optical. Substantial rese&ffort has combined these advantages
with the benefits of multi-component integration arminiaturised chip. Despite the
maturity of fibre-based amplifiers and systemsritation of practical EDWAs sitill

remains a challenge.

The required increase in the gain per unit leng#ulting from the scaling of the existing
erbium-based systems has exposed a number of pratite processes that have
previously played an insignificant role in an arfiptis performance. A wide range of
materials and designs have been put forward inrda@®vercome these engineering

issues.

In this chapter, the material and design factdiesciihg performance of the EDWAs are
discussed. Particular focus is placed on understgride physical processes that reduce
the achievable gain in miniaturised systems and Hwy can be mitigated. This is
followed by consideration of techniques and meth@ilgh as sensitisation, used to
optimise the device performance. Furthermore, ahyars of optical waveguide theory
to produce an effective amplifier structure is emypld with particular consideration of
the losses and overlap between the guided modeacting region. Finally, a review of
current state-of-the art EDWASs is presented compararious integration platforms and

performance levels reported to date.

2.1 Properties and factors affecting EDWA performance

The amplifier performance is highly dependent angpectroscopic properties of erbium
ions. This not only includes possible radiative aod-radiative energy transitions, but
also emission and absorption cross-sections, enekgy lifetimes and upconversion
mechanisms. A functional amplifier can be desigaely when all the relevant factors
are considered. In contrast to an EDFA, a threellsystem approximation is no longer
valid for high-dopant-density systems since certaidesirable processes emerge and

need to be accounted for in EDWAS as outlined i gkction.
2.1.1Erbium energy levels and transitions
Rare earth ions usually have a trivalent oxidaitate and atomic-like energy structure

in most of the host materials. When erbium is asgaied into a solid, weakly-bound
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electrons are removed, leaving a partially fillddsHell protected by a larger radius 5s
and 5p orbitals. This shielding of the inner shedlults in the position of the energy levels
being barely affected by the host material [1]. Toealised electronic environment
allows for various distinct energy transitions pbkeswithin the 4f-shell with each of the

degenerate levels being Stark-split into a manifold

The lowest seven energy levels of an erbium iaamftlis2ground to*F7; state using
Russell-Sanders notation are shown in Figure Zag.diagram also includes typicaPEr
lifetimes of these states in oxide glasses, whiehader used as a benchmark for polymer

systems, as well as for the most relevant radiangnon-radiative energy transitions.

Figure 2-1: Er®* energy diagram schematic with relevant transitionsand typical
lifetimes. Green lines show photon absorption, redmission and

black non-radiative transitions.

Erbium-based amplifiers and lasers are used at lefgths of around 1.5-1.6 um. In
order for this to be possible, the Er ions aretexicirom the grountiis;2 to higher levels,
eventually resulting in population inversion of testem. Typically pump wavelengths
of either approximately 980 nm (1) or 1480 nm (B ased leading to ground state
absorption (GSA) and transitions to levéils ., or *l135, respectively. The former is then
followed by a rapid non-radiative decys2 to the level through multiphonon relaxation
[2]. The relatively long lifetime of the levéihz2 leads to the accumulation of excited ions
that are available for amplification. A passingnsif photon of wavelength around

1530 nm can induce a stimulated emission ifithhe “l1s-transition (3). This transition
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is also possible without an incoming signal leadng spontaneous emission. In a similar
way to the 1480 nm pump light absorption, a sidighit can also be reabsorbed by an
unexcited erbium ion through thias2 4132 transition (2).

In addition to the absorption and emission processeurring in the lowest three energy
levels, there are a number of undesirable tramstitvat can occur in densely doped
systems. There is a possibility for an alreadytexicEr ion to absorb a second 980 nm
photon leading to 4112  *F712 transition (4) referred to as excited state alismrgESA)

[3]. This is a disadvantageous phenomenon for deperformance as it results in
increased pump absorption while decreasing itzieffty. The processes (5) and (6)
depict energy transfer upconversion (ETU). These tansitions require interaction
between two neighbouring ions where one of thers asta donor and passes the energy
to the acceptor. As a result, the donor is de-esditack to the ground stdfies,while
the acceptor is promoted to eitH& (5) or %2 (6). In both cases the upconversion
process is detrimental to the device operatiort eeduces the number of ions available
for stimulated emission [4].

In the case of an ion excited above the- level, a number of non-radiative transitions
are required for the ion to revert back to the uiskfsstate (7). These transitions release
energy in the form of phonons and are generallgtinadly fast leading to the Er ion
eventually returning to the radiative emission let#owever, there is also a probability
of spontaneous emission taking place, which isrselg proportional to the lifetime of a
given manifold. In addition to already descrifed, “lisptransfer, the transition from
2H112 and*Ss12 to the ground state is also shown (8) as it léadbaracteristic green light
emitted by highly doped devices [5].

2.1.2Emission and absorption cross-sections

The typical photon absorption and emission trams#tidescribed in the previous section
are linked to a given cross section. The absorptimss-section ) describes the
probability of an unexcited ion being promoted tdigher energy level through the
absorption of either the pump or signal light. @e bther hand, the emission cross-
section () determines the likelihood of an erbium ion emdta photon. These quantities
depend on the system’s host material and are ysyadited in units of cAmand typical
values for most materials are in the?2@rder of magnitude [6]. The absorption cross-
section can be calculated by measuring the lodgh intensity travelling through a

given medium and using the Beer-Lambert formula.
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(2.1)

where () is the absorption at a given wavelength -gnand N is the total ion
concentration (cr). In an ideal ‘loss-less’ case, where no othes lmechanisms are
present, or all the other loss mechanisms have aeevunted for and subtracted from

the total, the absorption can be determined usiaddrmula below.

(2.2)

wherel andlg are the light intensity measured after length d mcident on the sample,
respectively. The emission cross-section can beatdd from the emission spectrum
using the Fuchtbauer-Ladenburg method [7] whictestthat:

(2.3)

Here, epeakis the wavelength at the emission peals the lifetime of the metastable
level, n is the refractive index of the materialjs the velocity of light ande( ) is the
fluorescence spectrum. Furthermore, the theoryldped by McCumber [8] enabled a
straightforward procedure to determine the linkngstn the two cross-sections, and this

theory has since been confirmed experimentallyrfany Er-doped systems [9].

Figure 2-2: Absorption spectra of Er-doped TZN glas

showing selected intra-ion transitions [10]

The absorption and emission spectra of an erbiupedisystem have a number of peaks
corresponding to the energies of different electréransitions occurring inside the ion.
An example based on zinc-sodium tellurite (TZN)glaan be found in Figure 2-2 where
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certain energy levels can be observed as absoripaa&s and, therefore, as wavelengths

of the increased absorption cross-section.

In a simple system, where both the populationsafigd (N1) and excitedN,) states as

well as the corresponding cross-sections are kntveninternal gain is given by:
" #$y, y (2.4)

The above relationship highlights the importancédiigh cross-sections, particularly of
the *113/2 level, needed for effective amplification. Whileig formula can be used to
estimate the gain potential in a given system, eermomplex model is required that takes

into account other transitions, such as upconversio

2.1.3Lifetime

Every energy level has a certain lifetime assodiatgh it. This time constant indicates
the decay rate from that level in the absence®ttimulated emission. In an ideal case,
with no detrimental energy transfer processes ptefiee luminescent decay in time is
represented by a single exponential curve. Howewneg host material with defects,
several pathways exist for population decay, whiah be divided into radiative and
non-radiative such as vibrations of the host makefihe decay probability per unit time,
which is inversely proportional to the lifetime,assum of the individual probabilities of

those transition channels and the total lifetima given energy level is given by:

oo (2.5)

where j is the total, (i radiative and nrj non-radiative lifetime of a given energy level
respectively. Using this fact, the rate of spontarseemission from an energy level in an

Er-doped system is given by the number of ionsdéigiby the total lifetime.

Non-radiative decay between two states takes placan energy transfer to the host
material through the generation of a number of phenThis multiphonon relaxation has
a total energy equal to that of the difference leetwthe two levels and its probability is
inversely proportional to the number of phononsunesgl to cover this gap. Even though
the phonon energy varies between different hosenadd affecting higher energy levels
in erbium ion, the lifetime of tht}132 state remains relatively long due to the large inem

required for thélizz “*l1s2 transition [11].

The long lifetime of the second level allows fdowld-up of population inversion in the

system required for gain in Er-based systems. énntbst common host materials used
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for EDWAs, luminescent lifetimes of approximatel® ins have been demonstrated,
including 8.1 ms in phosphate glass [12], 8 ms IfOA[13] and 14 ms in TZN [14].
However, the lifetime depends not only on the maltéut also on the erbium ion density

and accompanying energy transfers between ions.

2.1.41on Concentration

The main difference between the EDFA and the EDWe scale of the device. While
a typical fibre amplifier is metres to tens of nestiong [15], miniaturised waveguide-
based systems require it to be in the range ofvacEntimetres long. In a fibre-based
device, a typical Er concentration is set to arol@ cni®[16] as increasing beyond that
point results in reduced efficiency of the devit&][ However, to achieve a similar net
gain in the EDWA device, a much higher Erbium carticgion is required.

Doping a host material with a great number of ioemults in reduced spacing between
introduced dopants. This leads to solubility issué®n dopant ions start to cluster
together as well as undesirable interactions sughemergy exchanges between
ions [18]-[20]. The outcome of these processesdkiced efficiency and, therefore,
diminished gain of the amplifier device. In an ide@enario, with no inter-ion interactions
as shown in the simplified Equation (2.4), a begfain in a compact device could be
achieved through increasing the Er concentratiahtb@ number of inverted erbium ions

in the system.

Table 2-1: Reported erbium concentrations for variais host materials

Er concentration

Host material Reference
[x107° cmrl]

Aluminium oxide (AbOz) 0.27-4.2 [21]
Phosphate glass 5.3 [22]
Tellurite glass (TZN) in silica 16.3 [23]
Soda-lime silicate glass 0.6-1.2 [24]
Fluorazirconate glass (ZBLAN) 0.4-14 [25]
Potassium double tungstate (KY (\Aje) 6.36 [26]
Lithium niobate (LiNbQ) 2.0 [27]
NaYF: nanocrystals in SU-8 polymer 2.8 [28]
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However, with this proving difficult in a silica@ss a number of alternative host materials
with improved solubility have been explored. Sorhthe highest reported values to date
are listed in Table 2-1 showing attempts at usiifferént systems as well as glass
modifiers such as aluminium or phosphate in orderetich higher Er concentrations.
Even with the improved materials with reduced ghémg used in these highly doped
systems, undesirable energy transfers are stilgmteand need to be taken into account

when designing an amplifier.

2.1.5Energy Transfers

Since EDWASs require very high dopant concentratiimnachieve high gain over short
propagation distances, they need to overcome geinaping. The processes responsible
for the deterioration of the device efficiency thgh energy transfer can be divided into
a number of categories. The three most common direenechanisms encountered in
erbium-doped systems are: energy transfer upcaowe({lSTU), excited state absorption
(ESA) and energy migration (EM) as shown in Fig2+&.

Figure 2-3: Selected erbium energy transfer process based on 980 nm pumping

2.1.5.1Energy Transfer Upconversion
The most common energy transfer process limitiegotrformance of high concentration
rare-earth-doped devices is ETU [29]. This processy referred to as co-operative
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upconversion (CUC), takes place when two neighinguions that are already in the
excited state interact with one another. In theénseio one ion, the donor, transfers energy
non-radiatively to the second, the acceptor. Tloeegfthe first ion becomes de-excited
and moves back to the ground state while the seisggrdmoted to a higher energy level.
In Figure 2-3 (b) the process is depicted for oh¢he possible pathways where the
acceptor ion is promoted to thE; state as a result of 980 nm pumping. However, the
same process applies to a 1480 nm excitation wéldifference that the acceptor ion is
excited from levefliz2to *lor. Once an erbium element is exited to a higherggnievel

it undergoes a number of multi-phonon transitioaskbto the metastable levis; or
occasionally emits spontaneously from one of tlghéi energy levels as explained in
section 2.1.1.

There have been extensive studies of the underbfinugtural factors leading to CUC
inside of the host material [30]-[32]. In genetalp underlying phenomena contributing
to upconversion process have been identified asvishio Figure 2-4. Homogenous
upconversion (HUC) is the result of the high coniions reducing the spacing between
erbium ions that in turn enables energy transfexéen neighbouring ions. This process
occurs even in a system where the dopant ionsepagated by more than their diameter.
However, when the distance becomes smaller, leadirtige formation of clusters, the
dopant distribution is no longer uniform. In thase, usually pairs of erbium ions interact
with one another resulting in pair induced quengt{lQ). While the first process occurs
even at relatively lower Er concentrations, theelatbecomes dominant at high

concentrations [33].

Figure 2-4: Two dimensional model of Er-doped silia glass structure
with illustrated HUC and PIQ processes [34]
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The ETU process in EDWAs has a significant impacperformance as it de-populates
the?l1312 level, thus reducing the population inversiontaf system. In addition, this can
also result in significant heat dissipation in thest material due to multiphonon

relaxations taking place when an Er ion is undergion-radiative transitions [35].

Table 2-2: ETU coefficient measured in various Er-dped materials

) Er concentration ETU coefficient
Host material Reference
[x10%° cd) [x1018 cmis?]

Aluminium oxide 0.27-4.22 0.7-7.8 [36]
Phosphate glass 2.0-4.0 0.8-1.1 [37]
Soda-lime silicate glass 1.4 3.2+0.8 [24]
Tellurite glass 3.4 2.74 [38]
Fluorazirconate glass (ZBLAN) 2-14 13-67 [25]
LiYF4 crystals 6.9 17 [25]

The energy transfer upconversion limits the maxinaomcentration of the dopant ions
that can be efficiently introduced to the host mate Once the optimum point is
exceeded, the CUC process reduces the gain oétheeddue to concentration quenching
[39], [40]. This behaviour can be modelled throutje introduction of a material-
dependent upconversion rate which is proportiamttié square of the population density
of the energy level on which it occurs [41]. ThelEGoefficient varies depending on the
material and some experimentally derived valuesldwel “l132and corresponding Er

concentrations are shown in Table 2-2.

2.1.5.2Excited State Absorption

The process of excited state absorption showngarEi2-3 (a) does not involve an energy
transfer between different ions, but it is involvedipconversion and leads to efficiency
reduction of the EDWA. In this case, a single Hr ibat has previously been excited to
“l1172 level absorbs a second pump photon resultingsecand transition tt/, state. As
with ETU, this can also occur through®Bs> %132 “le> double absorption of a
1480 nm light. In these two most common scenarism@gle ion absorbs two photons;
however, multistep processes leading to even higkeited state absorptions are also
possible [42].
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Similar to transfer upconversion, the ion then wgdes multiple non-radiative decays
back to the metastable level or is emitted as la @rgergy photon in the visible spectrum.
In either case, the outcome is a reduced populatiaitable for amplification at tHz/

level and the reduced efficiency of the systemtdusnergy loss.

Even though ESA has been shown to have less imp#tu typical pumping wavelengths
of 980/1480 nm than at shorter wavelengths suc&0@8snm [43], its contribution to
upconversion cannot be ignored. It becomes morklgmatic in materials with longer
lifetimes at higher energy levels as it leads t@usation increases in these states.
Furthermore, in miniaturised systems such as EDWWa&re higher pumping densities

are required, this mechanism has been shown t@ @asignal loss [44].

Figure 2-5: Al203 EDWAs with similar Er-content fabricated using (a) ion

implantation and (b) co-sputtering and operated uneér same conditions [39]

The upconversion arising in the erbium system duleoth energy transfer and excited
state absorption is dependent on many factors aschfetimes, cross-sections and
phonon energies of the host. This process is degmérah the material, but also on the
fabrication technique employed. Figure 2-5 showsnahium oxide devices with either
0.28% Er ion implanted into ADs or 0.31% Er co-sputtered with A);. When operated
under exactly the same conditions, a co-sputtemdcd was shown to emit much
stronger green light while having a lower gain 88 nm [39]. This difference was

attributed to a more homogenous erbium distribuligaling to a reduced upconversion.

It is worth noting that in compact EDWAs that hdargh dopant concentrations and are
pumped at high energy densities, some degree oinvpcsion and accompanying green
light emission is expected. In the most common campoations applications, the effort
is placed on minimising the 530-570 nm emissioth&sreduces the device efficiency,
but as described in Chapter 1 there is also amesiten maximising clustering for

infrared-to-visible upconverters.
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2.1.5.3Energy Migration

The process depicted in Figure 2-3 (c) shows ensrigyation where an excited ion
(donor) transfers energy to a neighbouring ion ithat the ground state (acceptor). As a
result, the donor becomes de-excited back to tbhengr state while the acceptor is
promoted to the state previously occupied by thst ibn. Even though the population of
the“l132 level is not affected through that resonant irtoa between erbium ions, the
process can occur between multiple neighbouringudigpuntil eventually the excitation
is lost. This usually occurs through multiple eryengigration steps once a quenching

centre such as OH- group impurity is met [45].

2.1.6Pumping mechanisms and sensitisation

In a typical setup, erbium-doped systems are dptipamped using either 980 nm or
1480 nm light in order to excite the Er ion throwggbund state absorption orft@i/2 or
‘132 level, respectively. Both of these methods casdmm as three-level systems, where
in case of the in-band pumping at 1480 nm, thege®takes advantage of energy level
splitting. The advantages of using dir8iet,. pumping are a good modal overlap between
the pump and signal, lower scattering losses ahdjl@er absorption cross section of
erbium at longer wavelengths comparedii@. as shown in Figure 2-6. However, using
980 nm takes advantage of an almost complete laskmoulated emission occurring as
a result of this energy level leading to higheryapon inversion and, therefore, lower
noise in the system. These advantages have bedmneeoh experimentally as the

preferred pumping scheme for long-haul EDFAs [46].

Figure 2-6: Erbium absorption cross-section when deed in phosphate glass [47]
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However, in the case of compact devices, whereieffcy is a key factor, absorption
cross-sections of both energy levels are relativedgk, leading to low absorbance of
pump power. In order to improve the gain of theidevvarious sensitizers have been
proposed. The most widely used is co-doping erbitin ytterbium [48]-[51], but other

methods such as silicon nanocrystals (Si NC’'sHE] or organic cage complexes [55]

have been put forward.

Figure 2-7: Energy processes involved in Er-Yb seitsation

Yb offers an alternative absorption path frontits; to ?Fs/ level which also corresponds
to absorption around 980 nm. When a host matesiabidoped with both erbium and
ytterbium, the latter absorbs an incoming pump @hoand then transfers it to
neighbouring Er ions through the energy migratioocpss described in the previous
section. This process is detailed in Figure 2-7 reettbe Yb ion first absorbs a pump
photon (1) throughF7 ’Fs, transition and then transfers the energy onto the
neighbouring Er ion vidli12 excitation (2). This is then followed by a nondedive
decay td'l132 and finally stimulated emission in the 1.5-1.6 pange. Alternatively, the
excited Yb ion can reemit a photon around 980 nia loack-transfer from erbium to the
ytterbium ion is possible, though unlikely due e tshort multiphonon relaxation time
of thel132 level [56].

The benefit of the ytterbium ions’ inclusion in tdepant mix in terms of absorption
cross-section has been shown in phosphate glage wbealoping has led to a 7.6-fold
increase in pump light absorption as shown in FEd18. Additional advantages of using
this co-dopant are the fact that it does not redibge 1550 nm signal, but also has very
similar ionic properties leading to an opporturidy co-doping with comparable or even

higher concentrations than erbium in order to iasecthe device efficiency [57].
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Figure 2-8: Absorption spectra of phosphate glassitih 1.9 x 1¢° cm3 Er
(dashed line) and 1.9/3.7 x 2OEr/Yb cm-2 (solid line) [58]

A carefully designed system that takes advantage-0fb co-doping offers a possibility
for higher overall gain. Adding ytterbium ions effiwely add another erbium excitation
mechanism that in a highly pumped system competéls &r-Er energy transfer
upconversion [59]. As a result, Yb ions act notyaas sensitizers for EDWASs, but also
help to reduce the concentration quenching efmuatlachieve higher gain per unit length

through increased dopant density.

2.2 Material losses

In order for an erbium-doped system to produce,gam stimulated emission must be
greater than absorption. When an EDWA is unexcited Er ions absorb the signal

photons and reduce the signal intensity. That absmghen the pump is turned on and
population inversion is achieved resulting in emoisecoming greater than absorption.
In an ideal system, no other sources of lossesoMoellpresent, but in practice a number
of additional mechanisms contribute to the sigredeheration. Some of those losses
depend on the device fabrication, for example sgatj on a rough waveguide surface,
but some are related to the host material itself.

Sources of losses in bulk materials include thensitc absorption of the material as well
as absorption and scattering arising from the imtipsr Those material losses
intrinsically depend on the host chosen for deugglementation and are required to be
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kept as low as possible. Otherwise, any additipaakive (non-erbium related) source of
loss needs to be compensated for by generatinghiggin from the erbium ions. In
general, background losses should be kept undBrchrdfor efficient systems, but much
lower values have been reported for phosphate gl@s4é dB/cm [60], aluminium oxide
— 0.14 dB/cm [61] or lithium niobate — 0.1 dB/cn2]6In order to create efficient
EDWAs, it is important for the host material to kbdew background losses at both signal
and pump wavelengths.

There are different terms that have been coinateésaribe gain in an amplifier system.
Signal enhancement, sometimes referred as relgtue describes the change in the
output signal with and without pump excitation.eimtal gain takes into account the
background losses in the waveguide and refersetdifference between input and output
powers. Finally, net gain expands on the on-chipefnal) gain by also considering

external factors such as coupling losses.

2.3 The state of the art in EDWA

The need for a compact EDWA device has led to rkatde research activity to satisfy
the predicted application needs using a varietyatierials and systems. There are a range
of parameters that need to be taken into accouenvam erbium-doped amplifier is
designed. These need to be carefully controllemtder to maximise the gain for a given
system. Minimising pump power and the device faatpwhile ensuring a broadband
operation, are key criteria that need to be mefuture communications systems. Even
though the exact specifications and performancemdn numerous design factors, a

great number of parameters are determined by thienhaterial used.

Many Er-doped devices have been put forward andcftied using various techniques
with some of the most promising attempts preseitefiable 2-3. These devices have
been proven to provide internal gain while prongsicompatibility with existing

platforms such as silicon. The listed devices ammared in terms of not only the
achieved internal gain at a peak wavelength, Isatialterms of the Er/Yb concentrations,
amplifier length and pumping scheme employed. mrsary, pumping around 980 nm

is assumed unless specified otherwise.
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Table 2-3: Comparison of internal gain and operatig conditions for EDWAs

in different host materials

Peak
Er/Yb conc. Pump .
Length internal
Host [x10?° cm or power _ Ref.
[cm] gain
as quoted] [mW]
[dB/cm]
Er—2.3 wt.%
Phosphate glass 3.1 460 5.3 [60]
Yb — 3.6 wt.%
Aluminium oxide Er—2.12 2.1 80 2.0 [61]
Potassium double
Er—1.9 0.68 600 7.95 [63]
tungstate
Tantalum pentoxide Er-2.7 2.3 20 2.1 [64]
Soda-lime silicate glass Er—1.46 wt.% 4.5 280 3.3 [65]
Er—-0.33
PbO-GeQ glass 1.0 100 6.0 [66]
Yb - 20
Lithium niobate 200
_ Not reported 4.6 3.0 [67]
(LINbO») (1486 nm)
Tellurium dioxide (Te®) Er-2.2 5.0 171 3.0 [68]
NaYFs in SU8 polymer 6.0 vol.% 1.2 80 6.6 [69]
NaLuF in PMMA Er—2.8
1.3 400 11.6 [70]
polymer Yb —28
2.3.1Glasses

The limit of the solubility of Er ions and resulirgain quenching in silica glass have
been initially addressed through introducing aluomm and phosphate into the mix
leading to compact devices with a gain of up todBicm [71]. Other glasses have been
intensively researched as potential RE hosts dtleeipadvantageous properties such as
long luminescence lifetimes and increased erbiulabdldy [71]. The most promising
amplifier candidates based on internal gain replstefar are listed in Table 2-3, but the
losses have been overcome to a lesser degreeen tgpfes such as bismuthate [72],

borosilicate [73] and fluoride [74] as well.
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Phosphate glass has proven to be a particularlgd post material with a number of
reports demonstrating an internal gain of over ZdBaround 1535 nm [75]-[77]. The
highest reported signal enhancements in this loogt advantage of both Yb co-doping
as well as bi-pumping to ensure uniform populatiorersion along the devidéo]. In
another attempt, a very short, 3-mm-long, devida Wigh doping concentrations (8 wt.%
Er and 12 wt.% Yb) was fabricated through Ag-Naeachange and pumped at 150 mW
to generate a net gain of 4.1 dB [57].

An extremely high ytterbium concentration was alsed in PbO-Gefglass where a
80-um-wide pedestal structure delivered 6 dB ohdéé]. The benefit of very high
Yb-co-doping resulted in a very efficient devicattmequired only 100 mW of pump
power to produce high signal enhancement. An altera approach to reduce the energy
requirements for a compact device has been to eetthécdimensions of the waveguide.
This approach was demonstrated in a tantalum pel@d¥a0s) where a waveguide
with 5.2 unt cross-section required only 20 mW to generate dB8gain over a
2.3-cm-long devicgr8].

Tellurite-based glasses have been actively invastijas RE hosts for a number of years
due to their favourable material properties suctomsmaterial loss and high erbium
solubility. This has culminated in the demonstmatod waveguide amplifiers with a net
gain over 140 nm bandwidth peaking with 15 dB &@5.5m over a 5-centimetre-long
waveguide[68]. The promising performance of the pure Fdf@sed system has led to
investigation of the impact of adding different raknts to the mix, such as gallium,
tungsten or germanium [79]. Some promising spectiais properties when doped with
erbium and early work towards EDWAs have been tegoin tellurite modified with
germanium-niobate [80] as well as a gain of 2.1cdBat 1532 nm when the glass mix

includes both zinc and magnesium [81].

A particularly attractive combination was obtainesing zinc-sodium tellurite (TZN)
glass doped with Er ions and incorporated intcaibubstrates through ultrafast laser
plasma implantation (ULPI) [14]. This method hasided the achievements of high
erbium concentration without significant clustericanfirmed by a record high lifetime-
density product of 0.9& 10 s.cnm?®[82]. Even though no EDWA device has been
demonstrated with this material, homogenous thinsfiwith a very high Er concentration

of 1.63x 107t cn® and a long lifetime of 9.1 ms have been repordaj. [
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2.3.2Aluminium Oxide

Another attractive material for erbium doping igrainium oxide (A$Os) as it offers the
possibility of compact devices that are suitabtesflicon integration based on the silicon-
on-insulator (SOI) platform in Figure 2-9. This hdss been actively used since the
1990s when the first promising devices were falteitaA 4-cm-long amplifier occupying
only 1 mnt of chip area providing a net gain of 2.3 dB whemped at 9 mW and
transparency power of 3 mW has been achieved mmadl,90.6x 2 punt waveguide [84].

More recently a net gain over 80 nm bandwidth wifreak enhancement of 4.2 dB over
2.1 centimetres at 1533 nm as well as extremelythoashold pump power of 7 mW has
been demonstrated [61]. Furthermore, a long lifetohthe excited state in such a system
has provided low noise and cross-talk required viewelength-division-multiplexed
(WDM) transmission and allowed transmission rafagpao 170 Gbit/s [85]. The ADs-
based systems have been shown to scale well antifiarapof up to 24.5-cm-long
generating over 20 dB net gain have been fabrid8&dIn this case, a low chip footprint
was achieved through a compact spiral structurgalaerelatively high refractive index
contrast between the waveguide and the cladding.

Figure 2-9: Schematic of a potential active compome integration
for SOI platform [87]

Even though an aluminium oxide host does not hheehighest gain per unit length
among the discussed hosts, it has proven to begartowsupport CW lasing for a number

of RE dopants [88]. For Er-based systems this leas lachieved in a number of ways
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including ring-resonators [89], the distributed gaeflector (DBR) [90] and distributed
feedback (DFB) [91]. Despite all the progress réggmbron Er-doped ADs, the main
factor limiting the gain per unit length in thegestems with regard to the currently used
fabrication methods is energy transfer upconver$é#). However, there has been a
recent progress in using atomic layer depositiobD)AIn order to fabricate highly-
controlled micro-scale devices with the potentiaathieve up to 20 dB/cm modal gain
in sub-millimetre-long amplifiers [93].

2.3.3Double tungstates

An alternative host that has been recently repagqmbtassium double tungstate. This
crystalline matrix has been demonstrated to hawvadsband emission, cross-sections that
are 4 times as large compared to aluminium oxidetla@ ability to host Er concentrations
of as high as 6.38 10?° cnt® with relatively low ETU [94]. Early characterisati and
simulations of KY(WQ).-based amplifiers predicted extremely high gainmfo 40 dB
over a 3-cm-long device due to high Er doping @13x 10°° cni® and very low

propagation loss of 0.2 dB/cm [95].

Short, sub-centimetre devices have been reportédanneasured gain of 12.1 dB/cm in
750-pm-long amplifiers and a slightly lower figuoé 7.95 dB/cm for 6.75-mm-long
structures [63]. A relatively low refractive indegntrast of ~1.% 102 using this material
as the Er host enabled the fabrication of relayilaaige devices with cross-sectional areas
in the range of 50 pfmHowever, the large area and no Yb co-doping mitinot only
was up to 256 mW of pump power required to reaelgtin threshold but also 600 mW

were needed to achieve the reported net gains.

2.3.4Polymers

Polymers have been considered an attractive catedidaphotonic integration despite
difficulties with incorporating inorganic, rare-élarelements into these systems. The
initial attempts to overcome the problems with digg erbium in organic host were
made using polydentate cage complexes [96] or edibgdhe materials in silica before
adding them into polymer systems [97]. Early pramiss shown by using hydrophobic
sol-gel materials, achieving signal enhancemeft®tB/cm in a 7-mm-long waveguide
[98] and then 1.8 dB/cm in a 1.3-cm-long ridge [99]

An alternative approach to solution processingéadso the demonstration of gain inside

polymer-based EDWAs. A Er/Yb co-doped multimodeictire was recently reported
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with 7.2 dB/cm signal enhancement at 1533 nm [1@8]ch was then further optimised
to generate 16.5 dB over 2-cm-long structure punwadd180 mW [101]. This approach
has resulted in amplifiers with an internal gaimoraly in a SU8 host, but also 5.4 dB/cm
in PMMA [102] and 7.2 dB/cm in a 0.5-cm-long copamigr mix device [103].

Figure 2-10: Fabrication workflow for a core-shellpolymer structure after [69]

Increasingly popular techniques of introducing ragstals and nanoparticles (NPs) into
a polymer host through an additional layer of amahave been developed [104] as shown
in Figure 2-10. Even though initial attempts resdlin a very low gain per unit length
[105], [106], new promising and optimised nanoaistsuch as Na¥iH107] or Lak
[108] were synthesised. More recently, auspiciaagaks have been demonstrated with
various combinations of polymer hosts, NP compasgiand linking components.

In 2015 an optical gain of 7.6 dB over a 15-mm-IdgMA-based waveguide was
reported [109]. This was enabled by preparing alsmi-linking nanocomposite through
copolymerisation of high concentration of oleicekoiodified NaYh: Er*, Yb®* NPs.
A very similar process was used to combine SU8melywith n BaYk: 20%YB**, 2%
Er®* leading to an optical gain of 10.4 dB over 1.14omg waveguide when pumped
with 212 mW [110]. This research area culminatedhea highest reported gain of
11.6 dB/cm that was achieved in a rib waveguideqisilaY R/NaLuFs: 20%Yb",
2%EP* in similar covalent-linking core-shell structurescited with a 400 mW laser at
980 nm [70]. One of the main complications with s system was efficiency and
sustainability when operated under hundreds ofiwatts of the pump power. This has
recently been addressed through an EDWA demortratith a gain of 6.6 dB/cm
pumped with only 80 mW [69]. In order to improvefoemance, progress has been made
by introducing cerium (C) into the crystal structure to limit the upconvenrseffects
[111], by reducing the size of the NPs in the padymmix or by introducing new crystal
structure types [112].
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2.4 Conclusions

In this chapter, the properties of erbium ionsdiseussed together with a description of
factors affecting the performance based on the inas¢rial. The key parameters for an
efficient EDWA device are presented with particulmcus on the gain-limiting
upconversion processes, namely energy transfer nupcsion and excited state
absorption. The commonly used method of ytterbiemsgisation is introduced with an
explanation of the resulting shift from in-band ming at 1480 nm towards more

efficient 980 nm scheme.

Figure 2-11: Summary of EDWA devices quoted in thishapter

based on the year of publication

A review of current state-of-the-art EDWA systeraspresented comparing amplifier
performance achieved with different host materi@i®at progress has been made in the
field over the past 20 years, as summarised inr€i@411. Numerous investigated
technologies, such as glasses, polymers and alumioxide have shown improving
performance in terms of gain per unit length asl wslamplification bandwidth and
efficiency. This increasing research activity emgpbes the application-driven interest in
compact EDWAs, particularly in polymer-based desiased in this work.
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Chapter 3: Design and Modelling of EDWAs

In the previous chapters, potential applicatiom&foompact EDWA have been presented
and key physical mechanisms governing the behawbarbium-doped materials have
been discussed. In this section, the design ofnguliier system is explained focusing

on key waveguide parameters and the impact they tiathe performance of the device.

The aim of this work is to develop an EDWA complilvith the polymer platform,
sometimes referred to as erbium-doped polymer wadegmplifier (EDPWA). In order
to achieve this, a choice of right organic hostliscussed. The benefits of polymer in
terms of fabrication ease and scalability haveaalyebeen explained, but progress in
material engineering offers a wide range of po#grtypes with different properties
available. Based on the chosen siloxane polyméicalpvaveguide theory is employed
to understand the light behaviour in the systerwels as derive necessary parameters,

such as cross-section and modal overlap, requireainf EDWA analysis.

The derived design specifications are then combimiéid the Er properties and fed into
a rate-equations-based model in order to predatbatimise the achievable performance.
The used model takes into account introduced nahtand system properties allowing
for qualitative discussion of their impact. Physitactors such as ion concentration,
dopant composition and upconversion rate are irgastd and analysed in terms of their
impact on the achievable gain. The potential fachéng an internal gain of 10 dB/cm in
a short waveguide under realistic operational doomtd compatible with polymer

waveguides is explored. Scalability options for BFi&WA system are also examined and

power efficiency in systems of different lengthdiscussed.

In this chapter, a standard, symmetric channel g&égyms assumed to be used as a
benchmark for comparison with other systems repartditerature as well as polymer-
platform compatible designs presented in detddter chapters of this thesis. While used
simulation parameters correspond to these repéstddLPI fabricated erbium samples,
similar methodology can be applied to other Er-dasgstems. Focus is placed on the
upconversion parameter as it corresponds to therseeffect of ion clustering predicted

for devices with high rare-earth doping at a cotregion of ~ 18 cn.

Finally, a number of designs are put forward atehé of this chapter as a result of the
simulation analysis. These are based on the mashiping approaches to combine
polymer host with erbium dopants, namely ion impd#éion and nanoparticle (NP)

doping. The benefits and potential issues with eapproach are compared and

contrasted. The proposed systems are created toeecampatibility with the polymer
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platform as well as potential for providing compB®WASs that can be integrated with

other functionalities.

3.1 Amplifier Design Considerations

The Er-doped material characteristics and progediscussed in Chapter 2 are important
indicators of the EDWA performance, but there ateppractical aspects of the design
that need to be taken into account. In order tcagetmprehensive view of the system,
optical waveguiding theory is introduced to chagase the potential EDWA devices.
This method allows for establishing final desigmgmaeters for a system: an amplifier’s
cross-section and mode confinement in the actig®mne An optimal choice of polymer
material is discussed with key properties requinddrms of fabrication as well as system

design.

3.1.10Optical Waveguide Theory

Optical waveguides are multi-layer structures desigto confine light so that it
propagates along a predetermined path. It is ysaalieved by keeping the light signal
within a core area surrounded by a lower refradtdex cladding. This process can be
controlled by setting appropriate refractive indieglues for the structure so that light is
trapped inside of the desired layer. In order tonedcally investigate the wave
propagation, one has to solve the wave equatiam eaitefully set boundary conditions.
However, there also exists an analytical approacanderstand the light confinement
principles. Very often a wave-guiding problem canittuitively approximated with ray
optic theory, where the conditions required fohtiguiding can be derived using Snell’s
law [1].

3.1.1.1Ray Tracing

Figure 3-1: lllustration of a guided ray of light

In a simple case, where a core layer of higheacogifre index g is surrounded by a lower

refractive index claddingcn light is coupled into a waveguide as shown inuFeg3-1.
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Depending on the incident angleat the interface, a ray of light can be either gdidr
leak out of the structure. A guided ray travelotigh a waveguide without losing any
power due to total internal reflection phenomen&{Wwhile a leaky ray is only partially

transmitted and at every reflection at the coreldilag interface part of the power is lost.

Refraction occurs at the input of the waveguidthasay is incident on the interface with
the core. Reflected and refracted waves can bealatdd using the formula given in
Equation (3.1).

where  is the refractive angle. A ray that was not ifiiyiaeflected then reaches the

core-cladding interface where it undergoes anatfeaction. There is an incident angle
¢, usually referred to as the critical angle, forietththe refracted angle is 90 and the

Snell's law in this case can be simplified to:

_1

+, 01
13

If the incidence angle is greater thaJ) total internal reflection occurs and no light is
transmitted into the cladding medium. When the Equa (3.1) and (3.2) are combined,
the maximum incident angle allowing for light cargiment, also called numerical

aperture NA), can be defined.

45 +, O - 138+0; 9 3 1:

3.1.1.2Light Modes

As shown in Figure 3-1, an electromagnetic wavepagates through the structure
bouncing between the two core-cladding interfadéss wave can be described using
wave vectork that has components along all the directions @bheugh only two
dimensions are considered in this planar wavegen@enple. Propagating light forms a
standing wave pattern along the direction normahé&propagation vector with a phase
shift introduced by both making the round trip asllvas the reflections at the core-
cladding interfaces. For the wave to be continbhedadtal phase shift must be an integral
multiple of 2 . Therefore, a discrete number of incident angiést® and each of these
corresponds to a different mode of propagationr§pessible mode propagating through
the waveguide can be described using polarisati@hnaode number, where the latter
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indicates the integral multiple of 21sed to calculate it. For example, the fundamértal

mode is referred as BTE

It is possible to estimate the total number of nsoslgpported by a given waveguide by
remembering that the incidence angle is limitedhgycritical angle. This can be written
down as shown in Equation (3.4) with a detailedvdgion presented in [2].

_ = 13> 8+0;
. ’7< ?

where: mmax is the maximum number of supported modess the thickness of the

waveguide andp is the free-space wavelength of light.

This work focuses on a specific form of light tramssion, where only a single mode is
guided within the structure. It is possible to raage the above equation in order to obtain
a condition for the monomode operation in termswaveguide thickness, light
wavelength as well as the refractive indices oeand cladding materials. This can be
done by assuming thatimax is equal to one and setting this as the boundamgiton for

the critical angle. The resultant expression gimeBquation (3.5).

A more useful approach is to use normalised frequévt Number) [1] that is commonly
used for step-index fibres and apply it to a 2 slaveguide under consideration here.
This method allows to estimate the point at whighrti” mode is guided in the waveguide
in terms of minimum refractive indices differencetween core and cladding materials
as shown in the Equation (3.6) [2]. A more detadedvation with examples of curves

for lowest modes plotted for a number of differematveguides can be found in [3].

?

A
- T G

3.1.1.3Electromagnetic Waves Model
The above approach is useful as it provides a simply of estimating the number of
modes, particularly in larger structures, but ieslmot provide any information about the

electromagnetic field distribution of light insidee waveguide. In order to obtain more
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insight into the mode propagation, one has to selarwell’s wave equations, which for

an electric field in a linear medium with no distianities in space or time is:

E K [t

c J KC

WhereMis electric field vectorn@the radius vectoP MXD the refractive index anglis the

speed of light in vacuum. It can rewritten for amaochromatic wave as [4]:

C Mg ( ¢ E Mg -

whereQ Rs =TU? Is the propagation constant ands the radian frequency. This

is a general equation, which can be specified famitorm plane wave propagating along

the z-direction (that i DHHRH X YZ[\]* |, where is the propagation constant)

to be:

_ [ R

v (Txy (G E ]t

All the solutions to the above equation can beeeifinusoidal or exponential functions

depending on whether the third term in Equatio®)(& positive or negative [5]. Every

set of appropriate values oand!tH{ttl for a given waveguide forming a solution to the
above equation is known as a mode with a well-eeffieffective mode indexiés) given
by Equation (3.11).

1
bcc C

In order for a mode to be confined in the core lay@d guided by the waveguide, it is
required thahe < nert < Nco. The modes that fulfil this condition propagatehe core

medium and exponentially decay in the cladding.ti@nother hand, when the effective
refractive index of a mode is below that of a ciaddthe mode is no longer guided and

becomes a radiation mode.

In addition to this, the boundary conditions folotperfect dielectrics must be satisfied,

therefore, the electric field and its derivativaesstbe continuous across the core-cladding
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interfaces. The field distribution varies for diletmodes existing in the waveguide with

an example of three lowest order modes shown iar€ig-2.

Figure 3-2: Field distribution of low order modes n a symmetric slab waveguide

Figure 3-2 clearly indicates that different modesésinusoidal field distribution with
most of the field trapped inside of the core medittowever, at the interface with the
cladding layers, it does not decay to zero, budréign of the field leaks into the cladding
medium. This indicates that the power is not comehfeconfined in the waveguide, but
the tails of the evanescent field are presentenstirroundings. In order to quantify this
phenomenon a parameter called mode confinememir fisctised to describe the fraction
of the total power of a given mode confined wittiie guide layer. Based on the slab
waveguide example, the formula can be written Hevig:

‘D, Vew

d +——m—
@D< V' eV

where is the confinement factor aralis the thickness of the core layer in the slab
waveguide. This property of a mode becomes an itapbfactor in EDWA design as it
allows one to quantify the proportion of the sigaall pump light interacting with the

erbium ions.

Calculations of the mode profiles become considgraiore complex in waveguide
systems with two-dimensional confinement. In mdsthe cases, waveguide structures
are created with a combination of various matenilh different refractive indices
surrounding the core leading to asymmetric modapshAs a result, it is necessary to

use numerical methods to accurately investigate kighaviour in polymer waveguide
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amplifier systems. This is done throughout this kvasing commercially available

FimmWave software that employs the finite differemeethod.

3.1.2Polymer Materials

There exist a range of polymer materials that Heeen used to fabricate waveguides and
more complex integrated components. The majorityem can be classified into one of
the following general groups: acrylates, polyimidegoxies and siloxanes [6]. Despite
the great variety of polymers available, the mosamonly used and widely available are
SU-8 [7] and PMMA [8]. The availability of differérmaterials exhibiting different
properties means that the right one needs to beechfor a given application. There are
many criteria affecting this choice as shown inl&&31, but most impactful for EDWA
applications are the absorption loss, refractivdeindifference, thermal stability and
fabrication method.

Table 3-1: Key polymer material properties[9]

Low absorption loss
Low polarisation dependent loss
Low birefringence
Thermal stability
Adhesion (to substrates, self, electrodes)
Stability with humidity
Stability with optical power
Patternability with low scattering loss
Machinability (cleaving, dicing, polishing)
Large thermo-optic coefficient (dn/dT)
Manufacturability with repeatable properties

Ability to vary refractive index profile

Initially the development of polymer materials apytimisation of their properties has
been focused on wavelengths around 850 nm withclast-and high-speed optical
backplanes in mind [10],[11]. As a result of thissearch, a new class of polymer
materials with favourable mechanical, thermal gpiital properties for direct integration
onto printed circuit boards (PCBs) have been dgezld12]. Siloxanes have become one
of the leading types of polymer materials as thayilat all the necessary properties to
withstand the manufacturing processes of PCBs ésaleflow), good environmental
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stability, long lifetimes and low absorption at thl@atacommunications’ wavelength of
850 nm (~ 0.04 dB/cm) [13].

Figure 3-3: Comparison of various polymer types fodatacom applications [14]

Siloxanes are unusual in their structure as thkbmate is composed of alternating silicon
and oxygen atoms without a typical presence ofaramb the polymer chain. This results
in the material being more suitable for operatiomarsher environments [15]. Not only
do they exhibit resistance to high temperature swpo occurring during the PCB
manufacturing process as shown in Figure 3-3, laat are not affected by increased
transmission loss due to discoloration caused bgnial ageing [16]. A standard board
manufacturing process may require several soldemyates that expose the material to
temperatures in range of 250 °C. The polymer hasttestand that process without losing
mechanical integrity leading to performance degiiada Furthermore, the reliability
under harsh environmental conditions such as hdlatimidity is one of the key factors
supporting use of Dow Corning silicone materiapéyf polydimethylsiloxane — PDMS
polymer) in communications applications. It hasoaleen proven to maintain good

performance under extensive periods of time inamak humid environment [17].

The current interest in migrating this technology longer telecommunications’

wavelengths (1310 nm and 1550 nm) and to single emwedveguides has led to
advancements in polymer materials engineered for pharpose. Some of the most
promising materials have been listed in Table BtR,a larger number of types can be

found in literature [18].
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Table 3-2: Optical polymers developed for telecompgplications

) Propagation
Polymer Type Patterning
Manufacturer ' loss at 1550
[Trade Name] Techniques
nm [dB/cm]
Fluorinated polyimide Photoexposure
Amoco [19] 1.0
[Ultradel] / wet etch
DuPont [20] Cyclotene RIE 15
NTT [18] Halogentaed acrylate RIE 1.7
NTT [18] Deuterated polysiloxane RIE 0.43
Optical Crosslinks [21] Acrylate [Polyguide] Diffigs 0.6
Nissan Chemical [22] Hybrid [Sunconnect] Photoexpes 0.49
Dow Corning [23] Polysiloxane Photoexposure 15

Many of the aforementioned benefits for siloxandypers are also applicable to the
fabrication of compact EDWAs for applications ottiean optical backplanes. Thermal
and environmental stability are key requirement®fuical devices that require relatively
high pumping power densities due to high Er coreg¢ions involved. The siloxane
materials used in this work have been developedty Corning. They have been
improved over the years to maintain their reliapiand advantageous performance in
PCB-integrated systems while improving their perfance at higher telecom
wavelengths. The latest material used in this woakmed WG-2020 Optical Waveguide
Core and WG-2021 Optical Waveguide Cladding, hagenbengineered not only to
improve propagation losses at 1310 nm and 1550 bunalso to allow for relaxed

waveguide size restrictions due to a carefullygiesil refractive index difference.

Finally, all the elements required in a practicgstem, such as bends, crossings or
splitters have been demonstrated in this matdr@hgg suitability for high transmission
rate applications in more complex, integrated systf23], [24]. The combination of all
of the above factors combined with very low bimefignce and high processability
(adhesion, coating, dicing, etc.) makes Dow Cormpagymer a good candidate for

waveguide implementation in this work.

3.1.3Waveguide Losses
There are a number of sources of loss in a Er-de@aeguide amplifier in addition to

the Er absorption loss described in Chapter 2eleacommunications systems a term
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insertion loss is often used, which refers to ttaltdifference between the optical power
entering and leaving the system expressed ascaimadecibels. In a typical optical fibre
network it is also called fibre-to-fibre loss ag ttkevice is placed in-between input and

output fibres.

3.1.3.1Coupling Losses

In case of EDWASs, presence of the coupling losessitates a distinction between net
and internal gain quoted for a given amplifier. @hthe advantages of system integration
on a single PIC is that this additional loss soearebe greatly reduced or even eliminated
depending on the design. However, if the erbiumediagevice is to be externally pumped
as well as the 1550 nm signal is coupled in andoduhe device via optical fibres,

coupling losses need to be accounted for.

In general, two contributors can be distinguishmdhis power degradation mechanism.
The first one, called Fresnel loss, is relatedhéodignal reflection of the waveguide facet
and for a perfectly flat surface the reflected pmipn of the incident field amplitud&}

is given by Equatioi3.12.

% .

o

where ni1 and nz are the refractive indices of the media outsidd arside of the
waveguide. In a more realistic scenario, everytfatéhave certain roughness associated
with it. As a result of that, the incoming lightdya will reflect at slightly different angles
leading to higher losses. In order to minimiseRresnel loss, the refractive index contrast
and waveguide surface roughness need to be képvas possible.

An additional source of loss when coupling a sidgretiveen different guiding elements
is mode mismatch. Different geometries and sizeshef optical fibre and typical

waveguides mean that the optical mode profilesaamatch. This is usually taken into
account by using a coupling efficiency factog)(that can be quantified with a mode

overlap integral given in Equation (3.13).

k DJD e5k
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whereE; andE> are complex electric field amplitude distributiarfsa given mode over
areaA. The mode mismatch loss is the calculated by plyitig the signal energy with
1 - .to account for the light that is not coupled ittte waveguide.

Both of the above coupling losses can be estimatedigh theoretical modelling of the
above equations. A lot of studies have been peddrto find ways of quantifying and
minimising the loss, including for interfaces beémeoptical fibores and rectangular
waveguides [25].

3.1.3.2Internal Losses

Attenuation of a light signal as it propagates tigilo a waveguide is an important design
parameter for EDWAs. There are multiple sourcel®ss in an optical transmission, but
three main internal sources can be distinguished.

Scattering Loss

First contributor that is important in dielectricaveguides used in this work is the
scattering loss. This source of loss is a resuthperfections such as impurities or defects
in the guiding layer itself or surface roughnesthatcore-cladding interface. Even if the
fabrication process is optimised to reduce the ma@umperfections to minimum some
wavelength-dependent scattering is always presaattal the Rayleigh scattering. It is
particularly relevant in EDPWAS as the polymer hestoped with erbium particles and
as a result non-negligible, excess scatteringiiednced onto the beam propagation path
resulting in some photon energy moving in otherections. The additional loss

introduced (Rrayleigh can be estimated using the following formula:

whereN is the particle density [if} and is the overlap factor between the guided mode
and the waveguide region with scattering particldge Rayleigh scattering coefficient
(Crayieigh[M?]) can be calculated using Equation (3.15) [26].
=TY e* { :
Xn702b6pq B—W?—W . W {(—:
whered is the diameter of the particle [m]js the signal wavelength [m] amg, andnn
correspond to the refractive indices of the hodrimand the particle, respectively. This

method has been proven to work well to estimatevtiieme scattering loss in case of
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nanoparticles doped material where the NP sizevés an order of magnitude smaller
than light wavelength, distance between partide®mparable to their size and their size
is narrowly distributed without clustering [27].

The second source of scattering occurs due tortbgk fluctuations in different layer
interfaces between core and cladding. This is ddily problematic in multi-mode
structures where more interaction between lightsantace takes place. This loss can be
estimated using ray optic theory [28] and is prtipaal to the surface roughness and
inversely proportional to the refractive index aqasst [29]. As a result, it is not expected
to play a significant role in this work as the deped EDPWAs are single mode
structures with low refractive index contrast amdxane polymers chosen have been
shown to have surface roughness below 50 nm [30].

Absorption Loss

Another key type of loss in a waveguide is the gitsan loss occurring when photon’s
energy is transferred into the host material’s &aditdepends on the molecular structure
of the used material and is particularly importamsemiconductors, but also present in
glasses and dielectrics. A lot of effort has beedenin polymer engineering in order to
reduce losses at various wavelengths. This has pasitularly important in organic
materials designed for telecommunications appbecatiwhere a shift from original low-
loss window of 850 nm towards second and third comoations windows of 1310 nm

and 1550 nm respectively has been underway [31].

Figure 3-4: Straight waveguide loss variance withight wavelength for Dow

Corning siloxane polymer measured on a 10-cm-long uftimode waveguide [13]
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Even though it may be complicated to measure atalyrahe internal losses of a
waveguide, several techniques exist to achieveTihie most popular, albeit destructive,
method is through a cut-back comparison of diffelength’s of waveguides [32].

The internal loss of an older generation of theeséype of the polymer material as used
in this work has already been done as shown inr€igut. The two key EDWA spectral

regions of 980 nm for pumping and 1550 nm for sligim@ highlighted showing losses of
around 0.2 dB/cm and 2.4 dB/cm, respectively. Isthine kept in mind that these values
were measured for a waveguide with a larger crestiesy and as a result in multi-modal
operation. Therefore, the above values are onlgriaks reference as they will vary
depending on the waveguide geometry and size wseahdre compact devices in this

work.

Bending Loss

Finally, a potential source of signal loss, pattacy relevant for photonic integrated
circuits is linked to components with non-strai¢gatures and corners. Bending loss is
determined by a combination of factors such as dimve radius, refractive index
difference and waveguides size. It is more probtenfar low-index-contrast systems,
such as polymers, as it limits the density and sfaesed components. This work mainly

focuses on straight waveguides, so it is not camemtlan important source of attenuation.

3.1.4Refractive index

Another important factor when designing waveguidedal systems is the refractive
indices of core and cladding layers. The advantdg#oxanes is that they have a wide
range of values ranging between 1.4 and 1.54 [88fan be tuned accurately depending
on what is required for a given application. Theagramount of control allows for a very

small refractive index difference ) between core and cladding of approximately
0.0065 and gives an opportunity for generationinfls mode features with relatively

large cross-sections.

Dow Corning WG2020 and WG2021 polymers used haea Ipeovided with refractive
index data for 470-1310 nm range. In order to dateuthe values for other required

wavelengths a Sellmeier formula [34] has been eygul@s presented in Equation (3.16).

s.?
? X -

?7 1t (}
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wheren( ) is a wavelength-dependent refractive index wiiijeand C; are pairs of

constants used to describe the relationship. Alimear regression algorithm [35] was
used to fit known data points into the formula dedve the coefficients. It has been first
run on a well-defined fused silica glass [36] ahént the polymer data giving the

coefficient pairs listed in Table 3-3.

Table 3-3: Derived Sellemier coefficients for fusedilica glass
and Dow Corning WG2020 and WG2021 polymers

Coefficient Fus.ed silica glas.s WGZOZO | WGZOZl |
2 pairs 3 pairs 2 pairs 3 pairs 2 pairs 3 pairs
B1 1.1037 0.7025 0.8412 0.7873 0.8318 0.7808
C1 0.09 0.0687  0.015675 0.015675 0.014568 0.014568
B2 0.5229 0.4016 0.4412 0.3879 0.4318 0.3819
C 7.6752 0.1165 0.015675 0.015675 0.014593 0.014593
Bs - 0.8973 - 0.1073 - 0.1009
Cs - 9.8952 - 0.015675 - 0.014593

For all of the above coefficients the correlatiaetor between the generated plots and
original points was above 0.999 and the root megarg error (RMSE) below 0.0005.
The resultant coefficients have been used to peotafractive index for all three materials

in Figure 3-5.
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Figure 3-5: Refractive index variance with light warelength for Dow Corning

siloxanes and fused silica as a reference

When designing a waveguide-based amplifier fonglesirmode operation one has to keep
in mind the fact that the refractive index of tr@ymer is different at the two spectral
regions of interest. The values used for the sitiaria and simulations of various designs

presented in this work are listed in Table 3-4.

Table 3-4: Key refractive index values used in thigvork

Material 980 nm 1550 nm
WG-2020 core 1.5178 1.5135
WG-2021 cladding 1.5110 1.5071
Refractive index contrast 0.0068 0.0064
Fused silica glass substrate 1.4507 1.4440

3.2

The waveguide theory introduced in section 3.14 been based on a planar structure
with only one dimensional confinement. In practiheee-dimensional waveguides are
used and the light is controlled in both x- andingctions to maximise the mode overlap

in the active EDWA region as well as implementedniore complex structures such as
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bends and splitters. There exists a number of ipedalesigns for such structures with

the most common geometries shown in Figure 3-6.

Figure 3-6: Waveguide geometries: a) channel, b) dsadded, c) rib, d) ridge

The above structures can be implemented usingtraiuced polymer core and cladding
materials, but also combined with other media aghilica glass or Er-doped polymers.
With the exception of the channel waveguide, thevaltlesigns have different refractive
indices (air -nair or cladding -nq) surrounding the core medium, introducing an
asymmetric shape to the modes propagating throhghstructure. As a result, the
calculations of mode profiles are much more comghiex in the case of a slab waveguide
presented before. The pure TE or TM modes are mgelosupported in these structures,
hence an approximate analysis of TEM hybrid mod#arigzed along the x- and y-axis
that resemble the basic light modes in a 2D stradtas to be employed throughout this

work.

3.2.1Channel Polymer Waveguide

The initial simulated system assumes a channel guagle of square cross-section. This
is a standard architecture employed in many EDWsAesyis and offers a good benchmark
for other structures. Another benefit of startindgfma simple and symmetric case is that
it allows for intuitive assessment of the mode osdeupported by the structure with

examples shown in Figure 3-7.
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Figure 3-7: Examples of light intensity profiles anl their orders in a square

waveguide

The refractive index data for Dow Corning WG2020@ecand WG2021 is used to begin
with. These results offer a chance to simulate achark system with minimum
achievable refractive index contrast of 0.0064adr550 nm signal. The results of these
simulations shown in Figure 3-8 (a) allow one tamfify the maximum size of a channel
waveguide to support single mode operation. In aistne EDWA signal band, the
maximum size of a waveguide side is estimated tadproximately 7.5 m before the
first order modes become weakly guided. This siné Is even stricter when simulations
are run at the EDWA pump band of 980 nm as showigare 3-8 (b). Even though the
refractive index contrast is only slightly greatéihe waveguide width and height
requirement is reduced to 4.5. While it is crucial for the system to remaingiexmode
(SM) around 1550 nm, it is not a firm requiremeastthe pump wavelength. It has been
shown in literature that even though a multimodeaveour at 980 nm reduces the
potential efficiency of an amplifier device dueltaver confinement, high gain is still
possible [37]. The difference in achievable gaireiatively small and can be minimised
by either pumping the device from both ends or sti)g the optimal EDWA length.
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Figure 3-8: Mode orders supported in a square polymr channel waveguide
at (a) 1550 nm and (b) 980 nm

3.2.2Channel Er-doped Waveguide

A polymer-only system is a good starting pointdoalysis, however, an introduction of
erbium ions into the material results in an inceeat the refractive of this region. In
general, the higher the dopant concentration, idjieeh the refractive index of the active
core of the waveguide [38]. In this report, anadirction of 1 wt.% Er (equivalent to an
erbium concentration of approximately 0.89110°* cni) into the material results in a

refractive index increase of 0.093 in this layet 350 nm.
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It is therefore crucial for the change in the refirge index to be taken into account when
designing EDWA devices. One of the possible apgresds to fix the device size and
investigate the limit in the refractive index cadr for SM operation as shown in
Figure 3-9. In case of a channel waveguide devitefixed a %2 m? area, a refractive
index difference between cladding and Er-doped carebe slightly over 0.09 for single
mode operation. The advantage of keeping the sideefractive index contrast as close
as possible to the transition point of the monomogeration is that the fundamental

mode confinement factor is maximised leading toaredficient EDWA performance.

Figure 3-9: Number of supported modes and fundameat mode confinement

dependence on refractive index contrast in a2 m? channel waveguide

Even though the channel size &2 m? is chosen as a benchmark for the full EDWA
model based on the polymer platform employed is Work, alternative combinations of
size and core refractive index can be used. A ndraugstive list of potential combinations

is plotted in Figure 3-10.
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Figure 3-10: Single- and multi-mode regimes of opation for polymer

doped with erbium

In the above figure, a discrete range of refractndex contrasts and square channel
waveguide sizes is shown. The distinction betwddra8d MM is based on the number
of modes fulfilling the guiding requirementmdi < neft < nco. The wavelength is assumed
to be 1550 nm and the refractive index of the p@yweiadding remains unchanged at
1.5071. The investigated waveguide size rangessédra micron and increases to the
point where SM operation is not possible even ialapolymer system. Not surprisingly,
a trade-off between the allowable waveguide dinmnaind the refractive index contrast
is observed. Therefore, it must be kept in mindmwiesigning practical EDWAs that by
increasing the doping concentration the maximum sfzhe waveguide becomes further

limited in order to ensure single mode operation.

3.3 |

All the key characteristics of an erbium system #nedresulting EDWA parameters have
been covered in Chapter 2 and the remaining arapliiesign parameters based on the
polymer platform introduced in the previous secti@mce all of these are combined,

behaviour of the erbium-doped waveguide amplifaar be predicted.

An EDWA can be modelled using rate equations fonuwdti-level system. The energy

diagram for relevant levels including interactidretween erbium and ytterbium ions is
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shown on Figure 3-11. Throughout this work a 976pump is used for both simulations
and experimentally, due to the Yb co-doping efficig benefit explained in the previous

chapter.

When pumped at this wavelength, the photons ararlabg by either erbium resulting in
ion being promoted from levélis;2to %112 or ytterbium where a corresponding change
from level?F72to 2Fsz0ccurs. The corresponding pumping ratesVeireandWse. If the
case of the second transition, it is then usuallipived by a fast energy transfer to a
neighbouring erbium ion’s statk 1> at a rate o€C... From the excited state the ions then
non-radiatively decay to the metastable IéVg}, with a corresponding rate 8. This
process is typically very rapid in range of a feadgw hundred microseconds depending
on the phonon energies of the host material. Tagre at the metastable level is usually
found to be in range of a few milliseconds, resgltin a build-up of Er ions that later go
back to the ground state radiatively through eigteénulated or spontaneous emission.
These energy transfers have been used to desddbA Eystems used in telecoms, but
in case of EDWAs additional transitions need tadlesn into account due to the very
high dopant densities leading to upconversion phmama. As a result, the model also
includes a probable transfer from lefigb2to 2Hi12that accounts for processes of excited

state absorption and energy transfer upconversiplai@ed in the previous chapter.

Figure 3-11: Energy diagram with key state transitons

in an erbium-ytterbium co-doped system

All the above interactions can then be combinedrandelled by using rate equations.
The erbium populations and changes between themtaubfferent excitation and

emission processes are described as follows.

88



Chapter 3: Design and Modelling of EDWAs

ed,
oG * oo * wd by 5ud (X, 4 [

[T x1p40t ( X., 4e  Xafdodt,

e4

? ° %4% 5%4 . %4 ( 5€ 4€ :X.’ 4 ( =X1f4%4

ede

o who Sede( Sed =X 4de ( Xifdodh,

ed,
oC ¢ yz4y( 52y4z( le4%42

4o (4 (4e( 4 4

4y (4, 4.

whereN3, N2, N3, andNg are the populations of the erbium lev8lsy, *l13, 112 and
Hi152, respectively. The ytterbium levels /., and®Fs, are represented s andNs,
while the total concentrations of ¥rand YB* are Ner and Nyp. Cyp and Cer are
coefficients corresponding to upconversion andssretaxation between various energy
levels needed to represent energy transfer betleeft neighbours as well as the
cooperative upconversion proce8s; andAes are the spontaneous emissions from both
ion types whileAs2 andAsz are non-radiative relaxations between differestrgylevels.

The stimulated transitions are representedygrms and calculated with the following
formulas:
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where 12, 13and 21, se are the absorption and emission cross-sectiona fgiven
energy transition, respectively. Signal, pump arBEAsignal intensities and photon
frequencies are representedlbylp, lasg, and s, p, asg, respectively, whilén is the
Planck’s constant. In order to get more accuratelt® both ASEl(xse) and directionality
of the signals (+/- indicators) have been takeo itcount. In case of the amplified
spontaneous emission, the erbium emission bandvddtivided into a finite number of
spectral intervals to reflect the noise generatetié amplifier. The power change along
the length of the amplifier is described by usihg propagation equations for all three

signals Pp, Ps, Pase) shown below.
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where parametets I, andl; correspond to losses in the waveguide for signahp and
ASE respectively. p(x,y) and s(x,y) are the normalised field intensity profiles, while
i andA represent spectral resolution of ASE and crosBesearea of the ion-doped

region.

In order reduce the number of parameters in Equat(®@.27)-(3.29), mode overlap
factors are introduced. These are used to reprdseaverlap integral between the optical
field distribution of a given signal and the dopégmts [39].

[
d “ " VVW4gVV eVeV
7

[
by “ "o VV 4gV\V eVeV
2

whereN;i(x,y) is the normalised cross-sectional Er-Yb ion disition. Throughout the
simulations performed in this work, the overlaptéads considered to be equal to the
overlap between the guided mode and the total amecentration as well as independent
of the optical power. These are valid approximationsystems with dopant population
well-confined to the active region and intensityt narying significantly over the
transverse dopant profile. The system is invesja a steady state, when the rate of
change is equal to zero, i.e. itth=0, with Equations (3.30)-(3.31) substitutedoint
Equations (3.27)-(3.29) as shown below.
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The model is solved numerically and run using concra#ly available VPI Photonics
software that employs the above equations. Thetheofjthe amplifier is divided into
smaller sections of lengthz and then solved at each interval and calculateid tine

difference in gain figure between the consecutiggtions is below 0.001 dB.
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3.4 Theoretical EDWA Studies

The parameters used for theoretical EDWA feasyjbditidies in this chapter are listed in
Table 3-5. The simulations are based on a chanagkguide with cross-section of
2x2 m? with overlap factors derived through FimmWave dations. The maximum
available dopant concentration of 1.8310°” m3 is used as this corresponds to the
reported value for the ion implantation techniquediin this work [40]. Remaining
parameters are selected based on literature reposisilar systems where various types
of erbium particles are doped in to polymer systems

Table 3-5: Key EDWA simulation parameters and theirsources

used in this section

Reported for similar

Parameter Sym. Value used
systems
_ max 1.63x 10°' m3
Er concentration B -
[40]
. max 1.63x 107’ m*
Yb concentration Mo -
[40]
Er lifetime "Er 9.1 ms [40] up to 13.2[38] ms
Yb lifetime "vb 1.5 ms [37] 0.78[41] — 2.0[42] ms
Er absorption (1533)  #12 5.13x 102° ¥ 3.45-16.2 [43K 102 n?
Er emission (1533) #o1 5.13x 102 ¥ 3.79-18.6 [43Kk 102 n?

Er absorption (975) #s  2.54x10%° n? [44] 2.0[45] — 9.9[46]x 10%° m?
Yb absorption (975)  #ss  1.42x 1024 n?[37]  0.25[42] -10[47]x 10% n?
0.7[42] - 3.4[48]x 10%

Er-Yb cross-relaxation Ce 2.3x 1022 m’s?

mst
Upconversion . 0.8[37] — 10[42]x 10%

- Cup varied

coefficient m3s?!
Overlap factors $s$p 0.83, 0.81 -
Active region area A 4y -
Background loss slp,lj 1 dB/cm -

In addition to the values used in this work, a en§reported parameters from various
sources is listed as a reference. This shows #rgt aften implementations of similar

devices and corresponding models result in differalues of the same parameter
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depending on the fabrication technique as well aspexity of the simulation.
Furthermore, a lot of modelling work based oa@lsystems have been done in the past
leading to development of sophisticated models lagdly accurate parameter values
confirmed by multiple sources [49]-[52] which igabwvays the case with other materials

as seen by some of the parameter value rangedla 3.

The amplifier length step size for the simulatioras fixed at 100m and the input power
was set at 10W while the pump power was varied to see how itaoip the achievable
gain. In the rest of this section different degigimameters are varied in order to optimise
the structure of the EDWA in terms of the achieeainiternal gain and to investigate
feasibility of obtaining 10 dB/cm gain using thelyoer platform combined with ion
implantation technique.

3.4.1Concentration

The first investigated design parameter was theceammation of erbium ions in a

1-cm-long waveguide. The pump power incident ondiévce was varied between 0 and
600 mW while all the other design parameters wepe konstant. The maximum reported
erbium concentration achieved through ULPI was ¥.68’ m and this value was used

as the highest level. The upconversion factor wegs kat 0.8x 1022 m3s™ [37] for this

part of analysis.

Figure 3-12 shows the change in internal gain aithncrease of the pumping power for
a number of selected erbium ion concentrationsover Er doping levels, the maximum
gain can be achieved with relatively low power beftt becomes constant and an
increased pumping has little effect. For exampi&raconcentration of 1.68 10°° m3
the maximum gain of approximately 1.6 dB is reacie800 mW, but only a third of this
power is needed to gain 1.4 dB. As the concenfratoincreased, the maximum
achievable gain becomes higher culminating wittb 2B at the highest concentration at
the maximum power of 600 mW. However, a numberlseovations can be made with
respect to this trend. The higher the number atierbons, the greater the pump power
needed to reach the gain saturation point. In m@sttical devices, the sustainability and
availability of intensive pumping may be limitedhdrefore, it can be observed that
having maximum possible Er concentration is desrdtr systems where more than
180 mW of pump power is available. Below this levelis beneficial to reduce the
number of dopant ions as higher internal gain eaonliained.
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Figure 3-12: Dependence of internal gain on pump peer

for different erbium concentrations

In order to understand better the mechanisms behathenefit of lowering the erbium
concentration, analysis of the population of theitexl “113/, state along the devices is
needed. Figure 3-13 tracks the percentage of Ertloat can be found on this level when
the EDWA device is pumped at a relatively low 50 mMVcan be observed that by
increasing the number of erbium ions at a fixed pyuower the population inversion
becomes lower. In case of 1.8310°° m? ions, 50 mW is enough to reach the gain
saturation which is confirmed by having a constavgrsion percentage along the device.
It is worth noticing that due to the upconversioogess happening inside of the amplifier,
it is impossible to have 100% of Er ions in the/; state as a proportion of them will be
excited to even higher levels. At this pump povirer ighest gain of 3.4 dB is achieved
when Er concentration is at 8.3510°° m? which corresponds to a relatively high
population inversion with a large number of dopa#titer this point, the increase in

concentration leads to a reduced gain due to it power to maintain a large
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population inversion. When the number of ions iigi that the level drops below 50%,

the absorption process dominates over stimulatadsean and results in signal loss at
the far end of the device from the pump.

Figure 3-13: Er population inversion along EDWA punped at 50 mW

with various dopant concentrations

Fabrication techniques used in this work offeritbdiy in terms of the ion concentration
which means that the system can be optimised wavep requirements in mind.
Figure 3-14 presents optimal dopant concentratfonsa number of pump powers.
Depending on application, a maximal pump intensify be a limiting factor which then
results in reduced need for extremely high dopasricentrations. The maximum
concentration of 1.68 10?” m3 provides the highest gain at high power aboverh@g,

but below this it is beneficial to reduce the erbicontent. For example, if only 50 mW

of pump power is available the optimal concentrafmr this 1-cm-long EDWA is much
lower at approximately 6.8 107° m3,
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Figure 3-14: Optimal erbium doping concentration fo a range of pumping powers

3.4.2Length and Scalability

A practical EDWA requires high gain per unit lengshinvestigated in pervious section,
but in many cases 1-cm-long device will not be @blprovide enough gain. As a result,
it important to investigate how well the devicelssaFigure 3-15 shows results of such
gain analysis for EDWA devices of varied Er concatdn and a fixed pump power of
200 mW. Initially, for every ion concentration timernal gain scales linearly with length.
However, the greater the concentration the sodnsrreélationship ceases to apply. At
8.15x 10°® m™ this is still the case up to 5 centimetres whemped at 200 mW. As the
concentration is increased, the pump power becansesficient to create population
inversion along the entire length of the devicerolighout a short distance along the
device the population inversion becomes lower arethieially drops below 50% resulting
in signal reabsorption happening at faster rata gtemulated emission as discussed in

the previous section.
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In the figure below, it can be noticed that Er aamcations of 8.15, 12.2 and
16.3 x 10°® m3 provide maximal gain of 23.1 dB, 19.4 dB and 158 fdr different
EDWA lengths of 3.9, 2.4 and 1.6 cm, respectivBlgspite the fact that, with a careful
erbium concentration selection, the internal gainEBWA increases with distance,
resulting improvement is not linear. Using the ops$ied gains for lengths of 1.6, 2.4 and
3.9 cm, the corresponding gain per unit length.8 8.1 and 5.9 dB/cm. It is therefore
important to keep in mind that while with caref@lsign a higher overall gain is possible
with increased distance, the efficiency becomegtoWith the design used in this model,
a maximum gain of 24 dB over 5-cm-long EDWA is a&slaible when pumped at

200 mW and Er concentration is set at 6 10?° m=,

Figure 3-15: Dependence of internal gain on EDWA tegth

for different erbium concentrations pumped at 200 W

The above analysis assumed that the pump poweted &t 200 mW, but in the same
way as for the 1-cm-long device, a different valmay be available for different
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applications. Figure 3-16 depicts the impact ofngjiag the assumed power while
keeping the Er concentration at a constant lev8lbEx 10?® m3. As in case of varying

the concentration, there is a different optimalidevength depending on the supplied
power. Across the investigated range of 50 to 600, the maximum gain increases from

3.6 dB in a 1.3-cm-long amplifier to 36.3 dB in-&r-long one.

Figure 3-16: Dependence of internal gain on EDWA legth

for different pump powers at a fixed Er concentraton of 8.15 x 186 m3

The pump of 50 mW is not enough for a longer ahdavily doped device as only short
part of the amplifier is inverted after this pothe absorption becomes more and more
dominant leading to high losses. In order to avbad, the device can be either shortened
or the concentration reduced. For a 5-cm-long EDW#®&h Er concentration of
8.15x 10?° m3 pump power of 600 mW is very close to optimum @siad this value
the gain reaches its saturation point and the maxiwvalue. It is important to realise that

even though at this point the absorption and eomnsgiocesses become equal at the end
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of the device, there is still a lot of pump photdingt have not been absorbed and leave
the amplifier. In order to minimise this inefficieyy the pump absorption has to be
increased which typically is achieved through yiem co-doping as explained in

previous chapter.

3.4.3Upconversion

In the previous section an upconversion value ®x0L0%*m3s! was assumed based on
a similar material with a comparable dopant conegioin [37]. In practice this may not
be the case and the impact of change in this paearhas been analysed. In order to
understand the impact of the cooperative upconmergrocesses on design parameters
of erbium concentration, pump power and scalabtlitgse parameters were varied as
shown in Figure 3-17, Figure 3-18 and Figure 3€d<pectively.

Figure 3-17: Upconversion impact on optimal erbiunconcentration

based on a 1-cm-long EDWA pumped at 200 mW
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Figure 3-17 shows that if it wasn't for the upcorsien process, the internal gain of the
EDWA would scale linearly with the erbium concetitbta. However, by accounting for
the upconversion processes, the achievable gafts sbrther away from this ideal
scenario. At the point when it becomes higher than102>m®s? (last three simulated
curves), increasing the erbium concentration irsgedhe impact of upconversion faster
than gain leading to less efficient devices. Instheases it is beneficial to reduce the
doping concentration to increase the achievable igaihe EDWA.

Figure 3-18: Upconversion impact evolution with purp power
based on a 1-cm-long EDWA doped with 1.68 10?” m3Er ions

While reducing erbium concentration for a givenapeersion parameter in the amplifier
system is beneficial, higher pump power always detadhigher gain as presented in
Figure 3-18. Even though higher upconversion coleffit always results in lower gain at
a given pump power, a net gain is achievable ifughopower is provided. From a

practical perspective, energy efficiency of an afigolis very sensitive to variation in

100



Chapter 3: Design and Modelling of EDWAs

upconversion. In a case with no upconversion, a figure of 20 dB/cm only requires
20 mW of pump power. When the CUC parameter ise@®ed to a level of
0.8x 102 m®stused in previous section, almost 600 mW are netalsshch this level.

For the coefficient above that, reaching this daétomes impossible within a power

constraint of a practical system.

Figure 3-19: Upconversion effect on amplifier scalaility based on an EDWA
doped with 8.15x 10?* mEr ions pumped at 200 mW

In Figure 3-19, the effect of upconversion on daitity of an amplifier is shown. In all
cases, initially the gain increases with lengtlthef device till it reaches saturation point.
The higher the upconversion, the lower the gainevaind the shorter the optimal device
for a given pumping and Er concentration. Withoptanversion, 34.6 dB from 4.3 cm
is possible, but with 0.8 102 m3stit drops to 23.1 dB at 3.9 cm. Furthermore, an

increase of about an order of magnitude tox10023 m°s! makes a practical design
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impossible as with the design specifications assumehis section internal gain is not

possible at all.

As in the simulation papers referred at the begigrof this section, a single value of
upconversion is used across the entire concentredioge of this work. However, it has
been experimentally shown on example of@lusing both Zubenko method [53] and a
guenched ion model that the upconversion parameteeases linearly with erbium
concentration [54]. With this assumption, the upesion coefficient and erbium
concentration were scaled linearly at the same timénvestigate how this change

affected the optimal operating points for the desim term of pump power and length.

Figure 3-20: Dependence of internal gain on pump peer for different erbium

concentrations with linearly scaled upconversion cfficient

Figure 3-20 shows a result of a 1-cm-long amplifieith upconversion and Er
concentration scaled linearly in range of 1.63-16.80°° m® and 0.4-4x 102 m3s?

respectively. These results can be compared wihr€i3-12 where a fixed value for
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upconversion was used. Not surprisingly, the inseeia the upconversion reduces the
achievable gain particularly at high Er concentragi Previously, maximum gain of
12.9 dB from a 1-cm-long device pumped at 200 mV8 aehieved with the maximum
available erbium concentration. With increasingarpersion, relatively more power is
needed to obtain comparable gain and, as a regthin a 200 mW power limit lower
gain of 5.7 dB is achievable by keeping erbium emt@tion at 8.1% 10°° m3, half of

the ULPI maximum value.

Figure 3-21: Dependence of internal gain on EDWA tegth for different erbium
concentrations with linearly scaled upconversion afficient pumped at 200 mW

An analogous analysis was performed to investitfe@a@mpact on EDWA scalability as
presented in Figure 3-21. As in the results forixed upconversion parameter
(Figure 3-15), increasing the length of the amgtifit a fixed pump power benefits from
reduction in erbium concentration. This is compaddwith the scaling of the

upconversion factor leading to even lower conceioina being preferred, particularly for

longer devices. The updated model predicts a maxirmiernal gain of 18.5 dB and
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14 dB from 5- and 3-cm-long devices with re-optiedisEr concentrations of 4.5 and
5.3x 107°m3, respectively. The values are lower at all thestigated lengths due to the
upconversion scaling, but the difference becomeallemas the length of the amplifier

increased and corresponding number of dopants aksmule

3.4.4Er/YDb Ratio

The previous section discussed the adverse imgaapanversion in the amplifier
system showing that increasing Er content beyomnthicepoint causes reduction in
EDWA gain. One of common methods to counteractphigess is through addition of
ytterbium ions into the mix. The co-doping has bk used to sensitize the amplifier
resulting in more efficient use of the pump powéswever, an additional benefit comes
from the fact that adding Yb introduces an alteweatransition path that is competing
with upconversion process. Simulations in this isecissume constant total dopant
concentration of 1.63 10°” m2 where the difference between this number andea lat

guoted Er concentrations gives the number of yittenbons.

The impact of erbium-ytterbium co-doping is firsvestigated by looking at the gain
evolution with pump power for a number of differesincentrations. Figure 3-22 shows
the same Er concentration and upconversion valsiggesented in Figure 3-20 where
only the effects of linear upconversion scaling evevestigated. When comparing the
two, the positive impact at low erbium doping isarly visible as the full potential of the

EDWA is realised at much lower pump powers. Theimar gain of 1.7 dB and 4.2 dB

for Er concentrations of 1.63 and 3.2610?® m? is achieved at pump powers of
approximately 4.5 and 10 mW. This highlights thenpuypower absorption efficiency and
upconversion reduction provided by Yb as withouth# corresponding pump powers
were 85 mW and 130 mW, respectively.

In case of 1:1 ratio of dopants at 81307 m each, first a rapid increase to an internal
gain of approximately 8.8 dB at 130 mW can be oletiand then a slow increase to
10.4 dB at 600 mW. The initial raise is a result Y efficiently absorbing and
transferring the energy to neighbouring Er ionswideer, the erbium population is high
enough for upconversion to still have an effecttmmperformance of the amplifier. The
relatively high number of ions on thies2 level results in upconversion becoming a factor
affecting the excited population and therefore préing a fuller population inversion.
This can be contrasted with behaviour of an angpliit the same Er concentration
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without Yb co-doping where only a slow gain build-stage with no initial high increase

at low pump powers was visible as shown in Figug®3

As the Er concentration is further increased, tbeelit of co-doping becomes smaller.
When looking at 12.% 10?® m3 Er with and without the additional 4x1.10°® m3 Yb
only a relatively small difference can be observeid.more pronounced at medium pump
powers compared to lower and higher as the relatipeovement is 1.8, 4.1 and 2 dB at
100, 200 and 500 mW, respectively. At low pump peade erbium-induced signal
reabsorption closer to the end of the device resitige initial Yb benefits. When the
pump power is increased this process becomes igsgicant as higher population
inversion is achieved and higher relative improvetig achieved. At high pump powers
the absorption effectiveness of ytterbium becomsshaller factor due to the very high
pump density.

Figure 3-22: Internal gain dependence on pump powefor a 1-cm-long

Er-Yb co-doped amplifier with linearly scaled upcorversion factor
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In Figure 3-23 the benefits of ytterbium are degildn the process of device optimisation
for various amplifier lengths and they offer a otefor a direct comparison with Er-only
results presented in Figure 3-21. The presenteckrrations have been adjusted to show
maximum gain at different lengths up to 5 centieetMWhen the Er-Yb mix is used, a
much sharper gain peak at a fixed pump power ofi2@0is visible compared to Er only
systems. With careful optimisation the maximum gaiachieved at the desired length
as for example for a 1.7-cm-long design gain o818 can be obtained with Er:Yb ratio
of 8.97:7.33« 10°° m3. A much sharper response can be explained witheffeats taking
place along the device. Initially, a much fastar@&ase of gain with length is a result of
ytterbium ions efficiently absorbing pump power.viver, this fast absorption leaves
less pump power further along the EDWA leadingtanareased reabsorption before the

signal is coupled out of the device.

Figure 3-23: Internal gain optimisation for Er-Yb co-doped amplifiers

of different lengths with linearly scaled upconvergn factor
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The introduction of ytterbium to the EDWA results increased internal gain for all

investigated amplifier lengths. It is importantadjust both Er and Yb concentrations for
a specific length and pump power in a given sysieahle 3-6 shows that under various
upconversion and doping assumptions different agdtien/Yb concentrations need to be
chosen leading to a maximum gain. As explaineduthinout this section, a more realistic
assumption about the upconversion factor scalinig @ancentration reduces the potential
performance of the amplifier. However, by introdwugiytterbium co-doping this effect

can be counteracted and partially reversed leadimgoetter performance.

In the end, a short channel amplifier with optindisér-Yb ratio based on system
parameters expected form similar systems in liseeashould be able to reach a gain of
almost 10 dB/cm without a need for pump powers al#0 mW. With this supply power
limit in mind, the system can be readjusted to mése the gain for longer designs, but

the increase is not linear.

Table 3-6: Summary of optimised EDWAs based on a e@mnel structure pumped

at 200 mW with different Er concentrations and upcaoversion estimates

Lenath Optimised Er + fixed Er + scaled Er-Yb + scaled
en
J parameter upconversion upconversion  upconversion
Gain [dB] 12.9 5.9 9.6
lcm
Er/Yb [x 107¢ m3 16.3 6.9 9/7.3
Gain [dB] 21.9 14.0 23.0
3cm
Er/Yb [x 107 md 9.0 5.3 6.1/10.2
Gain [dB] 23.8 18.5 27.2
5cm
Er/Yb [x 107¢ m3 6.1 4.5 4.5/11.8

3.5Device Structures

The above modelling and analysis have been perfbonea square channel waveguide,
but in practice alternative designs have to beidensd in order to accommodate for the
fabrication process. In this work two different apgches towards EDPWA have been
taken with the fabrication techniques describe@lmapter 4. In the first case, ultrafast
laser plasma implantation (ULPI) is performed omgkes to introduce rare-earth ions
into the host material [55]. As a result of thisgass ideal channel structures are difficult

to achieve as shown in Figure 3-24 (a) and (b).akernative method of nanoparticle
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dissolution in polymer is also studied, but in tbése square channel waveguides were

achieved.

Figure 3-24: Waveguide structures used throughouthis work. Shading represents

the relative refractive index of the material

3.5.1Hybrid Structure

This approach is based on a silica glass subdtratas implanted with Er-doped TZN
particles to form erbium-doped tellurite-modifiedlicea (EDTS) as described
in [56]-[58]. Then a polymer ridge is depositedtop to create an strip-loaded structure
where the fundamental mode is index-guided in tighdst refractive index region
underneath the polymer stripe [59].

The dimensions of the polymer strip and thickndgb® Er-doped glass layer need to be
controlled in order to achieve good performancgufé 3-25 shows a well-designed

structure with only a single mode trapped in thievaaegion underneath the ridge in the
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middle. Even though more transverse magnetic (TB@s exist due to the planar nature
of the structure they are not confined in the dekarea. If the thickness of the EDTS
layer is too thin or too thick, the fundamental ra@thifts to the polymer ridge or multiple
transverse electric (TE) modes become possibleecisply. The size of the polymer
waveguide is also important as by making it togéamore than one TM mode can

emerge leading to lower device efficiency.

Figure 3-25: Guided mode intensity profiles obtaineé through FimmWave

simulations for hybrid structures

This method employed to combine available EDTS $asnpith the polymer platform is
described in more detail in Chapter 5. More quatiié analysis of the above SM
conditions is performed based on the variable ptagseof the available samples such as

the refractive index of the Er-doped layer thatetejs on the ion doping concentration.

3.5.2Direct Implantation
This approach assumes direct ion implantation \i&ILprocess into polymer samples.
This can be achieved either by performing this gsscon a planar polymer thin film

leading to a strip-loaded architecture or on ptaitated polymer waveguides.

In the first case, a similar analysis to the hylappbroach is performed to ensure good
operation. Alternatively, instead of adding a ridgestrip-loading an etching process can
be employed to form waveguides that can later ered with polymer cladding to form

an asymmetric structure with fused silica glasssake as presented in Figure 3-26.
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Figure 3-26: Asymmetric channel waveguide structuravith glass substrate

and polymer cladding

In case of the pre-fabricated polymer waveguides pblymer features are prepared first
using standard techniques such as spin-coating plwadblithography. This is then

followed by ULPI process that, depending on theratieg conditions, can lead to either
implantation into the polymer core and uncoverediding or to deposition on top of the
polymer features. The latter structures then cae$ted for evanescent tail amplification

as the light is not fully confined in the polymare.

3.5.3Nanopatrticles

The last approach to EDPWAs used in this work isedaon introducing Er-doped
nanoparticles into the polymer host. This apprdaah been highly successful in recent
years and a number of synthesis methods has beposad [60]-[62] with some of the
highest gain per unit lengths reported so faruasnsarised in Chapter 2.

Once a core material is doped with NPs, the fabaogprocess follows this as for any
polymer. In this work spin-coating and UV phototifraphy have been used to generate
features such as waveguides. Since this procesalloaged for fabrication of square
channel waveguides, the same design proceduresastion 3.2 was used. In case of a
uniformly NP-doped material, the refractive indeixtloe core and, consequently, the
refractive index contrast depend on the doping eptration. In order to ensure a single
mode operation, a right feature size for a given dddsity must be selected. The
waveguide losses for NP-doped polymer are a corhbmaf polymer absorption and

scattering losses due to the particle presencesagssed in detail in Chapter 6.
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3.6 Conclusions

In this chapter, the previously discussed erbiuntena properties are supplemented
with the amplifier design parameters required focusate modelling of EDWAS. The
optical waveguide theory is introduced to descahd characterise behaviour of light

inside of a guiding structure.

The range of available polymer materials is presgmiith particular focus on siloxanes
chosen for amplifier implementation in this worlhéBe materials have been shown to
have all the necessary optical, mechanical andmidleproperties required for the
application environments of EDWA amplifiers. Theoskn Dow Corning polymer has
been shown in multi-mode waveguides to have prdmag#oss of about 0.2 dB/cm
around pump wavelength of 980 nm and a higher dbssrer 2 dB/cm across erbium
emission spectrum. What is more, core and cladoiatgrial refractive indices indicate

a possibility of fabricating single mode featurésiae up to 7.5 7.5 nv.

The increased refractive index resulting from Bpidg into the polymer core reduces the
SM maximum waveguide size. However, even when tteeteof erbium concentration
of 1.63 x 10°" m? is accounted for, a SM operation at 1550 nm issipts when a
waveguide size is reduced tx2 n?. In this case SM operation is not achieved for the

pump light leading to reduced device efficiency ttméwer overlap with active region.

A full EDWA model based on multi-level equationghvprocesses such as upconversion
and energy transfer is used to investigate thenpiateof combining polymer platform
with erbium through techniques such as ULPI. Realéssumptions based on previously
reported characterisation results on similar systeave been made and led to a thorough
analysis of impact of erbium concentration incredgtile using maximum achievable
Er of 1.63x 10?” m™ does not lead to highest gain due to unfavourapt®nversion
scaling effects, optima have been found for variopsrating conditions such as pump
power and length. It has also been shown thatraafaalmost 10 dB/cm, comparable to
the best reported in literature, can be achievedlatively low pump power of 200 mW
with help of a carefully optimised Er-Yb co-doping.

Finally, device structures alternative to channaleguide are discussed based on the
two employed Er-doping techniques: ion implantatowal nanoparticle dissolution. Due
to their different fabrication methods, slightlyjasted designs are proposed for a final
EDWA device. The fabrication procedures for both described in detail in Chapter 4
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while further modelling, characterisation and measient results specific to ultrafast

laser plasma implanting and NP dissolving are priesein Chapters 5 and 6 respectively.
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Three different approaches to designing polymergatinle EDWAs have been
presented in the previous chapter. Each of thesgrmerequires a different fabrication
process flow to implement the proposed systems. Aytaid structure and direct
implantation EDWAs take advantage of the novel UpRicess to implant erbium ions
into glass or polymer substrate respectively. Alidively, the nanoparticle dispersion
approach allows for pre-mixing of the materialddwled by standard polymer fabrication
techniques.

In this chapter, commonly used polymer fabricatieshniques are presented with
particular focus on the UV photolithography procssgable for siloxane materials. The
employed fabrication steps are described in dstelwing how the final features are

manufactured. The wafers are patterned using a desgned with the doping processes
in mind and accommodating for the different wavedgusizes required by different

amplifier architectures. The background lossefeffabricated polymer waveguides are
then characterised, background loss being a kegnpeter for polymer-based EDWA

designs.

The doping technologies, namely ultrafast lasesmka implantation and nanoparticle
dispersion, are also described in the chapter. €l fiedsrication processes are used to
prepare three types of Er-doped thin films: erbioped tellurite-modified silica
(EDTS), Er-implanted polymer and nanopatrticle dispd polymer. These planar erbium
layers are then characterised through a visualetigm, including scanning electron
microscopy (SEM), photoluminescence (PL) spectrumalysis and lifetime
measurements. Based on the thin film charactevisatiost promising approaches and
samples are chosen for amplifier studies in Chagiemnd 6 of this thesis.

4.1 Polymer Component Fabrication

One of the aforementioned advantages of polymedieeis ease of processing as well as
the variety of methods that can be employed toge®them. Some of the most common
fabrication techniques are discussed in this secfiollowed by a description of the
detailed process employed in this thesis work.

4.1.1Fabrication Techniques
Polymers can be used to create a wide range ofguades and waveguide components
with a variety of fabrication methods. Differentfecation methods may be required

depending on the type of polymer, but in many caseléiple options are available for a
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given material. Thin films can be deposited byregeaof methods such as spin-coating,
doctor-blading or drop casting on various substrgtgass, silicon, FR4). There are
advantages and disadvantages for each methodx&npde spin coating allows for
formation of uniform layers of controllable thickssewhile making removal of striations
difficult. Most common methods for patterning anehgration of waveguides can be
performed on a wafer scale, such as photoresistgliaphy and embossing or one feature
at the time as in case of direct laser writing amdosquito method [1]—[3].

Photoresist-based patterning (Figure 4-1 (a)) isebaon a standard semiconductor
processing technique where a photoresist is deggbaitd ultra-violet (UV) patterned on
the polymer layer. After removing the undevelopeatenal with solvent, etching is used
to translate the pattern onto the polymer itse#fa®ive ion etching (RIE) can be used but
a problem with using conventional RIE is that iteof results in large surface roughness.
To reduce this phenomenon and the adverse efféeisiton sidewall scattering losses,
alternative processes such as inductively couplednma (ICP) etching have been
proposed. Careful calibration of the ICP processameters including RF power,
chamber pressure and oxygen flow rate led to suba2@metre root-mean-square

roughness [4].

Direct lithographic patterning process is used t@ken waveguides based on
photosensitive polymers. The structures are prepdu®ugh wet etching of a polymer
film after it has been selectively exposed to Ughti through a mask. Compared to
photoresist-based pattering (Figure 4-1 (b)), tahnique has a simplified and faster
process in addition to usually resulting in a lowerface roughness [5].

Soft lithography techniques such as embossing, diaylor stamping are a well-known

microfabrication methods [6]. In order to use timsthod, a PDMS mould needs to be
prepared first, which is usually achieved througisting polydimethylsiloxane on a

micro-structured silicon master [7]. The structuegs then replicated by pressing the
mould against a substrate with polymer melt as shiovrigure 4-1 (c) on an example of
micromoulding in capillaries (MIMIC) process. Thesehniques are considered to be
cost efficient and offer large-scale fabricatiomt bhe surface roughness is usually

relatively large.

A variety of other techniques exist, but two masefapproaches have caught a lot of
attention. Laser direct writing and mosquito mettomdh offer a flexible method of
generating patterns in polymer with rapid protoiypcapabilities and a relaxed limitation

in terms of the maximum area and waveguide lengtretated as no mask is needed.
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While the first uses a laser beam spot to outheeadlesired pattern, the latter uses a syringe
needle inserted into a cladding material to injeore monomer along the pre-
programmed path before UV exposure of the entiséesy [8], [9]. These methods offer
an option to write features within restricted regiavithout affecting the surrounding as
well creation of novel structures. Despite thenaenature, progress has been made to

increase the speed of the pattern generation [10].

Figure 4-1: Schematic illustration of polymer pattening techniques

(a) photoresist-based, (b) direct lithographic andc) MIMIC

Different patterning techniques have their advaesaand disadvantages as summarised
in Table 4-1. For the purpose of this work, thatigely simple photolithography method
is used. It has been chosen with the availabledation facilities in mind as well as the
fact that the chosen siloxane polymers are phosithento UV exposure. More details
on the details and optimisation of the fabricafioocesses for different EDWA amplifier

designs is given is Chapter 4.
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Table 4-1: Trade-off of common polymer patterning nethods

Patterning method Advantages Disadvantages

' Standard semiconductor Rough surface, mask
Photoresist-based _ _ )
processing technology required, high cost

Direct Lithography Simple process Mask required
N Rapid prototyping, mask- Features like Y-splitters
Laser Writing . .
free problematic, serial nature
_ Rapid prototyping, graded Complex features
Mosquito

index problematic, serial nature

Soft Lithography o
_ _ Cost-efficient, large scale  Rough surface (< 150 nm
(moulding / embossing)

4.1.2Siloxane Waveguide Fabrication

There is a number of processing steps involvedalmi¢ation of polymer waveguides
based on the Dow Corning siloxanes as summarisegjure 4-2. Initially, the substrate

is prepared before any polymer deposition can tpkece to remove potential

contaminants from the surface. Then flat horizotagers of a defined thickness are
obtained through spin coating and solidified usir@pmbination of UV photolithography

and thermal treatment often referred to as bakimgrder to obtain features, such as
waveguides, a mask is used to expose only reqaness to the UV light. The remaining
polymer is then removed from a substrate to uncawer final design through

development.
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Figure 4-2: Fabrication process flow for siloxane plymers used in this thesis

4.1.2.1Spin-coating

The polymer materials come in form of a highly wss liquid that is poured onto a
substrate or preceding polymer layer. The undeglyimfer can be made from a wide
range of materials, but in this work fused silicd ailicon are used as they are compatible
with the laser plasma implantation process desdribethe following section. Spin-
coating is used to equally distribute the polym&oa 100 mm diameter round substrate.
The thickness of the resulting layer is determibgdwo parameters: rotation speed and

time.

For the WG-2021 cladding material, the thicknesshef layer is not required to be
carefully controlled, particularly for a glass strhte, which has lower refractive index
than the polymers used (detailed values shownatioge3.1.4). In case of silicon wafers,
the thickness of the polymer cladding layer sefragdhe substrate from waveguides has
been maintained at more than a magnitude larger tiva wavelength of the light to
ensure that the signal doesn’t leak out of therddsiegion.

In case of the core WG-2020 material the thickmessntrolled to a much greater extent

as the dimensions of the waveguides are cruciahBintaining a single mode operation.
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The relationship between the rotation speed ana@dhesponding layer thickness for a
fixed 1-minute-long spinning is shown in Figure 43he presented values have been
obtained at a room temperature for a wafer-scagb@sigon with the polymer material
diluted with toluene at a ratio of 4:1. Increasthg rotation speed of the spin-coating
reduces the thickness of the resulting polymerrlayecase of Dow Corning WG-2020,
rising the speed from 1000 to 4000 rpm resulted anange in polymer layer thickness
from an average of 13m to 7 m. However, the rate of change slows at higherdgpee
and ultimately is limited by the viscosity of theatarial used. Alternative means of
controlling the thickness of the layer are throwfanging polymer-to-toluene ratio or

spinning time [11].

Figure 4-3: Measured dependence of Dow Corning WGE20 layer thickness

on spin-coating speed

After the spin-coating process is finished, theypwr remains in a liquid form as the
solvents are still present in the material. Theresuls can be evaporated by baking and
photolithography. Heating the wafer to a tempemtnrrange of from 110 Cto 130 C
(referred to as “soft baking”) removes some ofgblent and has been shown to improve
adhesion as well [12]. Usually it is accompaniethvai photolithography processing step
in order to create a more permanent and good gualers or generate features when

combined with an exposure through a mask.
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4.1.2.2UV Photolithography
Contact photolithography is normally used in orderobtain very high-resolution

features. If, however, the mask touches the ligoigmer it can stick to the metal patterns
making it impossible to use again [13]. As a resphiotolithography is used in a
proximity mode where the mask is set in a smallagiice, in range of tens of microns,
above the polymer. In this way it can be used repely to pattern entire wafers at once

and ensure high process throughput leading toedtistent fabrication.

Introducing a gap between the two objects redubesachievable resolution of the
process due to a light diffraction through the grat$ on the mask. The quality and
minimum size depends on the separation distancec#mabe reduced through ensuring
that the polymer layer is as uniform as possibfgn-8oating results in a relatively flat
surface in the middle of the wafer with slightlydker sides because of more material
accumulating at the edges as shown in Figure fi4.difference between edges and the
centre of the layer is proportional to the targetymer thickness and can be reduced
through techniques such as chemical [14] or mechhedge bead removal. The latter
has been performed using a mesitylene-coated fety®sab after spin-coating. This has
resulted in a thickness variation as low as firb (measured with KLA Tencor Alpha-
Step D-600 profilometer) enabling close proximifytlle mask to the exposed polymer
in the following lithography steps.

Figure 4-4: Reduction in the size of the edge-beax the WG-2021 bottom cladding

before (blue) and after (green) mechanical edge-beéaemoval

Furthermore, the UV exposure dose has an additeffeadt on the height of the developed
features. The mask used in this work has waveguilesarying width leading to a

different amount of light shone on the spin-cogietymer. Figure 4-5 shows a result of
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a 6- m-thick layer exposed through mask slots of varyundth. A variation is observed
with the smallest 3m features having an average height of 3rRand then increasing
till eventually reaching 5.6 m for the widest 10 m waveguides. The benefit of this
phenomena is that waveguides of almost square-ssx$®ns can be achieved for even
the smallest design sizes. To obtain similar widtieight proportions for the largest

features, the spinning speed has to be reducedrtonsth a thicker layer pre-exposure.

Figure 4-5: Height variation of polymer features wth different waveguide widths
(marked) spin-coated at 4000 rpm and UV exposed f@0 seconds

4.1.2.30ptimised wafer fabrication procedure

The final procedure for wafer-scale fabricationngsDow Corning siloxanes with both
glass and silicon substrates has been optimisati@sn in Table 4-2 for single mode
waveguides. This procedure has been used as arbarictior all-polymer, undoped
systems. This process has been then adjusted aonatadate for plasma implantation
and NP dispersion Er doping procedures as discuissatr sections. Another important
factor that affected the optimal deposition pararsehas been the size of the sample.
While the below methodology has been prepared fafers with diameter of

100 millimetres, adjustments have been made fotlensamples.
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Table 4-2: Detailed procedure for wafer-scale polymr fabrication

Step Material Spin Rate uv Temperature Time (min)
(RPM) exposure (°C)

Coating WG-2021 800 1
UV Exposure flood 1
Coating WG-2020 4000 1
Prebake 110 5
UV Exposure proximity 0.5
Post Bake 130 5
Develop mesitylene 1
Post Bake 180 5
Coating WG-2021 500 1
UV Exposure flood 1
Post Bake 130 5
Hard Bake 180 30

4.1.3Lithography Mask Design

Implementation of the designs put forward in Chaptasing photolithography requires
a metal mask with which to pattern waveguides logkihg the UV light. The maximum
size of the single mode waveguides depends orefnactive index contrast which is a
function of the erbium concentration in the polymierorder to accommodate for this
variation, a versatile mask is prepared allowingwaveguide sizes in range of & to

10 m. Furthermore, one of the limitations of the Uldetup is that it can only implant
samples up to size of 2x3 énThis is accounted for in the final design by disg the
wafer area into six smaller pieces of this sizevalt as additional, longer sections used
for alternative fabrication methods. A detailed kndssign showing the component and

section positioning is attached in the Appendix.

4.1.3.1Bends

In addition to straight waveguides, the mask desmgpiuded a number of additional
features required for more complex system architest One of the key basic geometries
are 90° and 180° bends. Using FimmWave simulatimessed on siloxane core and
cladding materials, loss per 90° bend is estimd&gmknding on factors such as refractive
index contrast, waveguide width (square channedaraed) and bending radius. All of

the aforementioned factors have an impact on thdiadal loss introduced as the signal
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propagates along the waveguide. The mask usedsiwtk is designed with a range of
waveguide widths meaning that different sizes haaging requirements for low loss
bending. Figure 4-6 shows loss results for a nundbe8M waveguide designs with
different combinations of size and refractive indextrast. In order to maintain the single
mode operation, as the refractive index contraswdxen Er-doped core and cladding
increases the waveguide size has to be reducedolitserved that an additional benefit
of higher doping is reduced bending radius for\&egiloss leading to more compact
design. In an unaltered polymer system, a radilssoinm is required to have an excess
bending loss of 0.5 dB while a highly doped systeéith refractive index contrast of 0.02

and a smaller waveguide of & achieves the same with radius of 1.

Figure 4-6: 90° bend loss variation with bending rdius

for a number of SM polymer waveguides

In order to accommodate for the range of requirdsehe final mask design is made to
accommodate for a wide range of bending radii hier waveguide sizes from 3n to

10 m. Additionally, to increase the length limit ostaight waveguide on samples used
in the project U-turns consisting of two such beads used. In this way, a potential
amplifier length is raised to 5.7 cm on a 2xF@ample as shown in Figure 4-7 b) with

red light illumination.
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Figure 4-7: Red light illuminated a) 90° and b) 180bends

4.1.3.2Curves

Curves are useful features included in the masigaddkat are a basis for both S-bends
and Y-splitters Figure 4-8. The losses in this tgpstructures are minimised by ensuring
a minimal change in direction at any given pointthis work it is implemented using
parametric Bezier curves that have found many egiptins over the years, particularly
in computer graphics and animation, to model smaotlves that can be indefinitely
scaled [15].

Figure 4-8: Bezier curve used to model a) S-bend drb) Y-splitter

The S-bends and Y-splitters are based on a culzeBeurves that can be defined using
four points:Po to P3 as marked in Figure 4-8 a). It startsPatgoing towardsP; and
eventually comes tB3 from the direction oP2, where the middle two point are there to
provide direction. Mathematically, the path of theve is described using the Equation
(4.12).

s ( LOCeF (v! C (fg(Vv! CC[ ( Cle
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where 0%t %1 and, for S-curve, x-coordinate®fandP. as well as y-coordinate of both
Po, P1and P,, Ps pairs are kept equal to one another. Using thithoak a number of
splitters and S-bends of varying angles is includetthe final mask design as shown in
Figure 4-9.

Figure 4-9: Examples of a) S-bends and b) Y-splitte based on Bezier curves

4.1.4Cut-back measurements

Measuring a fibre-to-fibre signal with and withcaitsample gives a good idea of the
overall loss in the device, but it is more usetufind what the contribution of internal
loss is. One of the most common techniques to wehtas is the cut-back method [16],
[17]. It is a straightforward albeit destructiveopedure that requires a section of the
original waveguide to be removed after each measemé The reduction in the total loss
between the consecutive measurements is attribatéte internal loss in the removed
section. In the simplest case with a single cu, ititernal loss can be found using
Equation (4.2), but in practice the procedure peeded a number of times and a linear fit

is found to estimate coupling and internal losses.

" TME% L

m[®SU;. a —
o

A set of polymer only straight waveguides with eas widths were prepared using the
wafer-scale fabrication procedure listed in Tabf2 4'he sample with waveguides was
then diced from a wafer and investigated usingtébecak setup presented in Figure 4-10
a). A tuneable laser (HP 8168E) was used to medgssein the waveguide across the
1475-1575 nm erbium emission spectrum combined avittultimode fibre is used at the

output to maximise amount of light captured anduoedmeasurement inaccuracy due to

changing facets. In order to align the sample bles{633 nm) laser was used to take
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advantage of high scattering loss at this waveleagtl, therefore, clearly visible signal

path along the sample as shown in Figure 4-10 b).

Figure 4-10: Cut-back measurement setup showing @&xperimental schematic and

b) straight waveguide sample under red light illumnation

After completion of a set of measurements the samgls then diced at the output end
using a Disco DAD341 machine. The procedure wasatsal a number of times in order
to have enough data points to estimate contribstodimnternal and coupling losses to the

total loss measured through linear fitting.

4.1.5Waveguide Loss Results

The cut-back procedure was performed on waveguwllesfferent widths to estimate
their internal loss as shown in Figure 4-11 a). Thkes were obtained through a
methodology presented in Figure 4-11 b) on an eXxamwipa 6- m-wide waveguide at

signal wavelength of 1550 nm.
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Figure 4-11: Polymer waveguide cut-back results apternal loss across 1475-1575

nm spectral range and b) on an example of a 6m-wide waveguide at 1550 nm

The sample with initial length of 37.5 mm was meaduand then cut and re-measured
three more times at lengths of 28.7, 18.9 and 98. rRor each length multiple

measurements were taken and averaged and a mdthleabtosquares was used to find
the best linear fit. The y-axis intersection gittes value for coupling loss while the slope

of the calculated line is the internal loss pet lemgth.

The results for the internal loss show higher diglegradation at lower end of the
investigated spectrum with loss exceeding 3 dB/courad 1475 nm indicating that

EDWA in-band pumping at 1480 nm would be ineffidieks the wavelength is increased
towards 1530 nm corresponding to erbium emissiak piee loss drops to approximately
2.2 dB/cm and stays constant till a smaller peakb&0 nm. After this point it reduces
again to slightly over 2 dB/cm at the highest measient wavelength of 1575 nm. The
spectral shape of the internal loss across thesiigated signal wavelengths remains
almost the same for measured waveguide widths alydsmall variation in magnitude

is observed in the range of &1to 7.5 m.
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The measured internal loss of 2.2 dB/cm at 153@srnigher than some of the best values
reported in other specialist polymers mentione@lapter 3. However, it is lower than
in case of most common, commercially available netesuch as SU-8 where 2.6 dB/cm
at Er peak emission wavelength has been reporgdIfii.contrary to some of the lower
loss materials, siloxane polymers used in this vanke the benefit of being UV sensitive
required for the lithography process as well asritaa high degradation temperature [19]
important for ultrafast laser plasma implantatioogess described in the next section.

4.2 Er-doped Thin Films

The next step towards realisation of EDWAs, aft@estigation of polymer waveguides,
is demonstration of planar Er-doped planar filnfsede can be used not only to optimise
the fabrication steps necessary for obtaining hgglality doped material without
damaging the host but also assessing best methoztsmbining doped and undoped
layers to form waveguides. Furthermore, erbium fhims can be used investigate the
key amplifier properties such as Er emission spettandlis2 metastable lifetime.
These results then offer a possibility of compamig-dissolved and ULPI-implanted
polymer films against an erbium-doped tellurite-nfied silica (EDTS) glass obtained

through ion implantation process.

4.2.1Doping Technologies

In this thesis two promising erbium doping techmisj@re investigated. ULPI is chosen
due to the fact that it has demonstrated someediitfhest reported erbium concentrations
up to 1.63 x 18 cnt® while maintaining very long metastable lifetime@sund 9.16 ms
[20]. An alternative approach of nanoparticle drsp in a still liquid polymer matrix

is investigated as it has already been shown tergém relatively high internal gain of
6.6 dB/cm [18]. In contrary to the suggested apgnoaf using additional polymer
materials to form complex active core shells, irs tvork doped material is prepared

through a membrane filtering process.

4.2.1.1Ultrafast Laser Plasma Implantation

Ultrafast lasers have been reliably used for matgmocessing, micromachining and
surface ablation [21]. For many years nanosecotgkgduaser deposition (ns-PLD) has
been considered a promising doping method as ibbaa shown to produce NPs with
process-controllable size, morphology and compwsifR2]. Fabrication of NPs using

even shorter, femtosecond pulses (fs-PLD) hasoaen validated on a range of dielectric
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materials such as aluminium or various glasses [28]. Decreasing the duration of the
pulses has been demonstrated not only to improveibperties of the fabricated thin
films in terms of NP size uniformity and agglomevat but also provide greater degree
of control of the nanoparticle size [25]. The ULpMocess used in this thesis for
fabrication glass and some of the polymer Er-dopéd films is based on the fs-PLD
[26] as shown in Figure 4-12 and has been perforoyegplroject collaborators from the

University of Leeds.

Figure 4-12: ULPI fabrication schematic showing fomation of the EDTS layer

First, tellurite glass targets required for depositare prepared using standard glass
melting and quenching processes [27], which allomgbod control of the concentration
and ratio of erbium and ytterbium ions in the fidaposited layer. The prepared target is
then placed in a vacuum chamber in front of a dépassubstrate. The high-energy
femtosecond pulses are then used to ablate thaneefarget leading to generation of a
highly energetic plasma that expands towards aeHesh substrate surface. Silica
temperatures in range of 60C to 800°C assist the diffusion process resulting in a
homogenous Er-doped thin film layer deposited @nstiibstrate [28].

The ULPI process has been mainly used for raréreéantimplantation into silica glass
to form EDTS layer that is used in this work toestigate hybrid structures where the
fabrication process is completed by addition ofypwr ridges on top of the deposited
erbium layer. However, the process has also bedfifie in order to deposit erbium
into a siloxane polymer thin film layer on top ofsabstrate as described in the next

section.
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4.2.1.2Nanoparticle Dispersion

An alternative technique of fabricating polymer-ed€DWAS is dispersing Er-doped
nanoparticles in the polymer matrix. A lot of wdnks been done to address inorganic
material insolubility in polymers through, for expl®, active core-shells, leading to the

promising results summarised in Chapter 2.

In this work, ceria-based (CeOnanoparticles and siloxane polymer materials are
combined to develop a cost-effective method of pooty Er-doped polymer thin films
and waveguides with strong photoluminescence ptiegerrequired for EDWA
applications. Er:Gd co-doped ceria nanoparticleSGENPS) are synthesised using a
novel Leeds Alginate Process (LAP) sol-gel methaVetbped for a single-step
fabrication of complex functional ceramic oxide N&fshighly controlled composition
[29]-31].

The LAP process has been used by collaboratofseat/hiversity of Leeds to prepare
CengErn.1Gdh.101.0 nanoparticles using the procedure shown in Figdrd3.
Commercially available nitrates: Ce(N@6H0O (>99% of purity), Er(NG@)s-6H.0
(>99.9% of purity) and Gd(N€k-6H0O (>99.9% of purity) are used to prepare the
dopants. Two separate solutions are prepared umdgnetic stirring — one with metal
complex and one with sodium alginate, before thdilso alginate solution (SAL) is
added into the metal complex solution using a steeldle attached to a syringe. The
resulting gel beads are kept for 14 hours befaentbt metal-alginate material is dried at
90 °C for 24 hours. The final nanoparticles ar@tbietained through a calcination process
from the dry beads taking place at 500 °C for 2rhan ambient atmosphere. The
optimum process parameters, such as calcinatiopeterture, have been experimentally

determined on dried beads of similar compositidt].[3
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Figure 4-13: Fabrication process flow for ceria nanparticles used in this thesis

4.2.2Fabrication Processes

Three different approaches to making Er-doped pelybased amplifiers are
investigated with the detailed fabrication steps process optimisations presented in this
section. Hybrid structures and direct implantatloosth take advantage of the ULPI
technology, but the key difference is that silitasg (UQG Optics Spectrosil 2000) and
siloxane polymer (Dow Corning WG-2020) are used asbstrate respectively. The third
method is based on combination of the same polynagerial with ceria nanopatrticles to

then produce thin films via spin-coating.
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4.2.2.1ULPI — Glass Substrate
The ULPI fabrication has been carried out by DrcBfumi-Barimah as a part of a

collaboration work on the Seamatics project. Thadional Materials group at the
University of Leeds has the required implantatietup to create Er-doped thin films and
the expertise in operating it. ULPI is a complex] aelatively new process where many
operating parameters affect the final Er-dopedrlageme of the key process variables
include target glass composition, laser pulse gnexgpbstrate temperature, pressure in
the vacuum chamber and duration of the processelpaameters have been studied on
the setup used to prepare samples for this thesaramarised based on published data
in Figure 4-14 in terms of the key design propsrté Er concentration and refractive

index.

Figure 4-14: Summary of refractive index and Er cogentration data based data

published on ULPI setup used in this work

In general, an increasing erbium concentrationlteguhigher refractive index, but there
are a number of other important factors. When thig wvaried parameter is the erbium
content in the target glass (red squares), thdtaes (EDTS layer shows that higher Er
concentration leads to higher refractive index whemget glass composition
(80-x)TeQ-10Zn0O-10NaO-xErOs is varied for x = 0.125,0.5,0.75 and 1 [32]. Sanil
experiments under an altered deposition procedsirperformed on higher dopant
concentrations of 1 and 2 wt.% in the target glgssple circles) showing a similar
increasing trend, but at a different rate [33]. ld@er, it is not the only factor affecting
thin film properties as even with identical targgasses and changing only the laser
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energy (yellow triangles corresponding to 50, 66 88 J) the implanted layer erbium
concentration increases from 0.4 to 0.53 wt.% ah@ctive index grows from 1.5587 to
1.6172 [34].

The samples received for analysis in EDWA studesed on EDTS layer for polymer-
glass hybrid structures are listed in Table 4-Bw&it the known implantation parameters
and the measured layer thickness. The correspodipgnt concentrations in the EDTS
layers are estimated to be 1.63 *’i®? for T-series and 0.91 x 3®n3 for the other thin
films. Samples O6, C1 and C2 are deposited onanmuan substrate size fitting the
ULPI chamber (2x3 cA) while T26 and T28 are half this size (2x1.5bm

Table 4-3: Summary of implantation parameters for DTS samples

Target composition Laser N Chamber Measured

Sample Deposition
[TeO-ZnO-Na2O- energy pressure EDTS

Name time [h] .

Er203-Yb203 wt.%] [ J] [mTorr]  thickness [ m]
T26 85.4-5.5-7.2-1.9-0 60 8 95 2.05
T28 85.4-5.5-7.2-0.6-1.3 65 4 65 2.54
06 79-10-10-1-0 300 4 80 0.62
C1 79-10-10-1-0 150 4 80 0.84
C2 79-10-10-1-0 160 4 80 1.20

4.2.2.2ULPI — Polymer Substrate

Ultrafast laser plasma implantation into polymes hat been attempted prior to this work
therefore the process is adjusted for this typgubktrate. The polymer samples are spin-
coated onto a silica substrate at 2000 rpm for Autei UV-exposed for 1 minute and
hard-baked at 180 °C to form a uniform ~ 1@-thick layer. The wafers are then cut into
2x3 cnf pieces suitable for the ULPI chamber.

The target Er-TZN glass used for direct implantatido polymer layer has a composition
of 79.5Te®@-10Zn0O-10Na@-0.5ErO3 (Wt.%). As in case of implanting into a glass
substrate, a number of parameters are variedddst quality of thin film. The substrate
temperature is reduced from 700-750 °C used facasgjlass to 100 °C in order to
minimise polymer damage. The implantation time ks@ér energy are also reduced as
keeping the sample for over 1 hour in the chamégults in polymer film peeling off the
substrate. In the end, the two most promising sesnwhich have been used for further
analysis have corresponding ULPI parameters sumsathm Table 4-4.
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Table 4-4: Summary of implantation parameters for plymer samples

N Substrate Chamber
Sample Laser Deposition

_ temperature pressure
Name energy[J] time [h]

[°C] [mTorr]
F1 45 0.75 100 70
F3 60 0.75 100 70

A visual inspection of the two Er-implanted polym&mples uncovered a granular
character of the surface that led to a SEM chedbtain more information on the surface
guality as shown in Figure 4-15. The two imagesadsd that the process parameters
such as temperature and laser energy, set at noweér Ivalues than for EDTS
implantation, have led to the ablated target ghasscles deposition on top of the polymer
layer rather than implantation into it. Furthermdhe higher energy deposition of sample
F3 resulted in the average deposited Er-TZN glasscte size of ~ 21 nm to be larger
than for F1 where ~ 11 nm are observed.

Figure 4-15: Visual inspection of ULPI on polymer amples using a microscope
and SEM on samples F1 and F3 [35]
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4.2.2.3Nanoparticles

The polymer thin films doped with ceria nanopadschave been prepared using the
fabrication procedure shown in Figure 4-16. The B are dispersed in toluene and
polymer at various concentrations with the amodinbloiene kept at a constant 20 wt.%
as used for polymer-only systems. The weight rafidghe polymer §0% — ® and
nanoparticlesx) is varied with NP content being in range from @11% to 12.5 wt.% of
the total mix. After all the components are comdirtegether, the mixture is stirred
overnight and then undergoes ultrasonication psoteseduce particle agglomeration in
the solution [36]. The process is completed by nramdé filtration though a
commercially available (Whatman) syringe filtersfdse deposition on a small
15 x 20 mm silica glass sample. The optional filtering ste@dlded to the procedure in
order to remove any larger NP agglomerations in mhaterial and reduce the

luminescence quenching.

Figure 4-16: Fabrication process flow for NP-dispesed polymer thin films
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The first batch is prepared using readily availalthe time, un-optimised NPs has been
used to determine the most suitable membrane Sie¥. The same 0.1 wt.% EGC
concentrations is used to prepare a set of sampltéeut filtering as well as with
membrane sizes of 20, 200 and 1200 nm. The resuktanfiims are then compared in

terms of their relative PL intensity and FWHM agwh in the next section.

Based on these results, a second batch of NP-dquggicher materials is prepared using
fabrication-optimised EGC nanoparticles. The powdemanoparticles have been
measured by project collaborators using high regsldransmission electron microscopy
(HRTEM) as shown in Figure 4-17. The image shovet the agglomerated cubical-
shaped particles have size in range of 7 to 10 eforé the dispersion in the polymer

matrix.

Figure 4-17: HRTEM image of EGC NPs taken at Univesity of Leeds

The same dispersion process is used with the kiégrehice being the nanoparticle
concentration is increased from 0.1 wt.% to highalues in range from 1 wt.% to

12.5 wt.%. The effect of filtering is investigateég comparing unfiltered and filtered

material in the same way as for the first batchaAesult of the initial material analysis,
only the smaller (20 and 200 nm) membrane filteescansidered. During the fabrication
process it has been revealed that due to the higineentrations involved the 20 nm filter
would block before a deposition process on a glasgple is finished. Therefore, ten thin
films are prepared based on EGC nanopatrticle coratemms of 1, 2.4,5.1, 9.2, 12.5wt.%
with and without a filtering step before thin fildeposition. The resultant thin films are
visually inspected using a microscope as shownguarg 4-18. It is observed that without

filtering large agglomerations of inorganic nandjudes are present in the mix. They are
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often larger in size then the waveguide featuresigded for this work, making the
additional filtering step necessary for better gualilm fabrication. Even with the
proposed filtering step, sub-micron spots are edten the final thin film suggesting that

additional clustering may occur between the fitigrand sample fabrication completion.

Figure 4-18: Microscope pictures of filtered and ufiltered EGC NP-doped

polymer thin films at various dopant concentrations

4.3 Thin Film Characterisation and Comparison

4.3.1Characterisation Methodology

Optical characterisation of the erbium-doped thimg is performed in order to extract
the key parameters required for characterising EDMé&ormance. The key properties
that are determined though thin film measuremergsat only the emission spectrum,
in particular full width at half maximum (FWHM) anmkak wavelength, but also lifetime
of the erbium ions. These results then are combioatkrive emission and absorption

cross-sections required for full amplifier studésspresented in Chapters 5 and 6.

The photoluminescence spectrum of the EDTS laysreiasured at a room temperature
using the setup shown in Figure 4-19. A pump ldsaile (BL976-PAG500) emitting at
976 nm is used to excite an erbium-doped thin 8ample mounted on a 3-axis stage.
The pump light is then filtered out (FELH1500 lopagss filter with 1500 nm cut-off
wavelength) before the signal is collected usindtirmode fibre connected to an optical
spectrum analyser (Yokogawa AQ6370D). Optimal atignt and focusing is achieved

with a set of four lenses mounted on movable stages
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Figure 4-19: Photoluminescence measurement setup

The lifetime and photoluminescence spectrum of ghlymer films is measured by
collaborators at a room temperature using a monsitb&e integrated setup with the
FS920 spectrometer (Edinburgh Instruments) un®@@6anm laser-diode excitation. The
pump light is prevented from reaching the specttemay using a long-pass filter with a
cut-off wavelength of 1100 nm.

4.3.2Photoluminescence Spectrum and Erbium Lifetime

4.3.2.1ULPI Glass

The photoluminescence emission spectra acroselbetmmunications C-band of the
five EDTS samples are plotted in Figure 4-20. Téslts are normalised with respect to
the emission peak of the strongest sample — T28dar to assess the relative intensity
of the light. It is noticed that the T-series saespare performing the best in terms of
intensity which is expected due to their higheraltgroncentration and greater thickness.
The main difference between samples T26 and T2Baisthe latter is co-doped with
ytterbium at a ratio of 1:2 Er:Yb. This suggestbdtteven at extremely short pump
interaction distances adding ytterbium to the naim beneficial in terms of NIR emission
strength. The remaining three samples have the,damer erbium concentration and, as
a result of the implantation process parametenge Baghtly different thicknesses. The
similarity of the target material is apparent wiilea peak emission intensity is found to

be approximately 1534 nm for all the investigataohples.
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Figure 4-20: PL spectra of EDTS samples normaliseagainst
the strongest emitting sample T28

The measured relative intensity peaks of 0.09, @rid 0.29 for thickness of 0.62, 0.84
and 1.2 m are observed for samples O6, C1 and C2, respéctifhe intensity
difference is adjusted by the sample thicknessdopént concentration in order to see
the impact of other factors on the film quality asaimpared to the thickest sample T28
as shown in Figure 4-21. The results indicate @aharge part of the previously observed
discrepancies is an effect of these two variabksha differences between samples
became much smaller. There is still a deviatiothememission intensity indicating other
implantation parameters play a role in the restitdm quality. Additionally, FWHM
results confirm spectral shape similarity betwelba samples as not only the peak
emission intensity is approximately the same bsi #he spectral width is very close to
20 nm for all the EDTS samples.
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Figure 4-21: EDTS sample comparison in terms of theelative PL peak adjusted

by sample thickness & dopant concentration and FWHM

Even though the spectral shape of all the samplesriy similar, they differ in terms of

their metastable lifetimes. The strongest emittimg films from the T-series have very
good lifetime of lifetimes of 11.8 and 12.1 ms 16 and T28, respectively. Remaining
samples have not only weaker PL intensity but sswter Er lifetimes of 2.2 and 4.9 ms
for C1 and C2 respectively indicating that theylass suitable for EDWA fabrication in

terms of these properties and sample T28 is thd prosnising candidate for hybrid

structure studied in detail in Chapter 5.

4.3.2.2ULPI Polymer

The same measurement procedure is performed andbkepromising polymer samples

F1 and F3 as shown in Figure 4-22. It is appafeait the polymer-doped samples have
much weaker photoluminescence signals comparebetstrongest EDTS sample. At

their peaks they only reach 0.04 and 0.08 emisstomng from the T28 sample. Part of

the difference arises from the fact that a tardg@sgwith only 0.5 wt.% Er is used for

ULPI, but this does not explain the entire obsemé@rence. Another important reason

expected to contribute to the reduced NIR emissidhe clustering seen in Figure 4-15.
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Figure 4-22: PL spectra of implanted polymer thin fims normalised

against the strongest emitting EDTS sample T28

Furthermore, a broader FWHM of 39 nm is observedHe F-series polymer samples
peaking at wavelength of 1533 nm. Compared to D&XEthe peak occurs at a slightly
lower wavelength and the spectrum is slightly bevath terms of their lifetime, 3.5 and

4.2 ms are measured for F1 and F3 respectively}ghwhishorter than the EDTS T-series

samples but comparable to the remaining glass-ditpedilms.

4.3.2.3Nanoparticles

Figure 4-23 shows a result of varying the filtereson the PL intensity of the first batch
of the polymer doped with low concentration of Wi.% where all the investigated
samples have the same peak emission waveleng88afrim. Compared to the base case
where no filtering is used, both 20 and 200 nm sh®tronger photoluminescence signal
while a larger 1200 nm filter reduced the light ssmn intensity. Using small membrane
filters is believed to remove agglomeration sizesve their size. However, by comparing
results for 20 and 200 nm pores, it can be seenhinang too small membrane is
detrimental as it results in removal of too manyEPs and lower intensity. In contrary
to beneficial impact of these two filters, 1200 nmmbrane has led to lower PL signal
compared to the unfiltered benchmark indicatingoeahof some Er particles but without

the benefit of quenching reduction.
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Figure 4-23: Relative PL intensity of the first bath of EGC NPs

normalised with respect to unfiltered sample

Further analysis of the filtering effect is perfathbased on another important material
property from a perspective of the amplifier operat FWHM, which determines the
amplification spectrum of the EDWA, is measured tfug different filter sizes. Figure
4-24 shows that, as expected from the PL intergdph, there is not much disparity in
this thin film property and a relatively constaatwe around 55 nm is observed. The value
for unfiltered sample is approximately 53.5 nm asthg filters increased it slightly by
1.4, 4.4 and 3.1 nm for membrane sizes of 1200220020 nm respectively.

Figure 4-24: FWHM measurement results of the firsbatch of EGC NPs

148



Chapter 4: Fabrication and Er-doped Thin Film Ctigrésation

Similar photoluminescence studies of the thin filimsn the second batch with higher
dopant concentration of optimised NPs are carrigdfar both filtered and unfiltered
samples as shown in Figure 4-25. The same sca&hasen to present the improvement
between films obtained with additional 200-nm-meaniar filtering step (Figure 4-25 a))
and without (Figure 4-25 b)). Despite the differesiin the intensity depending on the
concentration, all the measured films exhibit vemnilar spectral shape peaking at
approximately 1532 nm.

Figure 4-25: Photoluminescence intensity of EGC NBHeped polymer thin films

at various concentrations a) with and b) without fitering

The improvement in PL intensity with increasing W&hcentration and as a result of
filtering is summarised in Figure 4-26 where nolyantensity but also FWHM and Er
metastable level lifetimes are compared acrosobhained thin films. Figure 4-26 a)
shows the relative peak (1532 nm) PL intensity radised against the unfiltered film of
the lowest concentration. In an ideal system withctlustering and perfectly uniform
distribution, the emission value for higher concativns would increase in line with the
NP ratio. However, by observing the progressionufdiltered samples almost no change
is observed for 2.4 and 5.1 wt.% samples whileiglest doped films improve PL
intensity by 28% and 44% for 9.2 and 12.5 wt.% eesipely. There is an improvement
in the emission intensity, but it is much lower nhexpected suggesting a significant
concentration quenching and poor dispersion unitgtnA very similar trend emerges
for filtered samples, where for smallest two coriions a minimal reduction in the
emission intensity is detected compared to unéltlesamples indicating some dopants

being removed without any benefit to signal stran@nly at the higher concentrations
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there is a more pronounced improvement of 59%, 1@5% 154% compared to the
unfiltered 1 wt.% sample for filtered concentragoof 5.1, 9.2 and 12.4 wt.%
respectively. It is believed based on PL intengit the filtering step helps to remove
the largest NP clusters leading to improved peréoroe, but the dispersion is still not
completely uniform as the relative intensities lmger than expected from the relative

dopant concentration.

Despite the fact that similar spectral responsék peak around 1532 nm are observed
(Figure 4-25), there is some degree of variatidwben samples in terms of their FWHM
as shown in Figure 4-26 b). A large FWHM is keyuiegment for a broadband amplifier
and is a useful performance parameter to studyractical designs. In most of the
prepared films, the emission spectral width ara@®mdm, from 1520 to 1555 nm covering
most of the telecom C-band (1525-1565 nm). Howeuercase of the lowest NP
concentration of 1 wt.% it is much lower at 22.1d 8.8 nm while for the highest
12.5 wt.% it becomes 41.4 and 33.3 nm for unfileaed filtered films respectively. This
would suggest that this is an effect related moustering rather than the concentration

as the FWHM is much more uniform for filtered tHilms.

The final comparison criteria for the NP dispersi@d films is the lifetime of théliz
erbium level measured at the peak wavelength. Asase of the FWHM values, no clear
trend emerges across the samples when lookinghfeffact of filtering. In both cases,
the peak lifetime occurs at NP concentration ofv®.46 and then slightly shortens as the
concentration is increased. This is expected alehigoncentrations tend to increase
guenching effects, however in case of doping wiBsM appears to be more affected by
the nanoparticle composition than the dispersiafotmity in the polymer. In the ECG
NP-doped polymer, increasing concentration fromt@.42.5 wt.% reduced the lifetime
by 0.7 and 0.4 ms for unfiltered and filtered sagspkspectively. This is a much smaller
change compared to the difference between secoddfiiet NP batches where the
average lifetimes are 5.7 and 3.1 ms respectivdig. shorter lifetime of the first batch
of un-optimised EGC NPs is measured despite tharmtoponcentration being only

0.1 wt.% compared to second batch’s 1-12.5 wt.%hetotal mix.
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Figure 4-26: EGC thin film comparison in terms of g relative peak PL intensity,
b) FWHM and c) Er lifetime
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4.3.3Result Comparison and Discussion

The samples prepared with different methods preseint previous sections have been
compared with one another with the aim to find beptesentatives of a given batch. It
is also important to compare the thin films betwgenmethods as shown in Figure 4-27.
In order to address discrepancies between filmsh stive thicknesses and

Er-concentrations, the results for a given groweHhzeen averaged and normalised.

Figure 4-27: Comparison of normalised average PL eission spectral shapes

for the investigated doping approaches

Even though the resultant photoluminescence emmisgectra vary between the thin film
types, they all have emission peak around 1533Imierestingly, the materials prepared
using ULPI method show distinctively different sprat shapes based on the substrate
used. The two shapes can be traced to reportsenatlire [37], where Er-doped TZN
glass properties are investigated. It has been shbat as a result of implantation in
silica the emission spectrum becomes narrower, 1840 secondary peak more
pronounced and the signal around 1510 nm is mualerlcas seen in this work.
Furthermore, the shape of ULPI-made polymer wels&condary peaks around 1500 and
1550 nm matches very closely the shape of bulk Tatjet glass. This indicates that the
implanted material does not mix well with the pobmhost and the observed signal
comes from the target glass deposited on top ofahgple as seen via visual inspection

in Figure 4-15. This hypothesis is also supportgthle very short lifetime in implanted
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polymer where the measured values around 4 ms genyeclose to 4.4 ms reported in
bulk target glass of the same Er content in the [B&}. In case of a materials with well
distributed Er-TZN particles a much longer lifetinseexpected as seen in the T-series

samples [38].

The spectral shape difference of the ECG NP displetsn film is a natural outcome of

a different composition of the nanocrystals withiem content. Even though there are
no reports on similar material to compare the spegblymer-hosted nanocrystals with
erbium-cerium mix have been described to havegutan peak at a wavelengths slightly
shorter than 1535 nm [39]. Additionally, the measulifetimes around 6 ms are

comparable to the best values reported in liteeatar NP dispersed in polymer hosts
[18].

4.4 Conclusions

In this chapter polymer platform fabrication meth@ue discussed and an optimised UV
photolithography process for siloxane-based madseiim presented. The fabricated
waveguides are then used to estimate backgrousdhHosughout Er-emission spectrum
from 1475 to 1575 nm via cutback method measuresremiwing a signal reduction of
approximately 2.2 dB/cm around the erbium peak simiswavelength of 1530 nm. This
value is comparable to other commercial polymeremias, such as SU-8, which do not
possess thermal stability of siloxanes requiredHGB integration or long-term high
energy EDWA pumping. Even though the measuredifossatively low for a polymer
material, it is an additional contributor to thgrsl strength degradation that needs to be

accounted for and compensated through amplification

Two promising techniques of erbium-doping, naméisatast laser plasma implantation
and nanoparticle dispersion, are described ana thbrication processes explained.
These processes are then used to fabricate thstectitypes of Er-doped thin films.
ULPI is used to implant both polymer directly andibica glass substrate for hybrid
structures. The latter forms EDTS layer with higlopdnt concentration of
1.63 x 10°" m* while maintaining long Er lifetime of 12.1 ms. Fhiesult is used as a
benchmark to compare with previously unattempteckatli polymer implantation.
Analysis of thin films obtained in this way showsamber of challenges arising from
the combination of high-temperature and high-engnggess even with siloxanes that
are known for being polymers with a good thermalistance. After ULPI process

adjustments, thin films are found to have a dojeydr deposited on top of them rather
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than implanted. As a result, the characterisatibtheir PL properties demonstrates a
broader emission spectrum and shorter lifetimeatyamatching this of a bulk target glass
rather than uniformly implanted EDTS.

The alternative method of nanopatrticle dispersmoumnideveloped polymer is also studied
on thin films. Two batches of prepared material ased to improve the fabrication
process in terms of the emission properties. Thlimssessment shows that by adding
an additional filtering step in the thin film prepdion procedure stronger
photoluminescence is observed and largest NP aggadions are removed. The lifetime
of the ECG NP dispersed thin film at highest predareight ratio of 12.5% remains at
approximately 6 ms which is longer than in casehef ULPI polymer films range of
3.5-4.2 milliseconds.

The comparison of the thin film properties hastl@the conclusion that most promising
approaches to polymer-platform-compatible EDWA desiare hybrid approach using

EDTS layer as explained in the previous chapterdirett doping via NP dispersion.

More detailed studies on the first of the methodduding design and fabrication

optimisation are presented in Chapter 5. Wavegsydtems based on the ECG-doped
siloxane polymer with relevant experimental and uation results are described in

Chapter 6 of this thesis.
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Chapter 5: Studies of Hybrid EDWAs

The hybrid polymer-glass approach to fabricating\&s takes advantage of the
available highly-doped EDTS thin films investigaiadChapter 4. The benefit of using
this approach comes from a more mature ULPI fabacaprocess in silica glass
compared to a polymer that has in turn led to npooeising thin film characteristics in

terms of their lifetime and photoluminescence istgn

In this chapter, the methodology for designing sasiplifiers is explained in order to
maintain single mode operation for both channel atrp-loaded waveguides. The
corresponding waveguide size and the modal ovénfapmation is then combined in a
full amplifier model with absorption and emissionogs-sections derived from the
material properties. The cross sections are olddhmeugh a combination of McCumber
and Fichtbauer-Ladenburg methods.

Hybrid EDWAs based on known sample propertiesianalated using the rate-equations
model introduced in Chapter 3. The potential arggliain is assessed for both channel
and strip-loaded geometries to compare the potesftiaoth approaches. These are not
only optimised in terms of their Er-Yb ratios, lal$o operating factors, such as available
pump power, are accounted for in the simulatiorsdd on these results, as well as other
factors such as fabrication process, strip-loadectires are prepared using available
EDTS thin films. The polymer ridge deposition pregas optimised to combine two
dissimilar materials to form the designed wavegslide

Furthermore, the prepared hybrid amplifier samplesexperimentally investigated via
SEM, surface roughness inspection, near-field j[goand ASE measurements.
Assessment of these results has led to a concltisairnwhile the strip-loaded hybrid
approach has a potential to form polymer platfoompatible EDWAS, better quality

samples with lower surface roughness are requaedractical devices.

5.1 Parameter Extraction

A number of physical and design parameters areetegdorder to simulate an EDWA
device. While many of the properties have been nredson the Er-doped thin films in
the previous chapter, several characteristics departhe chosen waveguide geometry.

The single mode operation for a square channel guaste is modelled in Chapter 3,
therefore focus on asymmetric geometries is placdtis section. Size and refractive

index requirements for such designs are describedetl as references to the available
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thin film samples are made. Additionally, emissemd absorption cross sections are

derived from the EDTS thin film measurements basethe most promising sample T28.

5.1.1SM operation in hybrid amplifiers

The dimensions of the polymer ridge and the thisknef the doped layer affect the
operating conditions. The focus is placed on theedaas the polymer waveguide
minimum size is determined to be approximatelyx3.5 m? These dimensions are
limited by a combination of the material, whereymoér viscosity limits the minimum

layer thickness, and the fabrication procedure useglre 5-1 shows the investigated
geometries for hybrid EDWAs based on an EDTS lagglanted into a silica glass
substrate. The first approach assumes a squareafabricated by etching the planar
Er-doped layer which is later cladded with a polymmeaterial to reduce the refractive
index difference between remaining EDTS core amdstitrounding material as shown
in Figure 5-1 (a). The additional step of the claddaddition allows for a reduced size

limit for single mode operation through reductidrttee refractive index contrast.

The channel waveguide is used as a benchmarkdattip-loaded geometry which only
requires a single preparation step. In order tceg®a this structure a polymer strip is
deposited on top of the EDTS layer using wavegtateication techniques presented in
Chapter 4. The resulting device uses the princgdlendex guiding to contain the

fundamental mode underneath the ridge [1].

Figure 5-1: Investigated hybrid waveguide geometrie (a) square channel,

(b) strip-loaded with fundamental mode shown ( = 1550 nm)

Two physical properties of the Er-doped thin filmmely refractive index and thickness,
determine the conditions for the single mode ofrafien in the case of a fixed polymer
strip size. The refractive index of the EDTS lajgepredominantly determined by the

erbium and ytterbium co-dopant concentration intdrget glass while the thickness of
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the implanted layer depends on the ULPI parametach as duration. These two
parameters also determine the mode overlap withatiiee erbium-doped region as
presented in Figure 5-2 for the signal wavelenlgtlan efficient amplifier, the overlap is

kept as high as possible in order to maximise ligtgraction with Er ions.

Figure 5-2: Fundamental mode overlap dependence aoped layer thickness and

refractive index with marked three most promising EDTS samples

The highest fundamental mode overlap is achievethérgasing both refractive index
and thickness of the doped layer. The limiting dac¢o this rise is that at a certain point
it leads to first order transverse-electric modaefgguided underneath the polymer ridge.
At this stage the amplifier becomes less efficanthe two coexisting modes have lower
total overlap due to the TEfWimode being more weakly confined in the activeargi
Designing the device to operate in this regime as aptimal. However even highly

multimode EDWAs have been shown to achieve gain [2]

The three EDTS samples with the most promisinggdbotinescence emission strengths

and metastable lifetimes are also plotted in Figuto predict their behaviour. The
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target glass with higher dopant concentration usedhe T-series samples leads to a
higher refractive index compared to C2. It is oleedrthat both T26 and T28 are thicker
than the modelled single mode operation limit. A®sult, a less efficient operation is
expected from these samples compared to the tiwshepredicted hybrid strip-loaded
amplifiers.

5.1.2Emission and absorption cross sections

The emission cross section of a given Er-doped mahtean be approximated using
Fuchtbauer-Ladenburg method discussed in Chagtegation 2.3). The three physical
properties required by this method are: metastabie lifetime, doped layer refractive
index and normalised emission spectrum. All thevaljmarameters have been measured

for EDTS samples as shown on an example of T2&guaré 5-3.

Figure 5-3: Optical characterisation results for T8 sample.

(a) PL intensity profile, (b) metastable lifetime

Figure 5-3(a) presents the normalised PL emisgiectsum in the 1450 nm to 1650 nm
range demonstrating a strong peak at 1534.4 nna &WHM of 24.2 nm. Even though
the exact spectral shape of the emission dependbleohost material and target glass
composition, a comparable linewidth has been olesefnom similar types of materials
[3]. Figure 5-3(b) presents the single exponerdetay with time of the normalised
spontaneous emission light intensity at the peakb8%4 nm. The lifetime of the Er ions
in the material is calculated by a standard proeediifinding the amount of time it takes
for the signal to drop to 36.8% (1/e level) of th&ial value. The existence of a long
metastable time that the erbium ion remains il theenergy level, which in this case is
estimated to be 12.1 ms, shows promise for impléatien of efficient optical amplifiers
using ULPI fabricated EDTS layer.

163



Chapter 5: Studies of Hybrid EDWAs

The effective emission cross sectiarbetween the excitedigl?) and ground ko) levels
using the shape of the photoluminescence specswal¢ulated as shown in Figure 5-4.
The corresponding absorption spectrum requiresnf@eament a full EDWA model is
calculated based on the McCumber theory [4] udiegeiktracted emission cross section.
According to the procedure proposed by Miniscaled Quimby [5], and confirmed for

a range of various materials, these two quantaiegelated with the equation below:
~ ~ _Q° @zUY A q-e@ i W
¢7 ib 0] :tb o

where 5 and e are absorption and emission cross-sections ragelcth andk are
Planck and Boltzmann constantss the temperature,is the net free energy required to
excite one Er ion fromi; to ks and corresponds to the wave frequency. Equation
(5.1 is used to calculate the corresponding absorptioss-section of the fabricated

EDTS layer and is plotted in Figure 5-4.

Figure 5-4: Emission and absorption cross-sectiord the EDTS layer

based on sample T28

The obtained results show that the fabricated saraphibits absorption and emission
cross-sections maxima of very similar magnitudet @f x 10?* cn? at 1534 nm. The
spectral shape also highlights a secondary absargieak around 1485 nm which
corresponds to a potential in-band pumping of thelével without a high probability of
the resultant emission occurring at wavelengthewel525 nm. The obtained cross-

section results for the EDTS layer agree well vilik previous literature reports on
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similar materials (Table 5-1). Although a TZN méaeof this composition has not been
investigated before, similar Er-doped telluritedsglass thin films have been shown to
possess cross-sections in range from 3.45 to 81&F%cn? [6]. The target material with
most resembling chemical constituents of 75F&DZnO-3Na0O-2EpO3 has been
measured to have absorption and emission crosesedf 3.46 and 3.79 x b cn?
respectively [7]. Even though higher cross sectimange been reported as summarised in
Table 5-1, the TZN-doped into silica used herersffomparable cross sections while
maintaining an Er ion lifetime longer than alumif7ad ms) [8], tantala (2.4 ms) [9] or

tellurite glasses (3.5 ms) [10].

Table 5-1: Erbium cross sections in various host nmarials

Absorption cross Emission cross
Host material section section Ref.
[x 102t cn¥] [x 102t cn¥]
75TeQ—20Zn0O-3Na0—-2EpO3 3.5 3.8 [7]
Phosphate glass 5.4 5.3 [11]
Alumina (AlOs) 5.6 4.2 [8]
Tantala (TaOxs) 4.8 4.4 [9]
85.4TeQ-5.5Zn0O-7.2Ng0—-
4.7 4.7 -

0.6ELO3-1.3Y0s3

5.2 Hybrid Structures Modelling

The hybrid geometries described in the previous@eare simulated using a multi-level
rate equations model implemented in the VPl Phaworsoftware. The available
parameters, measured on the T28 sample, are usddsupplemented with values

obtained from similar materials where necessatistesl in Chapter 3.

5.2.1Waveguide Configurations

The channel and strip-loaded waveguide designscdrabe implemented using the Er-
doped thin films (Figure 5-1) are compared with anether in terms of their performance
potential. In both cases the dimensions of the waike are chosen to ensure single mode
operation based on the refractive indices of thsglayer, the polymer materials and the
light wavelength.
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Both of the above geometries are simulated usiegFimmwave software package in
order to check the required feature sizes and m@tertheir operating parameters. The
key derived values for the EDWA simulations are¢elisin Table 5-2 below for both
configurations. In order to obtain these, an ED@&factive index of 1.631 is used as
measured for the T-series samples with the highdgpant concentration of
1.63 x 16t cm3.

Table 5-2: Key waveguide simulation parameters exécted

Parameter Channel Strip-loaded
Size [um] 19x19 1.5 (EDTS thickness)
Overlap factor at signal wavelength (1550 nm) 0.87 0.94
Overlap factor at signal wavelength (980 nm) 0.85 910
Effective Er overlap area [1fn 3.60 8.96

Both of the above geometries show high overlapfaatith the Er-doped area, which is
crucial for efficient utilisation of the dopant ienThe main difference between the two
configurations can be noted when comparing thdacéfie overlap areas. The strip-
loaded waveguide exhibits a larger effective Errlapearea which indicates its stronger
potential for forming a higher gain amplifier. Thésdue to a larger total number of the
dopant ions interacting with both pump and sigigditl The drawback of a larger overlap
area is a requirement for more pump power in ot@@chieve a population inversion in
the device. Additionally, the implementation ofreaonel waveguide based on the EDTS
requires minimally smaller single mode dimensiomspared to the ideal square channel
theoretically discussed in Chapter 3. This is dustasymmetry introduced to the system
by having the core surrounded with polymer fromeéhrsides while the substrate

underneath is a lower refractive index silica glass

Both configurations are modelled and their behavgiudied in the next sections. The
channel waveguide is a typical configuration usedany system applications and the
simulation studies are applicable to similar erbidoped amplifiers obtained using
different fabrication techniques, for example, NBpdrsion in polymer as described in
Chapter 6. This standard device geometry also gesva good performance reference for
the alternative hybrid approach of having a stogded EDWA. This configuration is
investigated due to its fabrication process reqggionly a polymer ridge deposition on
top of the EDTS layer.
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5.2.2Channel Amplifier

The gain performance of a 1-cm-long device is ola@iusing multi-level rate equations

implemented using the VPI Photonics software. Tloelehparameters listed in Chapter
3 are used with adjustments for values experimigreatracted based on sample T28 and

hybrid structure studies.

The main unknown aspects for this structure are upeonversion factor and the
waveguide background loss. As a result, the restthef parameters (total ion
concentration, lifetime and cross-sections) ard kepstant, while these two are varied
to assess their impact on the amplifier’s perforoeaand optimum design. Three values
are used for the background loss: 0.3, 1 and 3mBds 0.3 dB/cm represents a very good
guality waveguide, 1 dB/cm represents an averagditguwaveguide and 3 dB/cm a
worst-case scenario. In terms of the upconversagiof, a similar approach is initially
undertaken with three values chosen based on vadypested in other Er-doped glass
systems: 0.8, 5 and 10 x¥0m’s™. These three scenarios are used to assess infpact o
this energy transfer process, followed by a linealing of the upconversion with the
Erbium concentration as proposed in Chapter 3.

The optimum performance of the EDWA is found byyuag the ratio of erbium and
ytterbium while maintaining the total ion concetia of 1.63 x 18 cm?® constant. This

is investigated through an observation of the dieplk gain at the peak emission
wavelength of 1534 nm for a given pump power.

Figure 5-5 shows the optimised internal gain tlmatld be achieved from a 1-cm-long
device as a function of the pump power (from 0@6 W) and Er:Yb ratio (from 1:99
to 99:1). Figure 5-5 (a-c) show how the backgrolosg affects the device performance.
Comparison of the three graphs indicates that élc&dround loss reduces the achievable
gain of the device for a given pump power. Althotigl highest gain can be achieved by
using a 600 mW pump power, this power is too higghpiractical applications and as a
result, a more realistic pump power of 200 mW isdufor comparing the different plots
(red dashed line in plots).
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Figure 5-5: Gain and Er:Yb ratio optimisation for a 1-cm-long EDWA

with varied upconversion and background losses
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Figure 5-5: Gain and Er:Yb ratio optimisation for a 1-cm-long EDWA

with varied upconversion and background losses (con

For an EDWA with a 1 dB/cm loss (Figure 5-5 a), aximum gain of 4.2 dB can be
achieved with an Er:Yb ratio slightly below 1:2. Wrhthe loss in the waveguide is
changed to 0.3 dB or 3 dB, the maximum gain at 1%®4becomes 5 dB and 1.9 dB
respectively, as shown in Figure 5-5 (b) and (d)e B dB loss increase results in a
2.3 dB gain drop, while the 0.7 dB loss reductiaids a 0.8 dB gain increase. Changing
the background loss affects the intensity of theypsignal along the device length and
therefore the population inversion along the dewacel the achievable gain itself.
However, the variation of the waveguide loss daoassignificantly affect the optimum

Er:Yb ratio for this device, which is found to bgpaoximately 1:2.
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A more pronounced effect on the optimum devicecstme is observed when the
upconversion factor impact is investigated. Inithial scenario shown in Figure 5-5 a),
a strong upconversion effect due to very high erbioncentration is assumed. However,
introduction of ytterbium as a co-dopant not ord{saas a sensitizer for the pump signal,
but it also reduces the effect of upconversion [d2¢ to adding an additional energy
transition in the system as explained in Chaptdh@&refore, Figure 5-5 d) and e) present
simulation results where the upconversion factoedsiced from 10 x ¥ m®s'to 5 and
0.8 x 10 m’s ! respectively. For a design with the pump poweitticthto 200 mW, the
reduction in the upconversion coefficient resuita significant increase in the maximum
achievable internal gain: from 4.2 dB to 6.8 dB &6 dB for the two values studied.
A reduction in the upconversion coefficient by etéa of 2 and 10 increased the internal

gain by 2.6 and 12.6 dB respectively.

The change in the value of the upconversion caefficsignificantly affects the optimum
Er:Yb ratio for the amplifier, changing it from ~2lto ~ 1:1 and ~ 7:1 for the
upconversion coefficients of 5 and 0.8 x23@n°s? respectively. An alternative method
of linearly scaling the upconversion factor betw@08 and 8 x 18 m’s! with the
erbium ion population in range of 0.0163-1.63 %'1dn? is used to compare the previous

fixed value findings with a more dynamic approach.

Figure 5-6 shows the results for a 1-cm-long hylchdnnel amplifier with a 1 dB/cm
background loss. The maximum gain when pumped atrd@® (red dashed line) is
7.7 dB/cm which corresponds to an optimised Eratiorof ~ 1:1. This is approximately
1 dB/cm higher than in case of a fixed upconversamor 5 x 1¢3 m®s? at the same
dopant ratio. These results highlight the imporgarné the upconversion factor for

optimising the amplifier design and achieving ahhigin in this material system.
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Figure 5-6: Gain and Er:Yb ratio optimisation for a 1-cm-long channel EDWA

with 1 dB/cm background loss and linearly scaled ugponversion factor

A summary of the simulation results for the optiadsybrid channel EDWAs is shown
in Table 5-3. These highlight that change in thekeound loss has a negligible effect
on the optimal dopant ratios while the upconversamtor strongly influences the device
design. In the most realistic approach, where p@nversion factor is linearly scaled
with the Er concentration, the best operating coomifor this EDWA design is found

when the structure is doped with 7.5:8.8 x?°16m3® Er:Yb with corresponding

upconversion factor of 3.7 x #dm’st. Additionally, this methodology can be easily
applied to any changes in the operating conditfonshe system, such as pump power,
where a new optimal dopant ratio and correspondeig can be estimated using the

presented plots.
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Table 5-3: Summary of the simulation results for aroptimised channel EDWA

Operating Conditions Optimisation Results
Upconversion coefficient Background Maximum internal Optimum Er:Yb

[x 102 m3sY] loss [dB/cm] gain [dB/cm] ratio

Varying background loss

0.3 1.9 1:2
10 1.0 4.2 1:2
3.0 50 1:2

Varying upconversion coefficient

0.8 16.8 7:1

5 6.8 1:1
1.0

10 4.2 1:2

linearly scaled 7.7 1:1

5.2.3Strip-loaded Amplifier

The same analysis is performed on the second hylankguide geometry and the

respective results for a linearly scaled upconeargactor are shown in Figure 5-7. The
first key observation is a lower potential gainglesthe presence of more dopant ions in
the amplifier, due to a larger overlap area. Thgimam gain of 7.4 dB/cm when pumped

with 200 mW is lower than this achieved from thamhel structure (7.7 dB/cm). This is

due to the fact that at a fixed pump power a lopggrulation inversion can be achieved

in a device with a higher volume, thus, resultingilower overall gain.

In order to counteract the reduced pump energyityemslarger number of ytterbium

ions is required. The optimum Er:Yb ratio for aipaded device that is 1-cm-long is
~ 1:2 compared to ~ 1:1 in the channel structureraipd under the same conditions.
Despite the difference in the active area and agitin:Yb ratio, the achievable gain at
200 mW is only 0.3 dB/cm lower than in case of arstel structure showing that the

strip-loaded geometry is a viable alternative & #mplifier is carefully designed.
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Figure 5-7: Gain and Er:Yb ratio optimisation for a 1-cm-long strip-loaded EDWA
with 1 dB/cm background loss and linearly scaled ugponversion factor

The optimised strip-loaded EDWA is further inveatied in terms of its spectral response
and efficiency as shown in Figure 5-8. It can bsevbed in Figure 5-8 (a) that when the
amplifier is not pumped, very high absorption is@tved across the erbium spectrum
peaking around -12 dB/cm at 1534 nm. As the pureerlé turned on and with power

increased loss becomes smaller and eventuallytemai gain is observed. The design is
optimised for a 200-mW operation (Er:Yb ratio of:&3) leading to a gradual gain

increase until this pump power is reached. Incregisie pump intensity beyond this point

brings almost no benefit to the amplified signal.

The pump power of approximately 85 mW is neededtlier erbium absorption and
background loss to be perfectly countered by amsphibn resulting in device
transparency at 1534 nm. Additionally, when opetaae the designed optimum of
200 mW, the amplifier is observed to provide intdrgain over a wide bandwidth of
137 nm, from 1475 nm to 1612 nm.
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Figure 5-8: Strip-loaded waveguide EDWA results shaing
(a) gain spectrum for various pump powers at Er:Ybratio fixed at 1.2 and

(b) amplifier efficiency at various dopant rations

In terms of the amplifier efficiency, Figure 5-§ (bdicates that, peak performance occurs
at different pump powers depending on the Er:Ylorased. Based on the plotted
examples, it can be observed that by increasing/tieebium content the efficiency is
increased, particularly at low pump powers. Intm@dg more erbium ions reduces the

overall efficiency and shifts the peak gain to leighump powers.

When the two hybrid systems are compared, it indaiat a channel geometry offers a
higher gain when operated at the same maximum pofv200 mW. The difference is
minimised to 0.3 dB/cm by carefully optimising ballksigns in terms of their Er:Yb
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ratios. The highest gain per 1-cm-long waveguide7 af dB/cm and 7.4 dB/cm at
1534 nm is predicted for channel and strip-load@\As with erbium-to-ytterbium
ratios of approximately 1:1 and 1:2, respectivdlgese results are obtained based on
known EDTS thin film properties and assuming baokgd loss to be 1 dB/cm while the

upconversion factor is linearly scaled with thei@n concentration.

53 ) *

The fabrication procedure for siloxane waveguides lbeen presented in Chapter 4 for a
wafer-scale system with polymer core and claddlings methodology is adjusted for the
hybrid polymer-on-glass devices due to two mairtdiec the size of the substrate is
reduced from a 100-mm-diameter wafer to a 20 x 8¢ nectangle and the waveguides
are deposited on EDTS directly, without a plangetaf polymer cladding. The modified
procedure is presented in Figure 5-9 with key ddjests to process parameters
highlighted in steps 3 to 6.

Figure 5-9: Polymer ridge deposition procedure on BTS samples

The initial two steps of the fabrication processeveept unchanged. The only variation
attempted was to use plasma cleaning (40 ccm oxggdd9 mTorr for 1 minute) to
remove impurities from the glass surface. Whilevats found to be useful in terms of
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polymer adhesion by relaxing the carefully optirdisgrocessing steps, it was not
necessary for a successful ridge deposition. Thatidn of the process steps 3-6 is shown
in Figure 5-10 in addition to highlighting how tbhasuccessful attempts have led to the

final protocol.

Figure 5-10: Effects of under- and over-optimal preessing times during different

fabrication steps of the strip-loaded hybrid structres

In general, the soft bake step was found to hagetallest impact on the quality of the
final waveguides. The duration at which the spiated polymer was heated up had to be
reduced from the original 5 minutes due to a vesitképosited layer retraction from the
edges towards the centre of the sample. Furthauctieth beyond 4 minutes was
determined not to make any observable differendkisifabrication stage. Therefore, it
was kept at this duration to maximise the amoursiobfent evaporated in the process.

Duration of the UV exposure and the post bake st established to be crucial factors

in forming good quality features. In case whenegithr both of these times had been set
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too short, the resulting waveguides were underdgesl and come off during the later
stages. Contrarily, running these processes forldéog resulted in well-developed
features that did not properly adhere to the gtastace and formed wave-like patterns

instead of straight lines (Figure 5-10).

The last crucial fabrication step was mesitylengetiment performed in order to
remove any undeveloped material from the surfaceinAthe previous steps optimal
process time was found by varying the duration evhieeping all the other steps
unchanged. In case of a too short developmenblgisesidue traces were observed on
the sample surface with a particularly high denaiyund the waveguides. Alternatively,
developing the sample for too long caused the mies# to detach the waveguides

together with undeveloped polymer material.

5.4 Experimental Studies

Based on the optimised fabrication procedure, thhae-film samples presented in
Chapter 4 were used for waveguide fabrication.pStaded hybrid waveguides were
made using samples T28, O6 and C2 due to theiripnoagnplanar layer characterisation
results. The latter two were initially 20 x 30 rhfarge while T28 was half of this size
(20 x 15 mm). The final length of the waveguides depositedglthe longer side was
shorter than these lengths due to an edge remeedkd to create accessible waveguide

facets on both ends of the samples.

5.4.1Visual Inspection

The three samples were prepared using the optinfedeatation process presented and
waveguides were deposited in order to create hydtrig-loaded devices. The initial
investigation was performed using an optical micope in order to visually assess the
quality of the devices as shown in Figure 5-1Xetms of the waveguide quality, samples
T28 and O6 looked more promising than C2 whereevat undeveloped polymer could
not be removed without damaging the waveguides skares. Furthermore, the best
fabricated structures were 9a-wide as the optimisation only allowed for forneatiof
non-wavy (Figure 5-10) waveguides in a relativedyrow size range that did not cover
the entire width range available on the designeskma
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Figure 5-11: Microscope images of samples T28, O8@&C2
with focus on the sample surface and deposited way@des

Additional checks were also performed on the serfaicthe samples showing various
unexpected features. T28 was discovered to havét smaks on the surface forming

flakes which were believed to be an outcome ohigh temperature of the in-situ heating
during the erbium implantation stage [13]. The saumdace defect was not observed on
either sample C2 nor O6. However, in case of tis¢ dine, the surface was not completely
smooth and relatively large particles of the TZMNj& material deposited on the surface
rather than implanted into the glass were visiBlsimilar phenomena was observed in

the polymer thin films reported in Chapter 4 legdio a belief that the ULPI process still
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needed further optimisation to ensure fabricatibsnsoother doped films as reported in
[14].

To confirm the visual observations made with theroscope, SEM was employed to
further investigate the two samples — T28 and Oprasented in Figure 5-12. The first
sample was chosen to inspect the nature of th&staading to a number of additional
features being spotted. In addition to micron-sipadicles of the target glass seen in
Figure 5-12 b), a number of larger pieces werecedtwith size comparable or larger to
that of the waveguides (Figure 5-12 a)). A muchdveinplantation quality was observed
on the surface of the sample O6 with very few @emfethe target glass deposited on top

of the surface rather than implanted (Figure 5-)2 d

Figure 5-12: SEM images of samples T28 [a), b)] arn@6 [c), d)]

5.4.2Near-field Profile Measurements

In addition to visual inspection, near-field pre8l were recorded as shown in
Figure 5-13 a) and b). The most promising resutsewecorded using red HeNe laser
sample on sample T28 where light modes under tife & well as in the strip were

recorded depending on the lensed fibre alignmeme. Skructure was found to be highly
multi-modal due to its size as the ridge was fotmbe 9 x 15 m?. This size was also

confirmed through a profilometer measurement.
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Figure 5-13: Sample T28 investigation: a) & b) neafield profiles, ¢) sample edge
view highlighting high-power damage and d) green ugonversion light

Furthermore, the sample was investigated for gligahupconversion emission through
976 nm pumping as on the setup shown in Figure.5Fd pump power was increased
to find the maximum that could be delivered to $lgstem before polymer was damaged
(Figure 5-13 c)). It was found that less than 400/ roould be delivered before the
polymer waveguide was destroyed. With this limimind, it was possible to observe a
weak green upconversion light only in sample T28peessented in Figure 5-13 d).
Through this investigation a problem of poor qualitaveguiding became apparent. A
green light was expected to cover the entire lenfthe sample [15] while in this work

only small traces were visible in a number of pei@ibng the sample.

5.4.3ASE Measurements
Amplified spontaneous emission measurements weaferpeed on the most promising

ridges using the setup presented in Figure 5-1Howtitthe tuneable laser turned on. The
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intensity of the erbium emission spectrum was megkat the output and input of the

sample under a 976 nm pump excitation.

Figure 5-14: Amplifier characterisation setup

The results of the measurement are presented ure-igr15 for the two ridges with
strongest signals on sample T28. The first obsenvatas that the ASE power is very
weak, under -80 dBm for all wavelengths. In theargjgnal stronger than -50 dBm was
expected based on the high dopant concentratidr68fx 16 cm?® and the pump power
of over 300 mW. This expectation was confirmed hyeaperimentally measured ASE
peak of -51 dBm in a system with lower erbium concaion (1.1 x 1 cm?®) and
pumped at much lower power of 180 mW [16]. Addiaby, a difference of almost 8 dB
between signal measured at the front and backeasample indicated that the light is not

guided well underneath the polymer strip and hagsés were incurred along the sample.
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Figure 5-15: ASE emission from front and back of T8 sample

5.4.4Surface Roughness

The final confirmation of the underlying problemgiwthe hybrid glass-polymer system
presented in this thesis was made through measti@gsurface roughness of the
fabricated samples. A height of a 3-mm-long secéimyund the central part of samples
T28 and C2 was measured using a profilometer. Diareed outline was then averaged
over the entire length and the distance from theyage for both samples is plotted in
Figure 5-16. It was noticed that sample T28 hasgel variation and in some cases peaks
over 1 m higher than the average could be observed. Tdtarrean square (RMS) value
was calculated to be 193.3 nm and 95.8 nm for Ti2BGR respectively. This was a large
value, particularly when compared with 46 nm expentally measured on

UV-photolithography-developed siloxane polymers][16

The importance of low surface roughness is highdighby the impact it has on the
propagation loss in optical waveguides. This soofdess can be theoretically quantified
using Gaussian statistics with the upper bounéfsingle mode planar structure shown
in Equation (5.2) [17].

no "CE|

Ce o
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where is the scattering loss,is the surface roughnes$s, d andn; are the free-space
wavenumber, planar layer thickness and refractidex respectively. The quadratic
relationship between the scattering loss and tifaseiroughness stresses the importance

of smooth waveguide boundaries for low-loss trassion.

This formula is a useful tool to estimate the maximpotential loss and emphasise its
dependence on the surface roughness. It needsusebecarefully, due to the number of
the underlying assumptions. The single mode assamaliowing usage of this equation
is not true for T28 (sample too thick), but in cadeC2 the upper bound on the slab
waveguide can be estimated to be 82 dB/cm. Evemgththis number shows that the
scattering loss can be expected to be very highafeurface with this roughness, in
practice this number should be much lower due &sqmce of the polymer ridge that

reduces the refractive index contrast.

Figure 5-16: Surface roughness measurements for sahas T28 and C2

showing large deviation

5.5+

The combination of the ULPI fabrication in silickags and siloxane materials to create
hybrid waveguide structures has a potential toea@hhigh-gain erbium-doped optical
amplifiers. In this chapter, the performance ofrsEOWASs via simulation studies based

on the parameters of the fabricated Er-doped dgg®ss is investigated. Two common

183



Chapter 5: Studies of Hybrid EDWAs

waveguide configurations: the channel and strigidobgeometry are compared in terms
of their performance. Simulation results on a liomg channel EDWA provide
optimisation guidelines for the co-doping of Er afa as a function of the background
waveguide loss and upconversion coefficient. Theyshas shown that variation in the
background loss has a minimal impact on the prefaieerbium-to-ytterbium ratio,

while change in the upconversion factor resulta great shift in this optimum.

The investigated scenarios reveal that, when purap2d0 mW, a 1-cm-long device can
produce a gain of 4.2 dB even when worst case socerfar upconversion
(10 x 10?® m’s?) is accounted for. In the more realistic case, wthe upconversion
factor is scaled linearly with erbium concentrafiahe optimal Er:Yb ratio of
approximately 1:1 yields a gain of 7.7 dB/cm inyédtid channel waveguide. This result
indicates that an optimised system with a fixedahdwoncentration of 1.63 x 3@m?3

has potential of delivering high gain even whenrafesl at moderate pumping powers.

Strip-loaded waveguide is an alternative hybridngewy which has the benefit of a single
step ridge deposition fabrication. It is shown tnader the same single mode assumptions
as for channel structure a similar internal gaguife of 7.4 dB is theoretically possible.
This is achieved by adjusting the Er:Yb ratio t8 Where the new maximum is found for

the given operating conditions.

The polymer waveguide lithography process is adpisior a small glass sample
deposition required for fabrication of hybrid sttgaded structures. This is then used to
prepare three samples for the hybrid EDWA studidge experimental analysis via
microscope (including SEM), ASE measurements anfdael profiling has revealed that
the fabricated structures do not perform in acaoecdato the simulation studies. It is
believed that a combination of rough surface (RM&nge of 95.8-193.3 nm) and larger
than required polymer waveguides have been the oaises behind this disappointing
outcome. However, the latter reason is believeaetonly a secondary problem as high-
gain (6.6 dB/cm) multimode erbium-doped amplifieese been demonstrated in the past
[18]. Therefore, to fully benefit from the high @rbn concentration provided though the
ULPI, further optimisation of the process parangisrrequired to reduce the surface

roughness while maintaining favourable propertiessared in thin films.

Despite the fact that the hybrid EDWAs have notnbseccessfully realised, the
optimisation approach proposed in this chapter &a®t of potential to improve
performance of alternative designs based on oifstemms, particularly ones with all the

parameters, including the key upconversion faetetl-established through experimental
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studies. The presented optimisation based on polgneULPI technologies is still valid

and, with the high surface roughness eliminated,memployed in future as recently

shown in similar, non-optimised, hybrid structuf&3.
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Chapter 6: Erbium-doped Polymer Waveguides

Work on the design, fabrication and characterisatibhybrid structures was presented
in the previous chapter. Even though these polygtess devices are compatible with the
polymer platform, the erbium is confined in thesgi@nd an organic waveguide is added
on top. However, as seen in the state-of-the-aiewein Chapter 2, direct doping of

polymers has resulted in the highest reportedniategain in EDWAS to date.

In this chapter, purely polymer-based systems assemted using the fabrication
technologies and processing steps introduced ipt€hd. Based on the Er-doped thin
film characterisation of the ULPI as well as namntipke dispersion obtained samples, the

latter technique is selected for NP-doped waveguigidementation in this thesis.

The fabrication of Er-doped polymer waveguidesissuissed highlighting changes from
the original protocol for an undoped material. Haelitional steps of membrane filtering
and ultrasonication are investigated to assessithpact on NP dispersion uniformity.

The fabricated waveguides are then visually inggk@nd characterised using the
methodology presented in the previous chapterditiad to transmission measurements

across the erbium emission spectrum.

The measurement results are then used to extrditomdl parameters for simulation
studies of the NP-doped polymer amplifiers. Thession and absorption cross sections
are estimated using the McCumber theorem leading good match between the
analytical model and measurements in terms of theéctral shapes. The main loss
contributors and the Er-concentration are deriwdaffull EDWA simulation based on

cross section results combined with a Rayleightedag model.

Furthermore, the EGC NP-doped polymer EDWAs areeatted using the rate-equations

model introduced in Chapter 3 and employed in Givelpt The parameters are adjusted
with the fabricated material properties showingo@d) match with the experimental

values. The leading cause of poor performance tsradned and a potential device

performance with reduced scattering losses is ptedeand compared with alternative
state-of-the-art NP-doped polymer systems.

6.1 Device Fabrication

The erbium-doped waveguides presented in this ehapre prepared by combining the
results of the thin-film analysis and the optimigealymer-only fabrication process

discussed in Chapter 4. The protocol was adjustexttount for additional processing
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steps such as ultrasonication and filtering ofdbped core material as summarised in

Figure 6-1.

Several wafers were prepared with the availablesristof various NP concentrations.
In every case the wafer fabrication process wasegled by a material preparation that
was not required in the case of the pure WG-2026 polymer. The additional steps after
the core material and the nanoparticles were miggdther included magnetic stirring
and ultrasonication. These processes were empioyedler to ensure a more uniform

dopant distribution as well as to reduce partiggl@meration in the solution.

The remaining steps in the process followed tharopéd wafer scale protocol for all-
polymer systems with an additional optional stemeimbrane filtering. This addition to
the process was an outcome of the Er-doped thim ¢tharacterisation performed in
Chapter 4 with the most promising syringe membrsine of 200 nm used during the
wafer-scale core material deposition before the-spiating step. All the wafers prepared
using this procedure included this additional fedtion step except for the lowest
concentration of 0.05 wt.% used as a referencthihigher concentration devices.

Figure 6-1: Fabrication process flow for EGC-dopedolymer wafers
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Based on the optimised fabrication procedure, foafers were fabricated for further
investigation. Two of them were used as referentas. first was prepared using an
undoped WG-2020 core material while the second &@ddw NP concentration of

0.05 wt.% and waveguides were produced withoutatthditional filtering step. The

remaining two wafers were prepared using highercentrations of 5.1 wt.% and
9.8 wt.%.

6.2 Device Characterisation

In this section the fabricated EGC-doped polymevegaiides are characterised, and the
results discussed. The prepared wafers were wsirapected and the highest quality
sections diced into smaller samples for furtheresgtigation. Near-field profile
observations were used to assess the waveguiditent@d and the most promising
components were selected to measure the transmisgimss the 1475-1575 nm

wavelength range of interest.

6.2.1Visual Inspection

The fabricated wafers were inspected visually \&itimicroscope to assess the quality of
the waveguides as well as to identify any potensistles arising during the fabrication

process. The images of the waveguides post falaicas well as the central section of

the wafer are summarised in Figure 6-2. The und@oégmner wafer was prepared as a

reference with good quality waveguide sectiongolesi

Initially, the lowest concentration of 0.05 wt.%nugarticles was used to investigate the
outcome of the process without the additional rfilig step. After the spin-coating step

large NP agglomerations were visible on the surfeitie sizes greater than those of the
designed waveguides. After UV photolithography aleselopment, even waveguides

that were not completely damaged by the largesicpes had very rough surfaces. This

was demonstrated through a highly granular andhoffteerrupted waveguide surface.

As a result of these observations, wafers weregegpwith the additional filtering step
to remove the largest nanoparticle agglomeratiomsnfthe mix. Much higher
concentrations of 5.1 and 9.8 wt.% (shown in Figbt2) were chosen based on the
available material mixes. These two concentratiafs highlighted an important
phenomenon occurring during the fabrication pracdgspite the additional filtering

step, agglomerations larger than the membranef@imeed on the wafer after the initial
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deposition. This led to a yellowing of the waferfage as well as visible damage to the

obtained waveguides.

Figure 6-2: Waveguide and wafer surface for EGC-dogd polymers

at various concentrations
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The visible particle agglomeration prompted furthrewestigation into the cause of the
guality deterioration of the deposited materiatsithe same outcome was not visible in
the previously fabricated thin films using the samegerial as reported in Chapter 4. The
analysis of the differences in the fabrication pool led to a notion that the rotation speed
during the spin-coating step was the biggest chaeggeen the two processes. In order
to test this theory, the remainder of the matevis used to prepare smaller 30 x 20mm
samples using an identical process except for pienig speed which varied from
1000 to 5000 rpm.

The prepared samples were then measured using féompeder to check for any
differences in the surface roughness. The RMStesbltained across the 6-mm-section
taken in the middle of the samples showed an iserea the surface roughness as
presented in Figure 6-3. A smooth surface with Riui8er 100 nm was measured at
1000 rpm used for thin film fabrication in Chap#r However, for the waveguide
fabrication on a wafer scale in this chapter, atmhigher speed of 4000 rpm resulted in
a rougher surface with RMS of almost 7000 nm agatdd in this measurement. This
result confirmed that the quality degradation peobl observed during the wafer
fabrication process was most likely an outcoménefihcreased rotation speed during the

Spin-coating process.

Figure 6-3: Surface roughness variation over spinaating speed

of NP-doped polymer based on 30 x 20 ninsamples
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6.2.2Near-field Profile Measurements

The visual inspection of the fabricated waveguidas followed by dicing of the wafers
into smaller sections to identify best quality wauieles for further testing. Straight
sections were investigated via red-light illumioatiused in the previous chapter to find

candidates with the strongest output.

The near-field profiles and images of the wavegtadets made from the 5.1 wt.% EGC
material were recorded with examples shown in Fadisd. As a result of this testing, it
was observed that waveguides with larger crossesec{approximately 9 x 5m? as

confirmed with a profilometer measurement) possksksarer output profiles. However,
due to the relatively large size of these featumesombination with the lack of the top

cladding, a multimodal behaviour was observed as/shn Figure 6-4.

Even though the large size was not desirable dueedacing the potential device
efficiency, similar sized devices without the tdadding have been reported with a low
internal gain [1][2]. Furthermore, the lack of ik particle agglomerations on a set of
waveguides of this size was believed to allow fansmission measurements and to
provide useful information in terms of losses doeatlditional scattering from the

dispersed particles inside of the waveguide.

Figure 6-4: Waveguide facet pictures after dicing ad near-field images

under red-light illumination of the most promising waveguides

193



Chapter 6: Erbium-doped Polymer Waveguides

6.2.3Gain/Loss Measurements

The NP-doped polymer waveguides were investigatgdguthe experimental setup
shown in Figure 6-5. Their loss performance in4&5-1575 nm wavelength range was
measured using a tuneable laser (HP 8168E) andabgpectrum analyser (Yokogawa
AQ6370D) with the pump laser turned off during measent. The same measurement
was repeated with the pump laser turned on as a®llwithout the sample for
a back-to-back (B2B) reference.

Figure 6-5: Er-doped waveguide transmission charderisation setup

As a result of the measurements across the samphgghly promising 1.4-cm-long
waveguide was found and fully characterised. Tiserition loss was calculated through
measurements with and without the sample as platideigure 6-6 a). The obtained
spectrum indicated that the signal across theeemt@asurement range experienced much
higher loss than expected based on the used polymatarial investigated in Chapter 4.
Furthermore, the observed shape was similar tpiaglerbium absorption band [3]-[5]
with some minor differences. The absorption peak5&3 nm matched well the value
expected for Er; however, the secondary peak oogubrelow 1500 nm was larger than

anticipated relative to the maximum.

Another outcome of the measurements was a calenlafithe signal enhancement along
the sample under approximately 300 mW pumping a®/slin Figure 6-6 b). The relative
difference resulting from pumping was only up ta@R which was lower than 7.6 dB
reported in a similar polymer amplifier attempt.[6]
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Figure 6-6: The results of a) insertion loss measament and

b) signal enhancement as a result of pumping

The poor transmission results combined with visuspection results prompted a further
analysis into the underlying causes of this behavidn order to gain a better
understanding of the high losses and low relatiai®,gmodelling of the various loss
sources was performed and then combined with tharuplifier model as reported in

the next section.

6.3 , -

The obtained insertion loss of a 1.4 cm long NPedopolymer waveguide across the
erbium emission region was too high to form efintieaveguide amplifiers. As a result,
the underlying loss components were identified, Hredr magnitude was estimated in
order to better understand the limitations in theswved device performance. Three main
loss components could be recognised: propagatiah @upling loss due light
propagation in the polymer waveguide (polymer-onsgattering (Rayleigh) loss due to
the presence of the NPs in the polymer core métana erbium absorption loss due to

the presence of the Er ions.

6.3.1Loss Component Breakdown
The initial loss component breakdown was perforrmethree stages to estimate the
contribution of various components as shown in fédit7. These results were obtained

through a combination of additional experimentalmgements as well as theoretical
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modelling, as described below. The final outcomes wWeen compared to a simulated

EDWA system to check the assumptions made in theess.

Figure 6-7: Insertion loss (red line) of a 1.4-cmeing NP-doped waveguide

and estimated loss components

Firstly, the polymer-only loss was estimated usangon-doped polymer waveguide of
the same dimensions and length. The wafer was m@p#llowing an identical
fabrication procedure, with WG-2020 material asi@ecand then diced into equally sized
samples. The values obtained this way were usegptesent the underlying waveguide
propagation loss as well as the coupling loss thaut of the device.

In order to distinguish between the remaining twgnal attenuation sources an
assumption regarding the erbium absorption at ijfeelst recorded wavelength had to be
made. The fact that very low Er-induced absorplosses are expected at 1575 nm [4]
meant that the remaining loss at this wavelengthidcdve assigned to NP-induced

scattering in the waveguide.

The scattering loss is calculated using a Rayleigbel [7] with the scattering coefficient
and the resulting loss estimated using equatiah% &nd 3.15 introduced in Chapter 3,
respectively. The analysis reveals a scattering hitween 11 dB and 14 dB for the
wavelength range studied. The lowest value is aedigo the difference between the

polymer and total losses. Then based on this,dbe Value is fitted into the model to
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arrive at the highest scattering value of 14 dB4at nm as expected from the wavelength

dependence of the Rayleigh loss.

In order to obtain a more detailed picture of thspdrsed nanoparticles, further
investigation using the Rayleigh scattering modas werformed as shown in Figure 6-8.
The ceria (EGC) and phosphate NPs were investigatedarious concentrations to
provide a better understanding of the impact ofigarsize and type on scattering. The
second material was added as a reference to theus&Cin this work and a phosphate
glass was chosen as it was previously investigaseal material for polymer dispersion
[8]. The key difference between the two materiajsih their refractive indices where the
typical range for erbium-doped ceria is 2.0-2.2, [H0] compared to 1.5-1.6 for
rare-earth-doped phosphate [11]-[13].

As a result of much smaller refractive index costttzetween the spherical nanoparticles
and the polymer host, the acceptable particle feiz@ given scattering loss level was
much higher for the phosphate glass. In order epkbe NP-induced scattering arising
from a 10% doped mix at a reasonable 1 dB/cm l#nestheoretical dopant radius limit
for EGC was 14 nm compared to 74 nm in the caskeoPO.:Er. Furthermore, in both
cases increasing the concentration of the dispetgpdnt in the mix resulted in a higher
Rayleigh loss. The important assumptions in thisiehavere that the particles had a very
narrow size distribution and were homogenouslya&sl which might not always be

the case in practice.

Figure 6-8: Dependence of the scattering loss at3®nm on the NP radius

for ceria and phosphate mixed with polymer
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The above model for ceria nanoparticles was usedder to approximate the size of the
NPs in the waveguide. For a 5.1% concentration@CEthe particle radius required to
match the estimated loss of 11.9 dB (8.5 dB/cnf)5&0 nm was 36 nm. This estimate
indicated that there was particle agglomeratiomtaklace in the doped polymer as the
pre-mixing particle size was in the range of 7@ain as shown in Chapter 4. In practice,
however, the resulting particle size was likelyp&oeven higher as the 200-nm-membrane
filtering process was expected to remove the largesa clusters, thus reducing the
actual NP concentration. Therefore, based on thikesing loss estimate, the lower limit
to the ceria cluster radius was predicted to barB6but was expected to be larger than

this value.

The remaining loss in the source breakdown predentd-igure 6-7 was assigned to
erbium absorption. This was verified in the follogi section by comparing it to a
predicted absorption spectrum obtained throughptieeiously introduced McCumber

theorem.

6.3.2Parameter Extraction

In order to validate the above transmission losslyais, the procedure proposed by
Miniscalco [14] was employed to derive the Er apsion cross section from the thin film

photoluminescence in the same way as for the EDAr8Spkes in Chapter 5. This

procedure enabled not only the comparison betwkerexperimental and theoretical
erbium absorption spectra but also estimation ef Enbium concentration inside the

waveguide.

The measured emission spectrum of the Er-dopedfitimrpresented in Chapter 4 was
used to calculate the emission cross section ahtterial as shown in Figure 6-9 a). The
corresponding absorption cross section was thewadkusing the Flichbauer-Ladenburg
method. The expected shape of the absorption specivas measured [15], but no
guantified cross section results for erbium-dopediacin the 1500-1600 nm range were

found to compare with the values predicted in wosk.

Finally, the Er absorption loss predicted throuigh McCumber theorem (red line) and
the loss analysis of the experimental results gyeline) were compared as presented in
Figure 6-9 b). Relatively good agreement was okthiretween the two methods with a
high correlation factor of 0.8. The two spectrabpense shapes exhibited peak
absorbance around 1531 nm and a smaller secondakylgelow 1500 nm. The good

match between the two results not only validatedaihove loss component analysis, but
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also allowed for an estimation of the erbium com@ion. The absorbance matching
through the least mean square error method leddpant ion valuation at approximately
1.5 x 13° cm®. This result was an order of magnitude lower ttranvalue reported in
the EDTS glass layer in the previous chapter bt bedieved to have the potential for
the provision of the internal gain. In order toesssthe suitability and perspectives of this
doping approach, the cross section and concemnirpicameters derived here were used

for a more detailed amplifier study presented arbxt section.

Figure 6-9: Er-absorption analysis: a) expected almsption cross section based on

the McCumber theorem and b) matching with the measted absorption
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6.3.3Model Variation
As a result of the above loss analysis, it was kemied that the fabricated NP-doped

polymer waveguides suffer from a very large scaiteloss due to particle clustering in
the polymer matrix. Even in the case of the besiiobd features with no visible ceria
agglomerations the losses were estimated to beeirainge of 11 to 14 dB. However, the
analysis process also predicted that the Er coratent in the waveguide would be
approximately 1.5 x #8cmi3,

The rate equations model put forward in Chaptera8 then used to further investigate
an EDWA relying on extracted parameters. The reshibwn in Figure 6-10 are based
on the measured 1.4-cm-long Er-doped waveguidéhtitht rectangular cross-section of

9x5 m.

Figure 6-10: NP-doped waveguide simulations showire) gain and

b) signal enhancement for various pump powers
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Most of the key parameters such as the lifetimepgiiion/emission cross sections and
background loss were derived experimentally, exfepghe upconversion factor that was
unknown. Even though the erbium concentration veisnated to be 1.5 x #dcm?,
which was an order of magnitude lower than obtaittedugh ULPI, there was no
ytterbium in the mix. Furthermore, the great ing¢ri@ the upconversion efficiency of
ceria nanopowders [15]-[17] indicated that a veghtvalue of 10 x 18 m®s? should
be used in this case.

The simulation results confirmed the very high éssexceeding 25 dB that were
measured in the waveguide (Figure 6-10 a)) as agethe poor response to the pump
power (Figure 6-10 b)). The simulation results sbdvithat a combination of high
upconversion and scattering losses prevent sign@reement from reaching 3.5 dB
even at the relatively high pump power of 300 m\WMe Tpredicted low internal gain
confirmed that high scattering losses were detrialda the device operation as they not

only reduced the magnitude of the signal but alsordshed the pump power absorption.

The measured signal enhancement was then compétrethessimulations to check if a

good agreement was obtained, as presented in Faylifie The resultant plots had a
correlation factor of 0.62 and a poor match wasioled at lower wavelengths of the
investigated range. A possible explanation for rdigancies in shape between the two
plots was the fact that the measured signal wasweak and, therefore, prone to noise.

Figure 6-11: Signal enhancement spectrum matching @xperimental

measurements and model predictions
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In order to match the magnitudes across the irgegstil range, RMSE minimisation was
performed on the simulation results. This apprdadto a pump power at the waveguide
input estimate of 110 mW. Even though approxima889 mW were launched in the
experiment, when the component losses on the sigatof the setup and the coupling

loss in the waveguide were accounted for, a sinmdduie was expected.

6.4 Waveguide Potential Validation

The results of experiments and simulations botlcatdd that the poor performance of
the investigated device made it unsuitable foraigmplification. The main reason was
apportioned to the very high scattering lossesirgrisrom poor dopant particle

dispersion. To validate the potential of this ag@mtoand, in particular, the utilisation of
the EGC NPs employed in this work, additional satiohs were run. Throughout this
study, the impact of scattering loss as well aserotvaveguide properties were

investigated.

6.4.1Scattering Loss

The high scattering loss estimated in the prevgagsion prevented the waveguide from
performing the desired operation. In order to itigage the potential to form an EDWA
using this approach three scenarios, based onxthected parameters, were explored as

shown in Figure 6-12.

In the first case, a 1-cm-long device was assuneedhave a background loss of
11.6 dB/cm corresponding to previously estimated $¢Rttering (9.3 dB/cm) and

polymer loss (2.3 dB/cm). The combined impact rtesbin a consistent loss with erbium
absorption further contributing to signal poweruetion. The high losses also meant that
even at pump power of 300 mW only minimal signaharcement was possible at

wavelengths above 1560 nm (signal above the ddsted

The second scenario, shown in Figure 6-12 b), asduhat the scattering loss due to the
EGC patrticles was reduced to 0.3 dB/cm achievabmilar NP-doped systems [18].
Even in this case 300 mW were required in ord@vercome the Er absorption losses at
the peak wavelength of 1534 nm. Better performavaobserved at longer wavelengths
where small relative gain of up to 0.5 dB/cm wasgidle. This result highlighted that
even though signal enhancement was achieved, amahtgain was not possible in a

large, multi-mode waveguide fabricated using théemas used in this work.
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Figure 6-12: NP-dispersed EDWA simulations with bakground loss set to
a) 11.6 dB/cm, b) 2.6 dB/cm and c) 0 dB/cm
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In the final scenario, plotted in Figure 6-12 q), ideal case of a lossless device was
considered to check the possible gain magnitudetla@damplification spectrum. An
internal gain of 0.8 dB/cm peaking at 1538 nm iatkd an important design issue. As a
result of the device’s large cross-section area (#B), higher pump powers were
required to provide population inversion of thegnumber of Er ions. This effect was
additionally compounded by the upconversion prgcksther reducing the number of
erbium ions available for the stimulated emissiartie radiativélis: level.

A further check of the effect of high backgrounddavas performed by comparing the
expected reduction in the device’s gain with thewations as shown in Figure 6-13.
This plot was obtained by comparing the magnitudé® signal at 1534 nm in the three
scenarios considered above. While a backgroundoo2s or 11.6 dB/cm would have
indicated expected reduction in the gain magnitiod@atch these values, a larger drop
was calculated in practice. An additional 0.5 dBl g dB difference was found,
respectively. This indicated that, as a resulhefligh scattering loss, not only the signal
itself but also the pump power was reduced aloegittvice. This in turn led to a lower

population inversion and thus further decreasegbttential gain.

Figure 6-13: Excess reduction in the device gain @uo scattering

6.4.2Solubility Limit
The simulations in the previous section confirnteat the combination of high scattering
losses and large waveguide dimensions preventedfficeent operation of the device.

Based on the available mask for photolithographg,minimum waveguide size of 8
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was simulated to further investigate the potenpatformance of the EGC-doped

polymer.

Simulations of a single mode 3 x &2 waveguide were run to examine the impact of
reducing the device dimensions as well as incrgabia erbium concentration from 5 to
10 wt.% as shown in Figure 6-14. Two key conclusiarere drawn based on the result
of decreasing the device size: much lower pump poaguirements for the population
inversion and more efficient utilisation of the ian ions. This was particularly visible
in the case of lower dopant concentration wher@oks contributed to signal power

increase across almost the entire investigated leagth range.

Figure 6-14: EGC-doped polymer gain potential basedn a 3 x 3 m? channel

waveguide with 5 and 10 wt.% NP concentration
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However, even with this improvement in efficienegreal enhancement was not strong
enough to generate a net internal gain in the ciee device with parameters as listed
in Table 6-1. At the peak emission wavelength nitdoss was reduced to approximately
0.1 dB/cm for both erbium concentrations of 1.5 ar@ix 16° cm®. This indicated that
at the lower concentration, net internal gain watspossible in a system that combined a
relatively high upconversion factor and backgroloss. In the case of the higher dopant
concentration, internal gain was possible at tlghdn pump power of 320 mW. This
meant that the system was capable of overcominggbagnd losses but was power
inefficient as it required unsustainable pumpingels to do so. A potential solution in
this case is to further reduce the device dimermssiororder to increase pump density

while maintaining or reducing the absolute value.

Table 6-1: Key simulation parameters used for NP-doed polymer studies

Parameter Sym. Value used Reference
Er concentration B 1.5/3.0 x 1&# m3

Er lifetime "Er 5.6 ms

Er absorption (1533) #12 8.8x 102° ¥

Er emission (1533) #o1 9.0x 102°

Er absorption (976) #13 4.5% 102 n?

Upconversion coefficient G 1 x 10?2 m’s?t [8],[19]
Erbium cross-relaxation &£ 0.7 x 1072 m’s?t [8],[19]
Overlap factors $s.$p 0.76, 0.80

Active region area A 9m?

Background loss slp,lj 2.6 dB/cm

6.4.3Discussion

In this section the potential of combining the #aale EGC nanoparticles with siloxane
polymer is examined. Experimental measurementswatlo for the estimation of
important amplifier parameters such as Er lifetireejission and absorption cross
sections, background loss and dopant concentraBased on these values, EDWA
simulations were run showing the difficulty of aefing practical levels of internal gain
with the undertaken approach. In order to bettefeustand the underlying problems, a
comparison with two recently reported nanocompasistems was performed as shown
in Table 6-2.
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The two systems were selected as they emphasideethdesign factors required for
successful NP-doped polymer systems. In case opliosphate glass particles [8], a
purely theoretical study was performed exploringpaat of particle size and NP
concentration on the device performance. A moral vibmparison is made with
NaYF4/NaLuF4-doped PMMA [20] as it also offers gisi into the fabrication of this
type of composite materials. This work employeckesiell structures, which were based
on a two-step preparation. Initially NPs were olaoid coated and copolymerised with
methyl methacrylate and only after that a covaleking nanocomposite was
synthesised. The benefit of the increased fabdnatomplexity was demonstrated by
very good optical properties such as long erbidietifne and high measured internal gain.
This in turn indicates relatively low excess saatte losses and uniform particle

distribution without clustering despite the relatiwhigh Er/Yb concentration used.

Table 6-2: Simulation parameters comparison betweethis work

and best reported values

EGC + siloxane P202: Er/Yb + NaYF4/NaLuFa:

Parameter
(this work) PMMA [8] Er/'Yb + PMMA [20]

Er concentration 1.5 x 3om? 1.0 x 165 m3 2.8 x 16 m’3
Yb concentration - 5.0 x #om3 28 x 16°m?
Er lifetime 5.6 ms 10.0 ms 12.0 ms
Yb lifetime - 2.0 ms 1.86 ms
Er absorption (1533) 8.8x 102 n? 6.6x 102° m? 9.5x 102 n?
Er emission (1533)  9.0x 10% n? 9.0x 102° 2.7x10% n?
Er/Yb absorption 45 x 1075 12 2.58/2.5x 102° > 36/100¢ 1075 1P
(976) m?
Upco.n?/ersmn 1 x 102 m’st 1 x 10 m¥s* 0.41 x 1 m’s™
coefficient
Er cross-relaxation 0.7 x dm’s? 0.7 x 1072 m’s’ 3.4 x 1072 m’s?t
Overlap factors 0.76, 0.80 - 0.848, 0.87
Active region area om? - 26 m? (ridge)
Pump power 300 mW 1 mWi? 400 mW
NP size 12 nm 10-100 nm -
Background loss 2.6 dB/cm - -
Internal gain -0.1 dB/cm up to 12 dB/cm 11.6 dB/cm
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The first key observation was that both approacdtegmorted in the literature took
advantage of ytterbium co-doping. This addition ooty allowed for more efficient
pump absorption but also reduced the upconverdfenteThis was expected based on
studies performed in previous chapters on the UhkBticated and optimised samples,
but it was not possible to take advantage of thithis case due to the lack of material

availability.

In terms of absorption and emission cross sectibasstimated values for EGC were
very similar to those of phosphate glass NPs itisigaa comparable potential in this
regard. Much higher erbium peak emission/absorptioross sections of
2.7/9.5x 10%* m? were reported for the core-shell NaMrarticles. An even higher pump
absorption of 1.0x 102 m? was provided by the ytterbium ions, making it altmwvso
orders of magnitude better than the estimate ferciria particles used in this work.
Furthermore, the alternative approaches both haetl@iom lifetime which was almost
twice as long, i.e. 10 and 12 ms faO? and NaYk nanocrystals, respectively. While
this difference did not fully explain the perforntandifference, it was an important factor

in reducing the ceria nanoparticle performance.

A minimal difference was found among the three apphes in terms of their
upconversion factors. While the same, relativeghhralues were used in this work and
in the case of the2P» NPs, as explained in the previous sections, the-sloell structures
relied on fitting the experimental results to estien the upconversion factor as
0.41 x 10?> m’s™. This value was less than half of that used is thork, further
explaining the reason behind the performance diffee. It must be emphasised that the
value used for ceria was a conservative estimatecban the reports of relatively high
visible light upconversion [15]. However, an evagher value of 3.2 x & m’s'has

been previously reported in the past for certarlicypolymer complexes [21].

Finally, an important distinction was noticed camieg the properties of the
nanoparticles themselves. In both of the abovealitee reports, a small refractive index
contrast below 0.1 was achieved between the domarttspolymer core. This in turn
allowed for a relaxed limit on the particle sizesagn by the 100 nm used in the case of
phosphate glass NPs. For ceria used in this warkahtrast was almost 0.5, resulting in
a much lower requirement of approximately 12 nmtkar particle size in order to keep

the NP scattering loss at a low level of 0.3 dB/cm.
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6.5 Conclusions

The dispersion of EGC nanoparticles in the siloxppgymer was investigated as a
potential means for the formation of EDWAs. In tbipter, the fabrication process was
explained showing the difficulty of obtaining higjuality waveguides even with the
introduction of additional processing steps such rasmbrane filtration and
ultrasonication. Numerous fabrication attempts wiglnious NP concentrations resulted
in limited success and a low yield. After a numbgvisual inspection and transmission

tests, the best performing waveguide section wasteel for more detailed analysis.

The loss measurements across the erbium emisstotrgm allowed for the estimation

of major loss components, namely polymer propagadiad coupling, Er absorption and
NP scattering. The examination of the relative gbations of these factors led to the
conclusion that a 9.3 dB/cm scattering loss duBPRoclustering prevented the desired
operation of the device. The results of this inigagion were confirmed through good
agreement between the measured erbium behaviouhaacktical predictions based on
the Er-doped thin film properties. The measuredtegag loss was not a fundamental
limit and could be improved through ensuring a mengorm NP distribution in the

polymer host. This could be achieved by, for examemploying an additional material
in the mix designed to separate the dopant pastitten one another via formation of

core-shell structures.

Further simulations study based on extracted nadterdperties assessed the potential of
a channel waveguide with the estimated Er concéorraf 1.5 x 18° cn® assuming the
scattering losses were reduced to 0.3 dB/cm. Tha&ired results show that while the
performance greatly improved, a pump power of 320 mvas required for device
transparency. This was caused by a low efficiencging from the high upconversion

observed in ceria as well as due to the lack eflgitim in the dopant mix.

Finally, the system used in this thesis was contpatth two state-of-the-art approaches
to combine a polymer host with inorganic particlBsth phosphate glass and NaYF
nanocrystals demonstrated their capability to ggeesome of the highest reported
internal gains in EDWAs, although only NaXkas confirmed experimentally. The key
difference between these reported materials anddha used in this work come from
the addition of ytterbium in the dopant compositidhe effect of co-doping is explored
in detail in previous chapters based on the ULRMms not possible with the NPs due

to the lack of material availability. Furthermofhggher absorption and emission cross
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sections as well as longer Er lifetime also coniteol to the difference in performance.

The last important distinction is that the EGC Nfase much higher refractive index

contrast with the polymer host resulting in a stparticle radius limit of 12 nm needed

to keep scattering loss at a reasonable 0.3 dB¢guoined for practical devices.
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Chapter 7: Conclusions and Future Work

This thesis presented a comprehensive review ofdhent progress in the field of the
EDWAs. Particular focus was placed on the recehiezements in the area of polymer-
based systems where the highest gain per unitHangpractically sized devices have
been reported to date. Furthermore, a theoretigdl/sising a rate-equations model was
performed to determine the key requirements foh lgigin amplifiers. As a result of this
study, a novel methodology of optimising the ratiadhe Er:Yb co-dopant ions that took
into account the device structure as well as tleooyersion factor was developed.

A feasibility study on the fabrication of polymelafform compatible amplifiers was
performed by investigating a number of potentigbrapches. Ultrafast laser plasma
implantation and nanoparticle dispersion into ayp@r host have been selected for
implementation. The first approach was chosen duééd potential for extremely high
RE-dopant concentration of 1.63 x21@m?® demonstrated in silica glass. It was
investigated for both hybrid glass-polymer systeasawvell as, for the first time, direct
implantation into a siloxane material. The compreinee investigation into the optical
properties of the obtained thin films allowed fbe tselection of ULPI-fabricated hybrid

devices and NP-dispersed polymer waveguides ftnduanalysis.

The process of depositing polymer waveguides omeraoped tellurite modified silica
to form strip-loaded waveguides was developed. Despe early promising results of
the optimised recipe, this approach was shown ¥e h&ggh sensitivity to feature size as
well as being prone to surface scattering. Througktus study a number of parameters
was extracted from the fabricated samples alloiong@ detailed analysis of the potential
and competitiveness of the strip-loaded geomettip e standard channel waveguide
geometry. In case of a system with 200 mW pump pothe gain difference between
the two geometries was only 0.3 dB/cm after Er:afioroptimisation performed for both

designs.

An alternative approach of dispersing erbium-gadoin ceria particles in a siloxane
polymer host was explored. The problem of partickolubility was addressed with an
extended fabrication procedure incorporating udtngsation, magnetic stirring and
membrane filtering. The combination of these addai steps was shown to improve the
quality of the prepared thin films in terms of thphotoluminescence intensity and the
Er metastable lifetime. Based on these resultsjmaber of samples was prepared and
investigated in terms of a waveguide amplifier ptitd. Visual inspection combined with
transmission measurements on the samples showeggrdormance. A detailed analysis

of the waveguides and use of an appropriate mantdirmed that high scattering loss of
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approximately 9.3 dB/cm is the main factor prevegtdesirable operation. Further
theoretical investigation led to the conclusiort tha specific ceria NPs used in this work
were not the optimal material choice due to thd laicytterbium co-doping and high

refractive index contrast with the polymer hostg&estions were provided on how to
improve the results and achieve the desirable owtdoy for example, employing core-
shell structures or employing Er-doped phosphassgNPs, which have a very similar

refractive index value.

7.1 Conclusions

Polymer-based erbium-doped waveguide amplifiers arpromising candidate for
addressing the increasing demand for compact actingonents that can be integrated
in practical systems. This is emphasised by thentaacrease in the number of successful
demonstrations of polymer-based systems with thernal gain figure reaching

approximately 10 dB/cm [1]-[3].

In this thesis, the key parameters of the erbiupirdpwere investigated in terms of the
factors limiting the performance of this type of@iers. Based on these, supplemented
with the waveguide design parameters, a detailée-aguations-based model was
prepared. An optimisation of the reported ULPI fedted thin films with dopant
concentration of 1.68 10?” m™ showed that a 2 2 m? channel waveguide was capable
of delivering a gain of 9.6 dB/cm when pumped at@lerate power of 200 mW. This
result was predicted based on a combination of unedsparameters reported on the
erbium-doped tellurite modified silica [4] combinetth upconversion factor values that
were linearly scaled with the Er concentrationhia tange of 1.63-16.8 10°°* m* and

0.4-4x 102 m3s?, respectively.

A number of observations was made in the processdeng the impact of various design
aspects on the final performance. In an amplifiat tontains only erbium dopant ions,
the optimum concentration depended on the availalmep power. In case of a 200 mW
limit, there was no benefit of increasing the concation beyond 6.% 10°° m2 in the
investigated system as after that point any additierbium ions contributed more to the
reabsorption rather than the stimulated emissiaditg to a reduction in the achievable
gain. The benefit of introducing ytterbium, whicpevates as a sensitizer, to the mix is
highlighted by the fact that the predicted gainréased from 5.9 dB/cm to 9.6 dB/cm
with no design changes other than concentratiomségents. Under the same constraint
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of the maximum achievable concentration, by intgidg 7.3x 10°®* m? Yb, the Er

concentration could also be increased toQ107° m3leading to a higher overall gain.

The scalability of this approach was also examimedstablishing the maximum gain for
3- and 5-cm-long amplifiers. The material propertieere assumed to remain the same,
the upconversion factor was scaled linearly withilen concentration as in case of
1-cm-long devices, background loss was constahti8/cm and coupling losses ignored
(internal gain). In case of an erbium-only systemler a 200 mW power constraint, a
gain of 14.0 and 18.5 dB was possible when dopantentration was set to 5.3 and
4.5 x 10°° m?3 for the 3- and 5-cm-long device, respectively.sThould be further
improved by Yb sensitisation to 23.0 and 27.2 dBhv&r:Yb ratios of 6.1:10.2 and
4.5:11.8. A 9 dB highlights the benefit of co-dapigr with Yb. Furthermore, it was
observed in this work was that the relative coneginin of ytterbium to erbium increases

with both the length of the device and its crossiea area.

The simulation studies were based the ultrafast lalasma implantation technology that
was then experimentally investigated for the sihcst and, for the first time, polymer
substrates. The obtained thin films were charasedrin terms of their optical properties.
In case of a glass substrate, the EDTS layer wassuned to have a lifetime up to
12.1 ms with an emission FWHM of 18.9 nm. This whgined from a melt-quenched
target glass with 1.95 wt.% of Er and Yb with 1a?i@. The direct implantation into a
Dow Corning WG-2020 siloxane polymer has proven enchallenging due to the
damage to the material resulting from the proc&€ks. ULPI process parameters were
adjusted by lowering the substrate temperatur@@°C (from 700-750 °C) and reducing
the procedure time to 1 hour (from 4-8 h) in ortbefabricate more promising samples
as summarised and compared with the alternativladstin Table 7-1. The measured
Er lifetime of up to 4.2 ms and FWHM of 39.0 nm ked promising, however a direct
comparison of the PL emission revealed a twelvetbilop in the intensity despite a
concentration reduction by a factor of only 4. Adudhally, a further analysis exposed a

non-uniform distribution and a surface damage ragign the process.

An alternative method of dispersing nanoparticiesatly in a polymer matrix before the
fabrication via traditional polymer techniques wasgestigated. Available ceria NPs were
investigated and compared with the ULPI createdpsesn The EGC-doped thin films
were prepared at a variety of concentrations ranfyiom 0.05 to 12.5 wt.%. As a result
of a comparison study, an increase in the PL iften@th dopant concentration was

observed, while FWHM and Er lifetime stayed appneaiely constant around 31 nm and
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5.7 ms, respectively. Even when an additionalrfiligg step was introduced, the emission
intensity did not increase linearly with the contation as expected, indicating that ion

quenching due to the NP clustering was occurring.

Table 7-1: Key physical properties of the best sanig for a given approach
to EDWA formation used in this thesis

EDTS ULPI EGC polymer
Parameter

(T28) polymer (F3) (5.1 wt.%)
FWHM [nm] 18.9 39.0 27.0
Lifetime [ms] 12.1 4.2 5.7
Peak emission wavelength [nm] 1534 1533 1533
Target material concentration [wt.%] 1.95 0.5 5.1
Estimated concentratios [L0?¢ m ] 16.3 4.4 1.5

In order to take advantage of the ULPI fabricatiwethod, a hybrid design was proposed
to combine the highly-doped EDTS layer with thexsdne polymer material. A strip
loaded geometry was chosen as it allows a straigidird integration with the polymer
platform. Simulation studies also showed a comparpbrformance with the standard
channel waveguide configuration. The integratioBDfTS planar layers can be achieved
through implantation before polymer features ameddn top to avoid the damage from

the ULPI process.

An adjusted model accounting for the asymmetrytdube EDTS layer contact with the
silica glass was prepared for a polymer-surrourateshnel waveguide. The simulations
studies revealed that, when pumped at 200 mW,ra-Ileng hybrid channel device with
yielded a gain of 7.7 dB. In this case, the upcosiva factor was scaled linearly with the
erbium concentration leading to the optimal Er:Mdia of approximately 1:1. The
alternative strip-loaded hybrid geometry was coragavith the channel waveguide using
the same dopant parameters. It was shown thatr tibleleame single mode assumptions
as for the channel structure, a similar internah digure of 7.4 dB could be achieved.
This was attained by optimising the Er:Yb ratiolti®. The main reason behind the
requirement for a higher ytterbium content was ttua larger effective active area of

8.96 untunder the polymer ridge compared with 3.6%far the channel geometry.

The polymer waveguide fabrication process was dptithfor a 2 3 cnt glass substrate
compatible with the ULPI setup. The experimentadlgsis via the scanning electron
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microscopy, ASE measurements and surface profifexealed that the fabricated
structures did not perform as the simulation swg@redicted. The poor performance was
attributed to the combination of rough surface HWwWRMS values in range of

95.8-193.3 nm) and larger than predicted polymeregaides.

The second approach to fabricate the EDWAs invatgdyin this thesis was dispersion
of the nanoparticles in the siloxane polymer. Aridtion process with additional
membrane filtering and ultrasonication steps baseavailable erbium-gadolinium ceria
NPs was proposed in order to reduce the partiaigoatgeration. Despite a low yield, a
number of readings were obtained for the perforrmamalysis. The loss measurements
across the erbium emission spectrum of 1475-1575akowed for estimation of the
major loss components, namely polymer propagataicaupling, Er absorption and NP
scattering. The examination of the relative contiifns of these factors led to a
conclusion that a high scattering loss of 9.3 dBdume to NP clustering prevented the

desired operation of the device.

Further simulation study based on the extractecenadtproperties estimated the Er
concentration to be approximately 1.5 x2%@m?3 However, an extended analysis
assuming a more practical scattering loss of 0/8mig5] revealed that a pump power of
320 mW was required for a device transparency. Wais caused by a low efficiency
arising from the high upconversion factor obserwvederia as well as lack of ytterbium

in the dopant mix.

A comparison of the approaches proposed in thisigheith state-of-the-art approaches
to EDWAs was used to supplement the feasibilitggtIhe key difference between the
most successful attempts and the ceria used iwiik came from the addition of the
ytterbium in the dopant composition. The resultaigher pump light absorption cross-
section as well as a longer metastable lifetime anceduced upconversion factor
explained the performance difference. The last m@od conclusion was that the EGC
NPs employed in this work had much higher refractindex contrast with the polymer
host resulting in a strict particle radius limit i nm needed to keep the scattering loss

at a 0.3 dB/cm achieved in best reported amplifiers

The proposed Er:Yb optimisation approach has a dbtpotential to maximise
performance of the approaches studied in this sheessiwell as alternative designs based
on other material systems, particularly ones witlthee parameters, including the key
upconversion factor, well-established through eixpental studies. Similar, non-

optimised, hybrid structures have been recentlyvsh[®] suggesting a combination of
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polymer and ULPI technologies can be employed aedcomposition optimised using

the proposed methodology, once the high surfacghmoess is eliminated.

7.2 Future Work

This thesis presented work on design, optimisatiabrication and characterisation of
the erbium-doped waveguides compatible with thgrmel platform. There is room for

improvement on the performed work in a number pkats.

7.2.1Experimental Confirmation of the ULPI Upconversiéactor

The proposed methodology for erbium-ytterbium raptimisation offers a guideline for
performance improvement for EDWAs independentlyhef underlying implementation
technology. While the underlying model has beenetesand compared with other
theoretical work [7]-[9] as well as experimentaduks [10], it could not be verified on
the ULPI samples. The poor quality of the wavegsigeepared for the strip-loaded
approach resulted in a need for the parameter atddnafrom thin films using well-
established procedures. However, the results addaim this way were missing a key
component of upconversion factor that needs toxiperenentally confirmed on either
the proposed hybrid approach or in a standard stbonee glass system. Therefore, next
step towards the model completeness is to deterntinge upconversion factor
experimentally through measurements on a waveguitte known erbium properties
followed by a model fitting. To achieve this, afi@ation process resulting in a low-loss

EDWA device in either channel or strip-loaded getwynis required.

Another useful study related to the upconversicgtffament is to employ ULPI in order
to implant Er ions into the aluminium oxide platimrErbium upconversion in ADs has
been extensively studied in the past, includingithact of the fabrication process on
the green light emission. This study could be ed¢einby doping a sample with a similar
waveguide design using ULPI and then compare tloemyersion results with existing

devices obtained with alternative fabrication mdho

7.2.2 Alternative Fabrication Method of Hybrid Waveguides

The feasibility study on combining the siloxaneymoér with the ULPI carried out in this
thesis highlighted the difficulty of combining thievo technologies. Even a better-
established process of implanting into the silizesg to form an EDTS layer has yielded

a surface roughness of up to 194 nm for the Zasthick sample. The hybrid strip-loaded

219



Chapter 7: Conclusions and Future Work

structure with a target83 m? ridge is only predicted to work well with a lowaurface

scattering. For this design to work well, more wisrkequired on reduction of the surface
roughness arising from the implantation processalrnative approach is to combine
much thinner Er-doped planar layers with a polymege fabricated using a different
method, such as electron-beam lithography, thatvallthe creation of much smaller

features than UV photolithography which was usethis work.

7.2.3Core-Shell Structures

The second fabrication approach selected in tlasishused the direct dispersion of the
ceria NPs in the polymer matrix. Even though thditamhal membrane filtering step
removed the largest particle agglomerations froenrix, the resultant waveguides had
losses that were too high for a practical operatibime success of using core-shell
structures with an intermediate polymer, such dghearal oligometric silsesquioxane
(POSS) [11], highlights the need of additional fedtion steps. All of the most recently
reported high-gain polymer EDWAs discussed in Chiai2 have employed this
technique. This trend indicates that uniform dogdistribution can be achieved with a

range of different NP types and could be appliethéoceria material used.

7.2.4Ytterbium/Cerium co-doping of ECG NPs

The lack of ytterbium co-doping was also identifeione of key performance-limiting

factors for the EGC NPs employed in this work. ldey to maximise the potential of this

material, not only the Yb can be added accordirtgemptimum found with the proposed
model, but also the fraction of cerium should uced. Ce ions introduce an additional
energy transfer path in the system that has bgsortesl to reduce the upconversion
process as shown in Figure 7-1. However, an optintdlision factor of 2 % has been

reported with an increase beyond this value showeduce the overall 1550 nm emission
strength [12].
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Figure 7-1: Additional energy transfer paths

introduced by co-doping erbium with cerium

7.2.5Modelling of the Dopant Lifetime Change with Contation

The methodology of optimising the Er:Yb ratio isefid for systems where the total
concentration is limited by the dopant solubilltynear scaling of the upconversion factor
with erbium concentration allows for an accuragresentation of a trend empirically
reported in alumina [13]. A further potential enb@ment of this optimisation procedure
can be an inclusion of the effect of ion ratio ba tnetastable lifetimes of both Er and
Yb. Although this parameter is strongly dependenthe host material as discussed in
Chapter 2, it has also been reported to vary Wigrdbpant concentration in the same host
[14]. Therefore, a number of ULPI-fabricated sarsplath varying Er:Yb ratios can be

used to experimentally derive the lifetime relasbip for both codopants.

7.2.60ptical Resonator

Finally, the focus in this work was to design, fabte and characterise the feasibility of
these devices to act as optical amplifiers, buhastioned before, they can also be used
as a basis for laser sources. As discussed in @h&pta number of erbium-doped
waveguide lasers have been founded on a furthela@went of the amplifiers [15]. An
addition of an optical feedback in the system s®nEDWA acting as the active region is

required to create a signal generating device.

This has not yet been successfully achieved foymet-based systems, but worked in

some of the more mature EDWA approaches. Earlynati® that reported the C-band
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lasing of Er-doped phosphate glass, employed eafteptical cavities such as end-
deposited mirrors [16] or butt-coupled fibre Braggtings (FBG) [17]. These methods
have allowed to take advantage of either straigiviiod fabrication processes or readily
available reflection components. However, thesaeitgwis suffered from the inherent
problems with misalignment and, more importantigtem integration difficulty due to

the laser signal leaving the chip.

Several methods have been used to design on-cdopators for Er-doped systems as
presented in Figure 7-2. The end mirrors can blacef with distributed Bragg reflectors
(DBR) on both ends of the device [18] or into tlentte of the waveguide to form a
distributed feedback laser (DFB) [19]. Another aggmh to create a feedback structure in
a single processing step is to integrate ring rasoa as demonstrated in aluminium oxide
integrated system [20]. All three of the above apphes to form an on-chip cavity can
be potentially realised on the polymer platformths underlying components have

already been demonstrated for other applicatiohf [22].

Figure 7-2: Potential integrated optical feedbacktsuctures:

a) microring resonator, b) DBR and c) DFB
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Appendix

APPENDIX

UV Photolithography Mask Design
The UV photolithography mask shown in Figure A- veesigned specifically for this

project. As described in Chapter 3, the design @usal for the ULPI sample size (2 x 3

c?) and enabled single mode operation under a wingeraf dopant concentrations.

Figure A-1: Mask design with the key sections marka

ULPI-compatible sections:

1&6.
2.

3
4.
5

3-cm-long straight waveguides with featuridtv varied in rang of 3-20 um;
90° bends with varied bending radius (2.2-14 rang width (3-10 pum);

180° bends (U-turns) with varied radius (0.5Mnand width (3-10 um);
S-bends with 150 um y-offset over a range ofjfless between 0.25 and 20 mm;
Y-splitters with branching angle varied betw@e8rf and 53°;
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