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Abstract

The use of compact blue laser light source is showing a remarkable technological
improvement in certain applications, which include devices such as optical data
storage, laser printers, and colour displays, to mention a few. Thérefore, these
applications are requiring more reliable laser sources. Factors such as compactness,
robustness, long-term stability, suitability for large-scale integration and possibility
of mass-production can be decisive for the choice of the kind of blue laser source as
part of a practical tool. Planar lightwave circuits provide practical solutions for such
optical devices. A combination of the Flame Hydrolysis Deposition (FHD) and
Reactive Ion Etching (RIE) is by now a mature technology, and it has produced
planar lightwave circuits for telecommunications applications. In using these
analogous technologies, the aim of this work is to study the feasibility of fabrication

of compact blue upconversion laser sources.

Before proceeding to the study of the blue upconversion process, the research
concentrates on the optimisation of the glass host, investigating an alternative
approach to reduce the ion-ion interaction in a heavily rare earth doped matrix using
sodium ions. The characteristics of the waveguides employed as cavity lasers for the
devices fabricated in this planar form also demand accurate numerical modelling for
optimisation. Thus, a numerical procedure is developed to complete this general
optimisation. The laboratory facilities and availability of experimental data were
decisive in the choice of the erbium ion as active material for this first part of the

research.

The blue upconversion process investigation is initiated by considering two rare earth
doping composition for the SiO,-P,0s glass: a single thulium and a thulium doped
sensitised with ytterbium ions. Blue upconversion is examined in both glasses
considering future diode lasers pump wavelength. The wavelengths at 800 nm and
980 nm demonstrated to be the potential choices for pumping the Tm/Yb glass. The
inclusion of ytterbium ions in the glass composition enhanced the blue upconversion
process using the pump wavelength at 800 mm however the population inversion for

laser threshold was not predicted by the modellmg The pump wavelength at 980 nm



is applied to the numerical model to study the feasibility of the fabrication of this
blue upconversion laser. The preliminary results, which do not correspond to the
optimised laser structure design, predicted performance comparable to the results of

the employment of optical fibre based devices which have been reported so far.



Resumo

O uso de fontes de radiagdo laser operando na regido de comprimentos de onda
correspondente ao da luz azul tem proporcionado uma notavel melhoria tecnologica
em certas aplicagdes, incluindo dispositivos tais como os usados para
armazenamento Optico de informagdes, impressoras a laser, ¢ mostradores dpticos,
para citar apenas alguns. Estes dispositivos necessitam de lasers que sejam confiaveis
em termos de funcionamento. Além disso, fatores como compacidade, robustez,
estabilidade em uso prolongado, alta capacidade de integracdo e possibilidade de
produgdo em massa podem ser decisivos na escolha do tipo de fonte de luz azul a ser
empregado no dispositivo pratico. Circuitos opticos planares (“Planar Lightwave
Circuits” — PLC) apresentam solugdes praticas para estes dispositivos dpticos. A
combinagdo do método de fabricagdo de vidro por chama hidrolisada (“Flame
hydrolysis Deposition”) e de fabricagdo de guias de ondas denominada “Reactive Ion
Etching” ¢ no momento uma tecnologia estabelecida que produz circuitos dpticos
para aplicagées em telecomunica¢des. Esta pesquisa tem por objetivo estudar a
viabilidade de aplicar tecnologia analoga para fabricagdo de fontes laser de luz azul
produzida por conversdo ascendente de freqiiéncia em guias de ondas dopados com

ions terras raras.

Anteriormente ao estudo da conversdo ascendente de freql'iéncia; a pesquisa dedica-
se a buscar uma forma alternativa de reduzir o efeito prejudicial da interagdo entre os
fons terras raras em amostras com alta dopagem, estudando a influéncia da inclusdo
de ions de S6dio na composi¢do do vidro. Tendo em vista as caracteristicas dos guias
de ondas a serem utilizados como as cavidades laser, foi desenvolvido também um
modelo visando otimiza-las através de simulagdes numéricas. Desta forma, a
alternativa para melhoria do vidro hospedeiro e o modelo matematico para simulagio
formam um conjunto instrumental para a otimizagdo dos dispositivos. Fatores
concernentes a estrutura laboratorial disponivel e a disponibilidade de resultados
experimentais para futuras comparagdes foram decisivos na escolha de vidros

dopados com ions de Erbio nesta primeira etapa.

A conversdo ascendente de freqiiéncia em vidros Si0,-P,0s € feita considerando



duas composi¢des com ions terras raras: amostras dopadas somente com ions de
Tulio e amostras com ions de Tiulio e Itérbio. A conversdo ascendente de freqiiéncia
¢ investigada levando-se em considera¢do futuras aplicagdes com comprimentos de
ondas de bombeamento disponiveis em laser de diodo. Os comprimentos de ondas
em 800 nm e 980 nm demonstraram ser os de maior potencial para bombeamentos
em amostras em vidros dopados com Tm/Yb. A inclusdo de ions de itérbio aumentou
a eficiéncia da conversdo ascendente de freqiiéncia nos vidros com dopagem
composta para comprimento de onda em 800 nm, todavia a simulagdo nio previu a
inversio de populagdo necessdria para geragdo de luz coerente (laser). O
comprimento de onda em 980 nm é entdo definido para o estudo da viabilidade de
fabricagdo dos lasers por conversio ascendente de freqiiéncia. Os resultados
preliminares, que ndo correspondem ao de uma estrutura laser otimisada, prevéem
performance comparavel aos resultados reportados até entdo utilizando dispositivos

com fibras épticas.
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Chapter 1 - Introduction

1.1 The Blue Laser Technology

The increasing number of scientific publications in the past few years concerning
compact blue laser sources is a demonstration of the great scientific and
technological interest in this field. Besides the studies of the physical effects
involved to generate these visible laser lights, their possible commercial applications
are also extensive. The totality of the applications for devices delivering blue laser
light is hard to be computed, but certainly among them, the optical storage is
publicized to be one of the major focuses. Appliances using blue lasers, due to the
shorter wavelength of the light, can raise the storage density by a factor of about two
or four if compared to the commercially red or infrared laser diodes, respectively
(High Density CD-ROMs, holographic storage devices) [1]. In home-entertainment,
systems will be possible to store a movie in high-resolution high density TV (HDTV)

quality together with several audio-channels in HiFi-stereo surround sound on a



small high-density compact disc. Multimedia applications such as interactive
database or video animated computer games would also be greatly enhanced. In
addition, the volume of visual data being transferred between computers via the

Internet is growing exponentially.

Another well-known application for a compact blue laser source is for use as part of
laser printing devices. The blue laser light can be focused better than the red light,
allowing laser-assisted printing machines to be operated at higher resolutions. The
processing of laser printing can also be accelerated using blue laser because the high

energy of the light [2].

In a broader sense, visible lasers have a large number of practical applications as
well. In medicine for instance, the use of visible laser light as a compact tool for
guidance during an operation with infrared cutting lasers can be very practical and
helpful. Red light is almost invisible in front of open human tissue while blue, and
mainly green, is much easier to see. In the increasingly important area of
environmental analysis and protection, blue and green laser light are useful in
compact yet sensitive analysis systems for air pollution. Blue, as well as green, lasers
are needed to complete the set of basic colours (red-green-blue) and therefore, make

full colour display technologies possible (laser-TV).

Blue laser is also a potential application for undersea communications, because the
seawater absorbs less blue light than longer wavelengths. An important requirement
for this commercial application of blue lasers is the long device lifetime. Typically,

the expected lifetime for these devices is above 10,000 hours continuously.

Undoubtedly this limited list did not include all the possible practical applications for
a compact visible laser source, and others will appear whenever new robust and
inexpensive devices are fabricated. Considering this, the next section will offer a
survey of methods to generate blue. laser light which have been the object of most
intense investigation in the field. It is worth to mention that, this thesis does not
intend to develop a comparative study on methods of blue laser light generation.
Thus, the choice of the methods was based on the availability of the data on the

subject. This information concerning different approaches to generate blue light will



be given in this chapter only in the hope of contextualising the subject.



1.2 Different Approaches to Obtain Blue Laser

The large number of industrial and educational laboratories worldwide involved in
the research field to obtain blue laser sources, makes prohibitive compiling a
complete review in the subject. Nevertheless, information illustrating different
methods used to generate blue laser light is helpful for future comparisons. Diode
lasers operating as a primary source of blue light, the nonlinear waveguide second
harmonic generation, and the frequency upconversion in optical fibres are amongst
the most efficient methods to obtain compact blue laser light sources. This section
will be dedicated to a general presentation concerning the most commonly used

approaches to obtain blue laser light generation.

The topics under discussion will consist of short considerations on its fabrication
procedure, followed by some typical experimental results obtained from these
devices. The values did not express the cutting-edge of research fields, however they

were gathered from the most recent experimental results.

1.2.1 The Diode Lasers

For direct sources of blue light, many different materials have been used to fabricate
diode lasers operating in this spectral region. Initially, the II-VI-based material' was
used to demonstrate the first blue diode laser [3]. These diode lasers consist of a
sequence of semi conducting layers from elements Zn, Mg, Se, and S or Be
respectively. III-V semiconductor’ GaAs crystals are used as substrate materials.
During photo lithographical processes, a stripe-like contact structure is fabricated, a
contact metal cladding is evaporated onto the diode and then it is cleaved into small
cubes with approximately 1.0 mm edges [4]. However, according to reference [3], the
degradation of the first II-VI-based blue diode lasers was so large that disable their
commercialisation success. In addition, they had a short lifetime under continuous

wave (CW) operation at room temperature and the central wavelength have a

' These semiconductors consist of elements taken from the groups II and VI of the periodical table.
They are: Group II (Transition Metals) Zn, Cd, and Hg. Group VI (Oxygen Family) O, S, Se, Te,
and Po.

2 Group 111 (Aluminium Family) B, Al, Ga, In, TI. Group V (Nitrogen Family) N, P, As, Sb, and Bi.



tendency to green, instead the blue light.

More recently, the III-V semiconductor nitrade compound, mainly GaN, has been
used to generate blue laser light. These diode lasers, undergoing a fabrication similar
to that of its II-VI-based competitor, consist of a gallium nitride (GaN) layer grown
on top of a crystal wafer. The critical goal in this blue-laser diode development is to
reduce the number of defects in fabrication materials that cause degradation and a
lower output power [5,6]. The main source of defects came from the crystal lattice
mismatch between the semiconductor layer and the wafer’s material used to support.
Several substrates have been used to grow the semiconductor layers, such as sapphire

(AL;03), silicon carbide (SiC), and more recently aluminium nitride crystal (AIN)[7].

Generally, the diode lasers continuous wave (CW) operation, as required in most of
its practical applications, is considered much more difficult than that pulsed
operation because of the heating that can occur with the high currents needed to
achieve lasing. To reduce these problems, lower the operating current, extracting the
heat better, or make more robust devices are pointed as possible solutions. Despite
the better quality of the lasers fabricated with GaN compounds, as compared with the
previous solution, they are still in process of optimisation for commercial
applications. Lasers operating pulsed with 300 ns and threshold current of 800 mA
have already been reported. These lasers delivered a maximum output power of
20 mW with wavelength at 414 nm, although the lifetime of 5 hours was obtained
only for output power at S mW [8]. Usually CW operation has shorter lifetime.
However, recently S. Nakamura-has reported an InGaN-based diode laser emitting
5 mW of blue light at 400 nm operating at 40 mA and 5V. The lifetime was

estimated at 10,000 hours at room temperature [9,10].

1.2.2 Nonlinear Waveguides for Second Harmo nic Generation

An important requirement for efficient conversion in any nonlinear material is that
the local (blue) second harmonic polarization can drive a propagating blue wave and
stay in phase along the direction of propagation of the light. This problem is usually
referred to as phase matching. Normally, dispersion causes a refractive index

difference between the fundamental and second harmonic wavelengths which



prevents phase matching [11]. The most common method to cancel the phase
mismatch in nonlinear crystal involves matching the different polarizations in a

birefringent crystal [12].

Quasi-phase matching (QPM) is a condition based on accepting the local phase
mismatch caused by dispersion and inverting the crystal orientation of the region
where the local blue polarization and the fundamental propagating wave are 180° out
of phase. This crystal inversion gives a 180° phase shift of the local blue oscillation,
bringing the regions (domains) back into constructive interference. The main
advantage of the QPM second harmonic generation is that it can be achieved at any
wavelength within the transparency range of the nonlinear material simply by the

correct choice of period of the domain inversion [13].

Among the various nonlinear materials, the most successful so far have been the two
lithium-based, lithium niobate and lithium tantalite, and the family of the potassium
titanyl phosphate (KTP) and its isomorphs. The ability to form waveguides narrows
down the list of nonlinear crystals, the further requirement that the material should
lend itself to periodical domain inversion narrow down the list of possible nonlinear
material even more. The materials that are used are so-called ferroelectrics, which
have a permanent electric polarization. The electric polarization can be switched

between at least two different directions [13].

The two processes used to obtain the inversion of domain in the nonlinear crystals
are based in the ion exchange and the electric field poling. In the ion exchange
method, the waveguide is patterned in a mask layer on the surface of the crystal
substrate, which is then immersed in a melt containing the ion to be exchanged. An
ion in the crystal structure diffuses out to the melt and an ion from the melt diffuses
in to take its position in the crystal, resulting in an increase in the index of refraction
[14]. In the electric field poling, the diffusion processes are based on the phenomenon
that a concentration gradient will cause a corresponding electric field, so that when
the substrate is cooled down after a quick treatment in a diffusion furnace, domain
inversion will appear in regions where a dopant has been introduced. Electric field
poling uses a strong external field (~20kV/mm) to shift the ions in the crystal. The

periodicity is achieved either using periodic electrodes or by periodically inhibiting



poling with chemical patterning of the surface of the crystal.

The main laser requirement for efficient doubling in nonlinear waveguides are a
diffraction-limited output beam for efficient coupling to single-mode nonlinear
waveguides and a narrow spectral output, less than 0.1-0.2 nm, matching the phase-
matching bandwidth of the nonlinear waveguide. In addition to these laser
requirements, it is convenient to have the wavelength of the laser diode adjustable to
match the wavelength to the phase matching condition of the nonlinear waveguide

and to have stable wavelength operation insensitive of feedback [13].

Finally, some values giving the order of magnitude or the efficiency of this visible
light generation processes. A 1.0 cm long LiNbO; waveguides fabricated by Ti-
diffusion-based poling has reported output power of 25 mW in the blue region at
421.5 nm when pumped with 120 mW of infrared light at 843 nm from a Ti:Sapphire
laser. Green frequency doubled light, in a 1.0 cm long electric field poled LiNbO;
waveguide, have generated a peak normalized efficiency® of nearly 300 %/Wcm? of
1100 nm fundamental radiation. Frequency doubling in KTP waveguides reported
800 pW of blue power in an 8.0 mm long guide pumped at 850 nm. The typical
waveguide length around 0.5-1.0 cm is a consequence of the high losses in the
proton-exchange LiNbO; and ion exchange KTP waveguides. The typical loss
numbers are 0.5-1.0 dB/cm, which set an upper limit for useful waveguide length to
~3.0 cm [13].

1.2.3 The Frequency upconversion Laser

Researchers have been chasing the idea of blue lasers for a long time, using
frequency upconversion or frequency doubling from infrared radiations. One
promising approach to obtain CW visible laser light has been making use of
frequency upconversion in insulating solids [15]. This topic will be briefly introduced
in this section because it is the subject of investigation of the present work. Thus,
further information about the process will be given when necessary along the work.

Frequency upconversion is a process by which the energy resident in two or more

* Normalised efficiency is defined by: 77, = U/Pw - I* . Where n is the efficiency of the process,



infrared photons is used to populate a high-laying energy level of a laser active ion.
The resulting population inversion relaxes via one-photon transitions to low laying
levels, yielding visible light. Many upconversion lasers based on doped optical fibres
have produced output wavelengths ranging from the near infrared to the ultraviolet
[16-19], but the greatest advantage offered by the high confinement of the waveguide
geometry is that the room temperature operation is easier to obtain than in the bulk
gain medium more conventionally employed. High optical confinement and long
interaction length makes the optical fibre geometry an attractive laser gain medium,

qualities which should be achieved in the planar form as well.

The number of experimental reports of Tm’*-based blue lasers is enormous. For this
reason, only the experimental results of the two well known very efficient processes
are shown here. Considering single wavelength pumping scheme, Sanders and co-
workers [20] have reported optical-to-optical conversion efficiency of up to 30%
pumping a 2.5 m long optical fibre at 1137 nm with 550 mW obtaining 72 mW of
blue light at 482 nm. The same fibre laser configuration reached 106 mW of blue
light with 890 mW of incident infrared radiation, which is a 12% overall optical-to-
optical conversion efficiency of infrared to blue. A maximum output power of 230
mW in a similar fibre laser was obtained pumping with up to 1.6 W of infrared

radiation at 1123 nm [21].

Despite the high efficiency of the fibre laser devices, at the time of preparation of
this manuscript, no report of laser device using waveguides in the planar form was
found. Nevertheless, a combination of an infrared diode laser pump butting a rare
earth doped planar waveguide points towards the possibility of compact packages

suitable for a diversity of real-world applications.

As shown in the section 1.1, the number of practical applications for a compact blue
laser is significant, so, different performance requirements, when these lasers are part
of tools, are also expected. Thus, the next section will give some considerations on

this issue.

P,, is the pump power, and L is the waveguide length.



1.3 Performance Requirements for Blue Lasers

This section concentrates on presenting some realistic numbers on the minimum
requirements for blue lasers, from the industrial point of view, for three practical
apparatus: colour printing, data storage, and optical displays. The choice of these
devices was based on their large applicability and, consequently the availability of
such data. It is not the goal of this section to provide a complete technical review
related to each device. It will only consist of a brief description in terms of device
functionality followed by a minimum requirement for a laser as component of a

practical appliance.

Future printer technologies will be driven by the need for speed, colour, resolution,
power consumption and multi-functionality, e.g. scan/fax/print functions in a single
unit. The major motivation for short wavelength laser development for printers is
improving the beam spot size while maintaining an adequate depth of field' and the
optical aperture. A diode laser at 780 nm in a typical optical system needs 6 mm
aperture optics to achieve 35 pm full width at half maximum (FWHM) spot size
required in the scanning direction. For true 1200 dpi (17 pm spot size), 780 nm lasers
would require more expensive and bulky 12.0 mm aperture optics and laser polygon
scanners, while producing a depth of field of only 0.5 mm. A submillimeter depth of
field requires a more costly mechanical system capable of maintaining the
photoreceptor surface within the laser focus. Alternatively, a 390 nm pump laser

could operate at 1200 dpi with a 1.0 mm depth of field using 6.0 mm optics [22].

The performance requirements for lasers to operate in laser printers are modest, not
far from what has been demonstrated in the laboratories. To discharge the
photoreceptor at the speed necessary for 60 ppm printing, a laser producing 6.0 mW
of continuous wave (CW) output power would be required. Higher power would
enable increased printing speeds. Rise/fall times of about 1.0 ns are desired to enable
image enhancement. Finally, lasers operating at wavelengths longer than 430 nm are
preferred to avoid decomposition of commonly used organic photoconductor

materials [23].



The recent advances towards developing compact solid-state blue light source mean
high capacity data storage. This accelerated progress can be viewed by the
improvement in the compact disc storage capacity (CD-ROM?) in the past few years
due to shorter laser wavelengths used. The new generation of compact discs, the
digital versatile discs (DVD), increased the data store capacity from 0.6 GB, for the
conventional CD-ROM’s, to 4.7 GB capacity for the DVD altering the pump laser
wavelength. The conventional CD-ROM employs the infrared laser at 780 nm while
the digital versatile disc works with the shorter red wavelengths between 635 nm and
650 nm. The DVD also increases the focus by using a more powerful focusing lens.
Physically, the main difference between DVDs and CDs deals with the minimum
area for store information — the pits. The DVD’s pits are only 0.40 um in diameter; in
contrast, the CD’s pits are 0.83 pm in diameter. The DVD data tracks are 0.74 pm a
part, while the CD’s are 1.60 um apart. These two factors combined to make the
DVDs data spiral 11 km long, over twice the size of CDs without altering its physical
size. Although the shift of the pump wavelength from 780 nm to ~650 nm has had a
moderate effect on the recording density, shifts to the blue spectral region predicts
15 GB DVD-ROM drives [24]. The further improvements expected if the laser
wavelength is reduced is show Table 1.1. The capacity enhancement on data storage
with the reduction in the laser pump wavelength is followed by the possibility of
optimisation in other factors such as compression and improved tracks. The
recordable DVD-RAM?® versions are also considered [25], despite the harder
minimum performance demanded of the pump lasers [26]. The ideal laser for DVD-
RAM should produce a single mode CW 30-40 mW beam with an aspect ratio
smaller than 4. The DVD-ROM has reduced beam power requirements of 3.0-
5.0 mW, but otherwise similar specifications. Ultraviolet absorption in the glass
substrate becomes an issue with this pump wavelength, resulting in an optimal
wavelength of 400-430 nm. Shorter wavelengths would have an optical transmission
of less than 80%.

' Depth of field is the area within which objects are acceptably sharp behind and in front of the point
of focus.

? ROM - read only memory

’ RAM - Randomly Access Memory



Table 1.1: blue laser capacity improvement of data storage
(after ref. |28)).

Number of Music Albums on

CD-ROM
Laser Wavelength Change in the  Improvement
Laser in the CD
Wavelength Tracks
860 nm (Near Infrared) 1 7
635 nm (Red) 2 14
430 nm (Blue) 4 28
350 nm (Ultraviolet) 9 63

In the present system for projection displays, the white light is divided into primary
colours using dichroic mirrors. Because liquid crystal spatial light modulators (SLM)
are used, the beams must be polarized. This results in additional losses and system
complexity. After reflecting off the SLMs, the three images are recombined in a
prism element and projected onto the viewing screen. Although the result is an
industry leading 2048 x 2048 pixel projected colour image, the optics of collimating,
splitting, polarizing and recombining three broadband primary colour beams is

elaborated and costly.

If the lamp could be replaced by three visible lasers, the packaging would
immediately benefit from a simplified power supply and cooling system, since laser
diodes used as primary sources or pumping other systems, require only a few volts
(vs. kilovolts for halide lamps) to operate. Polarized, monochromatic laser light
eliminates the need for polarizing optics, eases the specification on the other optical
elements and SLMs, and makes it easier to filter out ambient light [27]. If the laser
light is pulsed in rapid succession, a single, simplified optical system could replace
the three beam approach of the current system and a more saturated image spanning
a broader colour range could be built up from overlaid red, green, and blue images

using a scheme known as sequential colour.

For an estimate of the minimum laser requirement in a display, one may consider a

hypothetical projection TV, based on lasers operating at the wavelengths at 656 nm,



532 nm and 457 nm for the red, green and blue basic colour, and operating at 6500 K
white point colour balance. To achieve an expected screen brightness of 500 Cd/m’
over 55 diagonal 16:9 aspect ratio screen, and assuming 33% optical efficiency and
a 3x screen gain, the lasers must produce 6.6 W, 1.8 W, and 1.2 W in the red, green,

and blue, respectively [27].

This section has shown how broad is the laser specification to be applied as part of a
practical tool. Based on these considerations, the next section will then concentrate

on the motivations and the aim of the present research.



1.4 Motivation and Aim of the Research

The rapid and global spread of the Internet and multimedia communications has
accelerated the growth in optical communications network. Planar lightwave circuits
(PLCs), in which fibre-matched silica based waveguides are integrated, has been
providing key practical devices for such optical networks. This is because they are
suitable for large-scale integration, offer long-term stability, and can be mass-
produced. Some PLCs, including optical power splitters, wavelength insensitive
couplers, arrayed-waveguide gratings, and thermooptics switches are already

available on the market.

Fabrication of silica-based optical waveguides on silicon substrates by a combination
of the Flame Hydrolysis Deposition (FHD) and Reactive Ion Etching (RIE) is a
mature technology to produce such planar lightwave circuits [29]. Low propagation
loss and good uniformity of both the waveguide geometry and the refractive index
difference between the core and cladding (An) are basic parameters to determine the
performance of practical waveguide circuits. Propagation loss of 0.1 dB/cm has
already been obtained in a 2.0 m long waveguide with 2% of refractive index
difference; and loss of 0.035 dB/cm was obtained in a 1.0 m waveguide with
An =0.75%. A further loss reduction to 0.017 dB/cm has been achieved in a 10.0 m
long waveguide (An = 0.45%) [29].

Thus, a combination of the technological importance in the development of low-cost
compact blue laser light as described in the sections 1.1 and 1.2, added to the
established Flame Hydrolysis Deposition fabrication method encouraged us to study
the feasibility of the development of a rare earth doped blue upconversion laser in the
PLC configuration. This expectation is supported by research into the FHD to
fabricated devices as active components in the PLCs. Optical amplification in
erbium-doped waveguide that has been carried out with a view to application in
optical communication systems has shown promising results. Diode laser pumped
waveguide amplifiers, which employ simple straight and curved erbium-doped silica-

based waveguides, have already demonstrated net gains of up to 27 dB [30].

In addition, reports of upconversion blue laser in Tm**-doped fluoro-based optical



fibres suggested this rare earth as active ions to the phosphosilicate glass produced
by FHD. Comparison in performance between the optical fibres and planar
waveguide geometries is almost inevitable, as both undergo similar processes of
fabrication and the blue light is generated by the same physical principle, the
frequency upconversion. However, the planar configuration proves competitive when
the definitions of complex optical circuits are needed. The prospective for
straightforward photolithographic variation of waveguide parameters in the plane,

and for mass production of robust devices, show the potential of these devices.
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1.5 Presentation of the Contents of the Thesis

The presentation of the work developed in this research will be divided into two
parts. The first part will contain the preliminary studies concerning an optimisation
of glass host and a laser modelling procedure. It will be followed by the investigation
of blue upconversion generation in FHD fabricated waveguides, and a study of the

feasibility fabrication of lasers with similar waveguides.

Initially, chapter 2 will outline background information supporting the following
chapters. It will start with a brief overview on the FHD method, followed by a short
review on some spectroscopic characteristics of rare-earth doped glasses which are

relevant to clear understanding of the further chapters.

Chapter 3 and chapter 4 will give attention to the basic requirements for efficient
waveguide lasers: the rare earth doped glass host, and the waveguide design
optimisations. Thus, before proceeding to study the blue upconversion, chapter 3 will
look at the analysis of the glass optimisation. Although the ultimate goal of this
thesis is to use glass doped with thulium ions, for this investigation, the choice of
erbium ions as active material was made due to the large amount of published data
we can compare our results with, as well as the laboratory facilities available. As will
be discussed in the chapter 4, when heavily doped waveguides or composite glasses,
i.e. glasses doped with at least two different rare earths exchanging their energy are
used, the rate equations describing the laser system become nonlinear and the laser
modelling becomes rather cumbersome. Thus, in this chapter, a new and intuitive
procedure to the modelling of lasers in this situation will be presented. The
availability of experimental data to serve as a base of comparison to the modelling
procedure, and the similarity between their fabrication processes, pointed out to the

erbium doped waveguides as an appropriate rare earth to test the model.

In chapter 5, the blue light generation by upconversion will be analysed. This
investigation deals with FHD glass composition and pump wavelength in the
generation of blue upconversion light. The definition of the appropriate rare-earth
doped phosphosilicate glass host will take into account the inclusion of single

thulium doped or thulium doped ytterbium sensitised glass as active ions. The



samples will be tested under different pump wavelength schemes, always considering
future use of commercial diode lasers. These samples will also provide spectroscopic
information to be used as input data for the modelling described in the chapter 6.
This modelling will be carried out by adapting the model developed in the chapter 4
to the Tm-based waveguide lasers. Thus, the feasibility of blue upconversion lasers

using this rare earth doped waveguides fabricated by FHD will be addressed.

Finally, chapter 7 will present a summary of the work carried out summing up the

major conclusions. This will be followed by some considerations on future works.
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Chapter 2 - Overview of Rare-Earth Doped Glass

2.1 Introduction

Glass is an excellent linear optical material, being isotropic, highly transparent over
large spectral ranges at low light levels, and producible with high optical quality in
bulk, fibre and planar waveguide form. Macroscopically, glasses appear
homogeneous, thus every atom is a suitable reference point to any other. However,
order is displayed over short ranges at the local level [1]. The glass lattice can be
formed by single atoms, e.g. SiO, glass, however, far more important are the network
former groups of atoms [2-5]. In order to obtain photoluminescente devices, such as
solid state lasers and amplifiers, several glass matrices have been used as a host to
incorporate rare earth ions, such as chalcogenide [6], telluride [7], fluoride [8-10],

and silicate glasses [11,12], to mention a few.

Among them, fluoride and chalcogenide glasses, due to their low phonon energy,

have been largely used as hosts to incorporate rare earth ions for active devices.



Although silica-based oxide glasses have been shown to be adequate to fabricate
standard telecommunications optical fibre, with low loss at 1.55um and 1.32 um,
they have poor qualities to incorporate rare earth ion, as will be discussed later.
However, these glasses have shown great flexibility for the fabrication of passive and

active devices in planar lightwave circuits (PLC).

For the reasons described in the previous chapter, this thesis work will carry out
investigations using oxide glasses as host material, the SiO,-P,0Os glass system
fabricated by Flame Hydrolysis Deposition (FHD), to incorporate rare earth ions to
make active devices. Before presenting the results of the investigations, this chapter
will outline background information supporting them. It will begin with a brief
overview on the FHD method, followed by a short review on some spectroscopic
characteristics information of rare-earth doped glasses which are relevant to
understanding future chapters. This review does not intend to be a comprehensive
survey of theoretical and experimental results on glasses and/or their spectroscopic
characteristics, rather it will reflect only some applicable properties which are

peculiar to glass as a laser and amplifier host.
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2.2 The Glass Fabrication Process: The Flam e Hydrolysis
Deposition

Planar lightwave circuits (PLCs)' are composed of optical waveguides collected
together on a planar silicon substrate. Beside the very low propagation loss already
obtained in this planar form fabricated by FHD, another noteworthy characteristic in
comparison to other waveguides is the high degree of compatibility with silica fibres.
Waveguides parameters, such as core dimensions and refractive index, are
comparable to those of single mode fibres. Thus, the coupling losses between
waveguide and fibre is extremely low, and since the refractive indices are very close,
it is possible to keep the reflection effects at the connection facets down to negligible

levels.

The process for manufacturing silica based PLCs can be broadly divided into:
formation of a silica-based glass on the silicon wafer, this stage consists of the flame
hydrolysis deposition and the soot consolidation (glass sintering) steps. For example,
fine patterning, in which a waveguide pattern is formed using reactive ion etching
(RIE), a cladding process in which the core is covered with a second, low index,
film.

Sicl, + POCL, + (RE)CI,

Glass
Consolidation
1100°C - 1375°C

(b)

tanar Core

Thermal Oxide
~—Silicon Substrate

Silica-Based Film Formation

Figure 2.1: Flame Hydrolysis Deposition (FHD) process.

" In this work, only PLC fabricated by FHD will be considered.
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Figure 2.1 depicts the first part of this silica-based film formation process. Initially,
fine particles of silica-based soot are deposited on a silicon substrate by a flame
hydrolysis reaction initiated by an oxyhydrogen torch, Figure 2.1(a). The basic

chemical reactions involved in phosphosilicate glasses fabrications are:

2Hyv) + Oy > 2H,0,
SiClyy + 2H>0p, e SiOy + 4HCly)
2POC]3(V) + 3H20(V) i Psz(S) + 6HC|(V)

2(RE)Cl3(y) + 3H,O i (RE),035) + 6HCl,y)

The (RE) stands for the trivalent rare earth ions. The fine particles of soot of
SiOy5+P205(5H(RE);035) deposited on the top of the substrate are sintered at high
temperature (1100°C-1375°C) in an electrical furnace to complete the transparent
consolidation, Figure 2.1(b). As will be explained later in this chapter, phosphorus is
added into the glass matrix to decrease the sintering temperature and to increase the
core refractive index to allow optical confinement. In addition, it also increases the
solubility of rare earth ions in silica-based glass avoiding clustering formation. This
first stage of the fabrication process finishes with the formation of a layer of
phosphosilicate glass film on the top of a thermal oxide layer on a silicon substrate,

which forms the basis of a three-dimensional waveguide structure, Figure 2.1(c).

I e

Photolithography

(b) Buried Waveguide

Fine Patterning

s I s |

Cladding

Waveguide :
(C) Silicon Substrate
Figure 2.2: Fine patterning process Figure 2.3: Second stage of waveguide
fabrication.

The second phase of the waveguide fabrication process is related to the fine
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patterning. This patterning process consists of a photolithography step, when the
waveguide pattern is transferred to the planar core (Figure 2.1(c)) , and a dry etching

step, in which the pattern is transferred into the glass film.

The fine patterning process can be described as follows: during the photolithography
process (Figure 2.2(a)), a photosensitive polymer (photoresist) film is applied to the
planar waveguide core to be patterned, and then exposed to ultraviolet light through a
photomask in which the required geometrical patterns are defined. Depending on the
type of photoresist used (positive or negative), exposed or non-exposed areas of
photoresist are removed during the developing process. Figure 2.2(b) represents the
reactive ion etching (RIE) process. It shows how the pattern transferred by
photolithography is then etched into ridge waveguides. The point requiring the most
attention in waveguide etching is the roughness and perpendicularity of the sides of
the ridge structure. The waveguide pattern is then transferred and the core is defined,

as shown in Figure 2.2(c).

Finally, the etched waveguide pattern as depicted in the Figure 2.2(c), which will
form the core, is buried in the upper cladding as shown in Figure 2.3. The technique
is identical to that used to produce the core film. FHD is carried out on the upper
cladding to attain the same refractive index as that of the thermal oxide underneath

the core, and this is followed by consolidation.

The FHD process described in this section stressed the phosphosilicate glass
fabrication. However, the deposition procedure for other silica-based glasses is
similar to the one presented in this section. A comprehensive description of the
Flame Hydrolysis fabrication process can be found in ref. [13]. Following this
overview on the Si0,-P,0Os glass fabrication, the next section will consider some

general characteristics of the rare earth ions when incorporated into a host.
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2.3 General Characteristics of Rare Earth Ions in Glasses

From the perspective of the optical and electronic properties, a remarkable
characteristic of the rare earth is the shrinkage of its #f eigenfunctions as the atomic
number increase across the series [14]. This effect is a consequence of imperfect
screening by the 4f electrons, leading to a higher effective nuclear charge
proportional to the atomic number across the lanthanide series. As a result, the 4f

electrons become more tightly bounded with increase in the atomic number Z.

Table 2.1: The rare earth elements showing atomic number and electronic structure, | Xe|
stands for the electronic configuration of xenon. M** correspond to the trivalent rare earth
configuration. * Not stable. (After Ref. [15])

Atomic Ionic Neutral
Element Number  Radii Symbeol Electronic M*
(2) A) configuration

Lanthanum 57 1.060 La [Xe](6s’ 5d) f°
Cerium 58 1.034 Ce [Xel(6s’ 41 5d) 7!
Praseodymium 59 1.013 Pr [Xe](6s” 4f°) 12
Neodymium 60 0.995 Nd  [Xe]6s’ 4 %) r’
Promethium 61 ' Pm  [Xel(6s’ 4°) f
Samarium 62 0.964 Sm  [Xel(6s® 4°) f’
Europium 63 0.950 Eu [Xel(6s’ 4f7) f°
Gadolinium 64 0.938 Gd [Xe](6s’ 4 5d) 1’
Terbium 65 0.923 Tb [Xe](6s” 4°) 7
Dysprosium 66 0.908 Dy [Xel(6s® 4f"°) f°
Holmium 67 0.894 Ho  [Xel(s’ 4f") e
Erbium 68 0.881 Er [Xe)(6s® 41! Y
Thulium 69 0.870 Tm  [Xe]6s’ 4" e
Ytterbium 70 0.930 Yb  [Xel6s® 4" e
Lutetium 71 0.850 Lu [Xels’ 4" 54) "

This process is better understood by analysing the electronic structure presented in
Table 2.1. All the rare earths listed have the same outer electronic structure of 4d’°

5p° 65°, which are filled shells. The configuration including 44’® 5p° corresponds to
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the closed shell of the noble gas xenon [Xe)'. The rare-earth series starts with neutral
lanthanum which has the xenon structure plus 6s° 5d, the electrons that are added for
the neutral elements that follow are found in the 4f shell. Only cerium (Ce),
gadolinium (Gd), and Lu have a 5d electron. In terms of their spatial extent, the 4f
wave functions for Lu (Z = 57) lie outside the xenon shell, but by neodymium (Nd,
Z = 60) the contraction is so much that the maximum lies within the 5s° 5p° closed
shells of the xenon structure. This effect is even stronger for the other rare earth ions
and has important implications, since the 5s and 5p electrons shield the 4f electrons
from the effect of the environment [14]. Therefore, they also do not contribute to the
electronic spectra from the infrared to the ultraviolet region, and their interaction

with the electrons of the not complete-filled shells is negligible [15].

Ionisation preferentially removes two of the 6s electrons and one of the 4f electron,
or - for elements which have the 5d shell — the 6s and 5d electron are removed. In
condensed matter, the trivalent (M3+) level of ionisation is the most stable for

lanthanide ions [16].

In order to better visualise the interaction between the rare-earth ions and the host,
the interaction energy — or Hamiltonian H — for an individual rare earth ion can

approximately be decomposed as follows:

H=H mt VISI. + Vl:‘M + VII)I. + V// (2.1)

This energy decomposition is possible due to the weak interference on the 4f
electrons of the rare earths and the electrons in the other ions. In the expression (2.1),
Hpyaccounts for the energy of the rare-earth ion in complete isolation (free ion), Vs,
contain the static interaction of ion with the lattice, and both are responsible for the
electronic structure of the rare earth. Vi, correspond to the dynamic energy
interaction of the ion with the host via the emission of phonons. Vg treats the
interaction of the ion with the electromagnetic field through the absorption and/or
emission of photons. Finally, ¥}, describes the energy transfer process between rare
earth ions. This term become important for highly doped glass, as will be discussed

further on. The subdivision of the equation (2.1) describing these interactions

"[Xe] = Is%, 257, 2p°, 35, 3p° 457, 3d", 4p’, 557, 4d", 5p°
P
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separately is helpful. However, in reality, an excited ion may relax to a lower
electronic level by different routes, or a combination of them. The relaxation can be
due to a combination of radiative processes, including purely electronic and phonon-
assisted transitions of various multipole nature, and nonradiative processes, such as
phonon emission and resonant and non-resonant energy transfer arising from ion-ion

coupling.
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2.4 Electronic Structure: The Ions and the Static Lattice Interaction

The first two terms in equation (2.1) give rise to the observed rare earth electronic
structure as depicted in Figure 2.4. Hr; corresponds to the free ion energy where the
appropriate wave equation is solved, e.g. in the central field approximation in which
each electron is assumed to move independently in a spherically symmetric potential
formed by the nucleus and the averaged potential of all other electrons. The term Vg,
represents a perturbation to this energy by virtue of the ion interaction with the
lattice. The surrounding atoms exert a small influence on the shielded ions which
can, to a good approximation, be described by an electric field — referred to as the
crystal field [17]. Thus, the static effects of the host on the rare earth dopant
customarily are treated by replacing the host with an effective crystal field potential

at the ion site.

Equation (2.1) is only approximate, and in reality, the host affects Hg,. The principal
mechanism is covalent bonding, the sharing of electrons between the rare earth and
its ligands, which partially screens the 4f electrons and reduces the effective nuclear
charge. This manifests itself as a rescaling of the entire energy level diagram [18].
For glasses, this translates into host-to-host shifts of up to a few percent in the
separations between energy levels. More covalent glasses, such as silicates, emit and
absorb at longer wavelengths, while more ionic glasses, such as fluorides, emit and
absorb at shorter wavelengths. As the electrons of the 4f shell are only weakly
affected by the ligand field of the glass the splitting and shifts relative to the free-ion
level positions are very small, of the order of 100 cm™, much smaller than the level
separations (of the order of 1000 cm™). The spectra of the 4f electrons are, therefore,
essentially the same in all matrices, as far as the position is concerned, and the free-

ion level scheme can be used to identify all observed spectral lines.

These absorptions and fluorescence emissions are generally weak since the
transitions are between levels of the same electronic configurations and are therefore
parity forbidden. However, if the impurity lies away from the centre of symmetry,
the crystal field violates the selection rules. The electronic transitions relevant to

solid-state lasers, observed in the infrared and visible optical spectra of the trivalent
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rare earth ions, are then a consequence of transitions between 4/ states.

In Figure 2.4 the states are labelled as Russell-Saunders coupling (LS coupling). In
this scheme total orbital angular momentum L, and the spin angular momentum § are

vectorially added to form the total angular momentum J, and the states are labelled

2S+ILJ [15].
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Figure 2.4: Energy levels of trivalent rare earth ions (After Ref. [18])
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2.5 Radiative Transition: The Ions and the Electromagnetic Field
Interaction

For luminescent devices, such as lasers and ampliﬁers‘, the most important term in
equation (2.1) is Vg, the interaction with the electromagnetic field, which gives rise
to the emission and absorption of photons. This involves both the interaction between
the electron charge and the electrical field and the interaction between the electron
spin and the magnetic field. As all the transitions considered for the rare earth ions
are between /" states, and they are forbidden via electric-dipole interaction, because
these transitions require change in the parity between the initial and final state [19].
However, as the ion resides in a noncentrosymmetric static or dynamic crystal field,
odd harmonics in the expansion of the crystalline potential can introduce a small
admixture of opposite parity states from a higher configuration, such as 4/™/5d, into

the original 4/" states and thereby electric-dipole transition become allowed [20].

Theoretically the line strength S, of a transition connecting two J multiplets, a and

b, is given by [21]:

.6 = Zfa. 1003, i 22)

where the summation is over all components of i and j of the a and b multiplets, and

D in the electric and magnetic interaction operator in the following forms:

Electric dipole D=y, =D e 2.3)
L - efr ..
Magnetic dipole D=y, = ZEZ(” + 25,) 2.4

where m and e are the electron rest mass and charge, 7, /,, and §,are the position,

orbital, and spin operator, respectively, for each electron, and the sum is over all f

electrons on the ion.

In practice, the concept of oscillator strength — the number of classical oscillators
equivalent to one real atom for a particular transition — is a very useful one in the

context of absorption, emission, dispersion and scattering of radiation [21]. It is
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defined by the relation:

N = Naf;J,h (25)

where N, is the density of atoms (or molecules) in the initial state and &' is the
number of equivalent classical oscillator. f;, is a dimensionless quantity related to
the line strength S, 5, and therefore it enters the absorption characteristic through the
relation [21]:

e’ 87’
kdv=—N = -y-S
j v me o.fa,h hl Z ahb

(2.6)

Imne

where:
k. is the absorption coefficient of the respective band (cm™);
c is the velocity of light, and 4 is Planck’s constants;
m and e are the rest mass and electrical charge of the electron, respectively;

the local field correction 7 is assumed as s = (n° + 2)°/9n for a electric dipole

transition, and as ¥mq = # for a magnetic dipole transitions;
Ny is the total number of active ions per unit of volume and;

n = n(}) is the index of refraction of the bulk isotropic dielectric medium at the

mean wavelength A of the transition;

Sas and f;, are the line strength and oscillator strength for a transition between

initial state a and final state b, respectively.

2.5.1 The McCumber’s Theory

The parameters accounting for the efficiency of these electromagnetic interactions
with the rare earth ions are the absorption and emission cross-sections. Therefore, the
absorption and emission spectra of the rare earth are the signatures of the energy
states of the 4f inner electrons [22]. Glass composition has a pronounced effect on

the value of the absorption and stimulated emission cross-section and the shape of
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these bands, factors which play important role in determining the performance of rare
earth doped lasers and amplifiers. The host has the least influence on the electronic
structure and changes the relative positions of the Stark levels only slightly [23].
However, a specific rare earth transition line can have a slightly different spectrum
shape due to change of hosts. This is a consequence of homogeneous broadening due
to dephasing processes [24]. Furthermore, when individual dopant ions occupy very
dissimilar sites in the glass, they experience different potential interactions. This
disorder leads to a distribution of energies for a given Stark level component which

produces inhomogeneous broadening of the emission and absorption spectra [25].

Despite the number of standard methods used to determine the rare earth cross
sections [26], only McCumber’s theory [27,28], or the reciprocity method, will be
described in this section. The choice of this method is due to its very accurate results,
as will be shown further in this section, and mainly because it provides not only

absolute cross sections but also spectral information of the specific transition as well.

The high accuracy of this model can be attributed to the easily fulfilled assumptions
required by this theory. It is assumed that the probability for a nonradiative transition
between the two sets of levels is negligible in a spontaneous emission lifetime, and
that the time required to establishing a thermal distribution within each manifold' is
short compared to the lifetime of that manifold. As demonstrated by McCumber [28],
as a generalisation of the Einstein relations, the emission and absorption cross

sections can be associated by the following relation:

0. (v)=0,(v)-expl(e ~ hv)/k,T] 2.7)

where:
oi(v) (i = a for absorption, and i = ¢ for emission) is the cross section;
kg is Boltzman constant;
and 7 is the absolute temperature.

The cross sections are scaled with respect to each other by the temperature dependent

! Manifold corresponds to the splitting in the configurations due to the spin-orbit interaction.
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excitation potential & which is the net free energy required to excite one ion from the
lower level to a upper state maintaining the initial dielectric temperature 7. If the
two levels involved are in thermal equilibrium at temperature 7, the parameter

accounting for the free energy can be evaluated by:

Nl
[EL = exp( %BT) 2.8)

where N is the equilibrium population of the ith level at temperature 7T in the absence
of pumping. From the corrected emission spectra and measured lifetimes for the
upper level, the experimental stimulated emission cross section is scaled by:

a,(1)

L _gm2e 2" az 2.9)
r P
e

where:
7. is the spontaneous emission lifetime of the upper level;
n is the host refractive index;

And the absorption cross section is determined using equation (2.7).

If the position of all Stark components of the specific transitions are known, ¢ is

calculated according to [29]:

1+ expl-E, ik, - T)

N =
V- - . (2.10)
P exp(- E, 'k, -T)-|1 +Zexp(— E,, k, T)}

=2

In this expression Ej is the separation between the lowest component of each
manifold, and Ej; is the difference in energy between the level j and the lowest
component of the level i. The electronic structure required for this equation is usually

obtained only due to measurement at low temperatures.

Miniscalco et al. [29] have developed a simple phenomenological procedure that

yields a good estimate of € for most situations. First, the electronic structure is
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simplified assuming the Stark levels, for a given manifold, are equally spaced. At
room temperature there is a tendency for the population in a band to congregate in
the lowest Stark level, thus, the absorption cross section shifts towards shorter
wavelengths and the fluorescence spectra towards longer wavelengths.
Measurements have shown the peaks of the absorption and emission spectra to be
usually within 5.0 cm™ (1.0 nm) of each other. Then, E, is taken as the average of
these peaks. For this specific problem, the term half-width is postulated as the
separation between the peak and the energy at which the spectrum falls to 5% of the
peak. As the peak emission is identified as the transitions between the lowest
component of the two manifolds, (n-1)E; is used as the low-energy half-width of the
room temperature emission spectrum. In a similar way, the high-energy half-width of
the absorption spectrum is adopted for the width of the excited state (m-1)E;. Figure
2.5 depicts the accuracy of the McCumber’s theory [30] with the use of the previous
approximation of the spectrum and electronic structure of Er’* for the Misn > Lisn
laser transition, calculating the absorption cross section (dashed line) from the
fluorescence measurement (solid line). The inset shows the agreement between the

calculated and measured absorption band at 1535 nm.
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Figure 2.5: Cross section determined by McCumber theory .The inset is a comparison between
the calculated absorption (dashed curve) and the experimental measurement of the absorption
band.

An accurate determination of these spectrum shapes and magnitude is useful to

estimate the amplified spontaneous emission (ASE) in the optical amplifier
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modelling in a low signal operation regime, for instance. However, McCumber’s
theory does not allow one to determine, or estimate, the other important dipole-
dipole interaction parameters such as the radiative transition lifetime or their
branching ratios. A method to evaluate these parameters will be considered in the

next section.

2.5.2 The Judd-Ofelt Theory

The Judd-Ofelt theory is widely employed to estimate non-accessible spectroscopic
information relevant to rare earth doped lasers and amplifiers characterisation. This
theory can be introduced considering the equation (2.2). According to the quantum
mechanic theory, the line strength matrix elements S, between 4f states of the rare
earth are identically zero since all of these states have the same parity [31]. However,
as mentioned in the section 2.4, when rare earth ions are placed in crystals at sites
without inversion symmetry, the odd components of the crystal field potential admix
even parity states of the ion into ground configuration, and the selection rule is not

obeyed anymore. Based on these considerations, Judd [32] and Ofelt [33] have

demonstrated that the line strength for electric dipole transitions ijj, (corresponding
to the equation (2.2) with D = p,,) between an initial J manifold |4£"[S, L] @/} and

a terminal J manifold '4 IS L) bg ’> may be written in the form’:

S =1/e -|(a|15|b)|2 = MZMQA ar[s, LUt 4 f"[S',L']bJ')‘2 @.11)

where the elements ( ||U (’”“ ) are the doubly reduced unit tensor operators

calculated in the intermediate-coupling approximation. Since these tensor elements
are virtually constant irrespective of ion environment, they can be used in the
intensity computations for the ions of interest for laser applications. The spin and
angular momentum quantum numbers, S and L, are used to label intermediate

coupling states as described in-the section 2.4. The three coefficients Q,, 4, and Q¢

? Following the literature, all physical constants and expressions shown in the section 2.5.2 are in the
CGS unit system.
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contain implicitly the odd crystal field terms, radial integrals, and the perturbation
energy denominators. These quantities, which are independent of the state variable
within the 4f" configuration, may be regarded as phenomenological parameter

characterising the radiative transition probabilities within the 4/" configuration [34].

Due to Judd and Ofelt, the integrated absorption coefficient — equation (2.6) — for
electric and magnetic dipole transitions within the shielded 4/" ground electronic
configuration, taking into consideration the rare earth ion embedded in a crystalline

lattice, may be written as [34]:

© 3 5
J k.dv =N, _ 8 A
3ch(2J +1)

0

[xw -Soty + Xma *Saty ] (2.12)

where A is the mean wavelength of the absorption band. The selection rules for the
electric dipole contribution S, defined by equation (2.11), arising from the f
configuration mixing include: Al = #I, AS=0, |AL|, |AJ) £6. However, the
magnetic dipole transitions are parity allowed between states of /' and subject to the

selection rules AS=AL=0, AJ=0, +1 (but not 0 — 0 transitions) [20]. Its contribution

(S™Mwith D =p,_,) to the equation (2.12) is given by:

S:: = l/e2 * émd

|b>|2 - ( h Jz .l(4 Sls Ll |L+28)4sm [S',L']bJ')|2 2.13)

4nmc

(af

There is some magnetic dipole character only in a few transitions among the rare
earths; the induced electric dipole mechanism is dominant for the intensities of most
lanthanide absorption bands [35]. Electric quadrupole transitions are also parity
allowed between states of /* with the selection rules AS=0, |AL|, |AJ] < 2. However,
its contribution to the oscillator strength is usually estimated to be more than three
orders of magnitude smaller than the measured value, and therefore electric

quadrupole transitions can be considered insignificant for the whole process [20].

There is no clear physical meaning to the phenomenological intensity parameters Q,
(A = 2, 4, and 6). However, based on experimental observations, the parameter Q,

has been shown correlation with the degree of covalence between the rare earth ion
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and the host: i.e. ionic materials like fluorides have very small value of €,, while
covalent materials like silicates have large values. Generally, Q4 and Q¢ have been
shown relation with the viscosity of the medium, i.e. the most dense the material the

higher the value of the parameter [20,36].

According to the theory, the best set of Judd-Ofelt intensity parameters, Q;, are
determined for a specific glass from a least-squares fit to the values of the measured
integrated absorption coefficients. The determination of this set of parameters for a
specific host, make possible the evaluation of the spectroscopic information of a
specific rare earth level, as far as the reduced matrix element of the referred rare
earth transition levels are known. To determine the radiative transition probabilities
for emission between excited J manifold rare earth ions in glasses, using the previous

Q, determined parameters and the correspondent doubly reduced unit tensor

operators ( ”U (”” ) for the specific transition, by:

64n’e?

A - . . S::d . Smd
ab 3h(2J + l)‘}? [X-ed ab + de ab ] (2 14)

which is related to the radiative lifetime, t,, of the excited state by:
1
—=Y4,,=4, (2.15)
T, 5

where the summation is over the electric dipole transitions to all terminal state b, and

the luminescent branching ratio is given by:

= A zta.Aa,h (216)

For lasers and amplifiers analysis of rare earth materials the integrated absorption

cross section, o, 5(Ap), for stimulated emission is estimated from the equation:

AL
2
8m-c-n"- AL,

c,,(A,)= A, 2.17)

where Ap is the peak fluorescence wavelength of the emission band, and Ay is the

effective fluorescence bandwidth determined by dividing the integrated fluorescence
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line shape by the intensity at Ap.

In this section, the Judd-Ofelt formulation of crystal field induced electric and
magnetic dipole transition in 4f" configurations was summarised. The validity of the
model has received ample experimental verification with computed emission and

absorption intensities generally accurate to within 10-15% [29].
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2.6 Nonradiative Transition: The Ions and the Dynamic Lattice
Interaction

Excited electronic states of rare-earth ions in solids can also decay nonradiatively by
exciting lattice vibrations. Considering low rare-earth concentrations, in order that
ion-ion energy transfer can be neglected, the nonradiative interaction is accounted by
the ion-dynamic lattice energy potential (V;p.). The physical process which makes
phonon emission possible is a consequence of the rare earth incorporated in the glass
matrix has oxygen or other ions as a nearest neighbour. The vibration of these and
distant ions contribute to the fluctuating Stark field which induces nonradiative
transitions. Because of the different vibrational spectra, the rate of phonon process is
host dependent. When the energy gap between the excited state and the next lowest
state is larger then the maximum phonon energy in the material, the emission of
several phonons is required to conserve energy. For higher order processes (=3
phonons), the decay rate is determined predominantly by the number of phonons

required to bridge the energy gap.

Layne and co-workers [37] have derived an expression for the determination of the
nonradiative relaxations accounting both for the exponential dependence of
multiphonon relaxation rate on the energy gap across which the decay takes place
and for the explicit temperature dependence. According to their theory, the rate for a

p-order multiphonon decay is:
W =C-[n(T)+1F -exp'~2*) (2.18)
In this expression
C and a are host-dependent parameters [36];
AE is the energy level gap;
p is the number of phonons required to bridge the gap;

and n(T) is the Bose-Einstein occupation number for the effective phonon mode,

given by:
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1
T)=
() exp(h-o, k, T)-1 (2.19)

Evaluation of the rate for a transition across an energy gap AF, accompanied by
emission of p phonons, requires knowledge of the glass network vibrational
frequencies (wg) that are excited in the decay. These frequencies can be determined
from the spontaneous Raman scattering intensity measurements [38]. For each glass,
the highest vibrational frequency is associated with the symmetric stretching mode of
the glass network former. Oxide glasses have larger nonradiative rates, because of
their strong covalent bonds which results in higher phonon frequencies. In general,

glasses have much larger nonradiative rates than crystals of similar composition [39].

The process of relaxation of an excited rare earth ion can be either a radiative
transition to any one to the lower lying levels, or a nonradiative transition (a cascade
from one level to the next). Then the total lifetime, or the fluorescence lifetime of an

excited state a is given by:

% =;(A,,.b +wr) (2.20)

where A, and W, are the radiative and nonradiative transition probabilities from

level a to level b, and the summation is over all terminal levels 5. Nonradiative
processes include, in addition to multiphonon decay, relaxation by direct ion-ion
transfer and energy migration to quenching centres when high rare-earth
concentrations are present. Concentration quenching and cross relaxation due to
energy transfer between ions in highly doped glass will be introduced in the next

section.

The electronic states which act as upper levels for radiative transitions are called
metastable levels. Metastable levels are then exclusively those that are divided by a
larger gap from the nearest lower lying level reducing the probability of multiphonon
relaxations. All rare earth electronic states have some finite radiative transition

probability. For levels with small energy gaps to the next lower level, decay by

multiphonon emission is very fast (W, » Aas), so fluorescence is not normally
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observed. The situation can then be interpreted as a competition of both types of
transitions; the nonradiative transitions have a probability that decreases strongly as
the distance to the nearest level increases. When the probability of the nonradiative
transition is too low, the radiative transition becomes competitive and a fluorescent
emission appears. Thus, the radiative quantum efficiency of a transition a — b,
which correspond to the fraction of the energy of an excited state that is dissipated in

the host during specific transition, if defined by:

—Aab/z (4, +W0)=1,-4,, (2.21)

The contribution to be added to the nonradiative process if there is energy transfers

among rare earth ions will be considered in the next section.

2.6.1 Energy Transfer Processes: The Ion-Ion I nteraction

Increasing the rare earth doping level into the glass enhances the energy transfer
process between ions. This effect will be responsible for an increase in the
nonradiative transition probability. This process is experimentally observed by an
increase in the fast decay component of the metastable levels lifetime. The
interaction between rare earth ions is treated by the last term in equation (2.1) — Vj,.
From the point of view of luminescent devices, the most important manifestation of
this interaction is this transfer or sharing of energy between ions. This exchange may
occur among rare earth ions of the same or different species. Depending on the
context, it may be either beneficial or deleterious. This section will consider all these

ion-ion interaction conditions.

[f there are two species of dopant ions in the matrix, one can be excited (S) and the
fluorescence can be absorbed in the second (4), as depicted in the simplified energy
level diagram in the Figure 2.6. As the presence of (S) makes the system sensitive to

the exciting energy A v,, this phenomenon is called sensitisation [15].

As depicted in Figure 2.6, the sensitiser ion system returns from the excited state S,
to the ground state S, releasing its energy to bring the activator ion system from the

ground state 4, to the excited state 4,. The transfer of energy between the sensitiser
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and activator system is a purely nonradiative, i.e. no photon will appear in the system
during the transfer. The radiative transition is present when the excited activator
relaxed back to the ground state by an emission of a photon hv,. This process is
considered resonant transfer when the position of the energy levels of the sensitiser

and activated systems has a sharp overlap.
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Figure 2.6: Simplified energy diagram level for  Figure 2.7: Simplified energy diagram level for
resonant nonradiative energy transfer non resonant nonradiative energy transfer

Energy also may be transferred as a non-resonant process. This is probably the most
common to occur, because usually the energy levels which energy transfers take
places does not coincide. In this situation, emission of one or more phonons is
required to match the energy difference, as shown in Figure 2.7. In addition, the
energy mismatch is important in driving the process in a particular direction, since
energy seldom can be conserved by the electronic transition alone. Finally, the
processes involving emission of phonons are much faster than the transitions

requiring the absorption of photons [15].

The energy transfer processes described by Figure 2.6 and Figure 2.7 are rather
general. They can be applied to analyse both situations: when activator and sensitiser
ions are of the same or different species. It is also common refer to the sensitiser and

activator ions as donor and acceptor ions, respectively.

Among the deleterious energy transfer processes, cooperative upconversion or cross
relaxation [40] and concentration quenching [41] have been extensively studied due
to the influence in the performance of the erbium doped solid state lasers and

amplifiers, and neodymium solid state lasers. Cooperative upconversion, or cross
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relaxation, is a process involving two excited ions, as depicted in Figure 2.8 for
erbium ions. When they interact, one ion transfers energy to the other, leaving itself
in the ground state and promoting the other to a higher state. The promoted ion
quickly relaxes back to the previous excited state through multiphonon emission
process. The net result of this process is the conversion of units of excitation into
heat. Since cooperative upconversion requires two interacting ions in the excited
state, it is not evident at low pumping power levels [29]. At high pumping powers, it
appears as an accelerated and multi-exponential decay, the latter due to variations in
the distance or interaction strength between excited ions. The pump power
dependence of the upconversion mechanism has important device consequences. The
process will be the most deleterious at higher population inversions, a situation
usually required for amplifiers to achieve high single pass gain and good signal-to-

noise ratio.
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Figure 2.8: Cooperative upconversion between Figure 2.9: Concentration quenching for
two erbium ions neodymium ions

Concentration quenching is shown in Figure 2.9 using Nd’" as an example. This
process happens if an ion excited into the metastable *Fs; level interacts with a
nearby ion in the ground state. The first ion can transfer part of its energy to the
second, leaving both in the intermediate ‘I s, state. Since the energy gaps to the
lower lying level are small, both ions quickly decay nonradiatively to the ground
state. The net result is the conversion of the original excitation into heat in a time that
is short compared to the radiative lifetime in the energy transfer rate is high.
Experimentally, this quenching process manifests itself as a multi-exponential decay,

which is independent of pump power, since only one excited ion is required for start
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the process [41].

The beneficial use of the cooperative upconversion with two different types of ions
can be used Yb** — Er’* [42], or YB** — Tm®* [43] as example. In both ion systems,
ytterbium ions acts as sensitiser (or donor). They are used to improve the pumping
efficiency for the erbium, for the Er*/Yb*" pair, or creating a new possibility of
pumping wavelength for the Tm’*/Yb** system. In addition to the large absorption
band around 980 nm of the ytterbium ions; they do not undergo any deleterious
energy transfer even at high concentration. It is a consequence of their simplified
energy level structure. However, if the donor concentration is high enough, another
mechanism that can occur is the migration of the excitation among the strongly
coupled donor ions (donor-donor transfer). This transfer proceeds until the excitation
reaches a donor close enough to an acceptor to complete the final step of the transfer
process. This mechanism is commonly used for sensitising materials using large
donor concentrations to absorb the optical excitation and transfer it to the activator or

emitter when the latter has a weak or poorly placed absorption band.

A typical use for the concentration quenching as a beneficial process is the utilization
of the Tb** ions to quench the Tm** >H, level. The blue laser action in the thulium
ions between the 'D, — *Hy energy levels is rarely achieved because the lower level
has a lifetime about two orders of magnitude longer than the upper. Thus, the
thulium lower level is emptied faster transferring its energy to nearby Tb** [44].
There are several ions system reporting this energy transfer process with similar

purpose, such as Er** — Pr’*, and Ho®" - Pr** [45].

The comprehension of the physical effects involving energy transfer is an active
research field. At large rare earth concentrations, with approximately uniformly
distributed excitation of the metastable level, the pump loss is partly explained by
energy transfer between two excited rare earth ions, resulting in a homogeneous
upconversion process. Moreover, rare earth ions can also form pairs and large
clusters, in which a rapid energy transfer leads to a fast decay and inhomogeneous
upconversion [46]. For pair clusters, this effect is often called pair-induced
quenching. Depending on the details of the fabrication process, clusters may be

present even at low concentratioms, when homogeneous upconversion is negligible.
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Experimental results have shown that the energy transfer rates in the ion-ion
interaction increase linearly with the doping concentration (or the inverse-distance
between the ions) [47,48]. The threshold at which the upconversion process cannot
be ignored can be estimated by considering the relationship between optical
amplification and the microscopic structural properties of the material. The
expression for the electric dipole-dipole energy transfer probability between donors

and acceptor is given by the Foster-Dexter model [49]:

4 4 6 .
Pda =_1- 3h 6'4 (_1_) G, de(E) JFG(E)dE (222)
1, 4n-n*\ R, E

where:
74 1s the radiative lifetime of the donor;
n is the host refractive index;
oy is the donor absorption cross section;
Raa is the donor-acceptor separation;

F,(E) and f4(E) are the normalised lineshape functions for the donor emission and

acceptor absorption;
h and c are the Planck constant and velocity of light respectively.

The equation above can be simplified defining a critical interaction distance R, :

6
1R
P, =—| =2 (2.23)
: (Rda )

Ty

where R, incorporates all remaining parameters except 17 and R4. This implies that
two ions at a distance R, will transfer the excitations energy at a rate of one per
second. To reduce the energy transfer effect, the excitation rate P, 7; must be

maintained smaller than the fluorescent lifetime 7, as expressed by equation (2.20).
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2.7 Rare Earth Doped Glass: AP Co-Doping Influence

The main glasses, or network formers, fabricated by Flame Hydrolysis Deposition
are SiO, doped with P,Os or GeO; to increase the refractive index and allow optical
confinement. The simplest glass structure, and the base for all glasses considered in
this work, the vitreous silica SiO,, is formed by one atom of silicon in the centre of
four oxygen ions in a form of a tetrahedron. Its dimensions are considered constant in

most glasses, and the typical dimensions, as show in Figure 2.10, are [15]:

"Si-\'é“. rsi; 41.0 pm

“‘.—‘ ‘-.“ ' . ,/,""‘~“ ro.' 14.3pm
o /\ t: 16.0 pm

Figure 2.10: The (—5{64—)2* tetrahedron and its typical dimensions.

When germanium and/or phosphorus are added to the matrix glass in order to
increase the refractive index, for example, they tend to substitute the silicon ions in
the matrix as network formers. As germanium has the same valence 4 as silicon, its
addition to a glass does not change its characteristics very much. The glass retains its
tetrahedral structure and the properties are similar to fused silica glass alone, as

shown in Figure 2.11.

Pure silica or germanium-doped silica glasses can incorporate only very small
amounts of rare earth ions before microscopic clustering occurs and ion-ion
interaction appears [S1]. Arai et al have explained this phenomenon with a
structural model [52]: when rare earths are incorporated into glasses, they do so as
network modifiers. Due to their large ionic radii and low field strength, they tend to
break up the covalently bonded glass structure. Since most of the rare earth ions are

incorporated in the trivalent state, there must be charge compensation within the
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network from the oxygen atoms which are now non-bridging. If the concentration of
rare earth is very low, then the ions will be in an isolated site and there will be little
or no effect from other rare earth ions. As concentration is increased, the absence of a
sufficient number of nonbridging oxygen to co-ordinate isolated rare earth ions in the

silica network causes them to cluster in order to share nonbridging oxygen.

Figure 2.11: Germaniﬁﬁi ion substituting Si ion Figure 2.12: Phospﬁaflis; ion substituting Si
in the tetrahedron ion in the tetrahedron

In order to incorporate higher rare earth concentration into silica-based glasses
avoiding, or at least reducing, clustering formation, phosphorus or aluminium, or a
combination of both, are added to the network. The phosphosilicate glass network, as
SiO; system, is also based on tetrahedral form, with four oxygen atoms being bonded
to each phosphorus atom. However, since phosphorus is pentavalent, one oxygen ion
has a double bond to the phosphorus, Figure 2.12. This reduces to three the number
of tetrahedra that can bond to any selected tetrahedron, leaving one oxygen ion
unbounded [50]. Thus, the unbounded oxygen becomes the phosphosilicate glass
system (P,0s-Si0;) suitable to incorporate rare earth ions in a higher concentrati(_)n
than in pure silica without clustering formation. Furthermore, phosphosilicate glass is
considered less dense than fused silica. The viscosity of silica is very effectively

lowered by small additions of phosphorus to the network.

The influence of the ALO; on Nd** fluorescence in SiO, glass system, in the
terminology of solution chemistry, was explained by Arai ef al. as follows: in the

liquid state, A,O; dissolves well in SiO; and Nd,O; also dissolves in Al;O; without
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liquid immiscibility. Therefore, AlO4, and/or AlOg/ act as solvation shells to make
Nd** ions soluble in SiO, network. The results by Nogami et al. [53], based on
nuclear magnetic resonance spectroscopy measurements of AP jons in Smy0;-
AL,O3-Si10; glass system, corroborate with Arai, and they have concluded that the
AI** jons preferentially form AlOg octahedral and the charge of the Sm** ions are
compensated by the oxygen in the AlOg group. These results confirm the increase of
the dispersion of Sm®" ions in the network glass structure by the addition of AI** and

explain the increasing of the fluorescence intensity observed.

The major role of P,Os into SiO; glass in preventing rare earth clustering is not clear.
Experimental evidence only shows that adding phosphorus to the SiO, glass system
in a ratio of P-to-Nd of approximately 15, the spectroscopic changes and solubility of
the rare earth are similar to those found for aluminium doping. For the GeO,-SiO,
glass system, the ratio P-to-Nd is one order of magnitude larger than the than the
phosphosilicate glass alone to prevent clustering. Phosphorus doping level of less
than 1.0 mol% offers no improvement over the Ge doped silica glass and Er** or

Nd** [16] concentration below 10'® cm™ are still required to prevent quenching.
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2.8 Summary

This chapter has concentrated on the introduction of some background information

supporting the research developed.

Initially, a summary of the Flame Hydrolysis Deposition (FHD) and the rare earth

doped waveguide fabrication were presented in the section 2.2.

An introduction to general characteristics of the rare earth ions in glasses was
investigated considering the interaction energy between the rare earth ion and the
host subdivided in several contributions. Section 2.4 concentrated on the contribution
due to the ion and the static lattice, which originates in the electronic structure of the
rare earth. Section 2.5 was devoted to an explanation of the interaction of ions and
the electromagnetic radiation. Due to the importance of this interaction for the
photoluminescente devices, two well-established theories were described for the
determination of some relevant spectroscopic information for the characterisation of
photoluminescente devices. The McCumber’s theory has been used as a powerful
tool to determine transition cross sections, and the Judd-Ofelt theory, useful to
evaluate non-accessible spectroscopic information, were presented in the section
2.5.1 and 2.5.2, respectively. The choice of these two theories was based on the

experimental facilities available to develop the research.

Section 2.6 was devoted to the nonradiative relaxations, attempting to focus on
procedures do determine its influence in the present glass system. In this section, ion-
ion interaction and its contribution to the nonradiative relaxation process was also

considered.

Finally, the section 2.7 introduced some considerations on the aluminium and

phosphorus co-doping influence in the solubility of rare earth ions into oxide glasses.
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Chapter 3 - Rare Earth Host Glass Optimis ation:
the influence of sodium

3.1 Introduction: Rare Earth Glass Host Fabrication

The luminescent properties of rare earth ions in glasses are a critical factor for the
efficiency of lasers and amplifiers, and they are severely influenced by the rare earth
environment. For example, rare earth doped crystals have narrow absorption and
fluorescent bands with large cross sections, while glasses differ with small cross
sections and broad bands [1]. This band broadening in the rare earth glasses is due to
the multiplicity of the crystal fields that affect them in the matrix. This broadening is
also dependent on the glass composition. Oxide glasses, as those used in this
investigation, incorporate the rare earth ion into relatively large gaps, up to several
Angstroms in diameter, located in the matrix [2]. Figure 3.1(a) is a schematic
illustration of typical two dimensional example of rare earth incorporated into the

glass matrix.
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(b)

Figure 3.1: (a) - Typical two-dimensional example of rare earth ions incorporated in a
phosphosilicate glass. (b) - Co-ordination number of Nd** ions in phosphosilicate glass (After
Ref.[3])
Due to the large co-ordination number necessary to incorporate the rare earth ions
into silica glasses [3], such as the example in the Figure 3.1(b), clustering starts to

take place even at a very low doping concentration.

As described in the section 2.7, in order to increase the solubility of rare earths, while
reducing clustering formation, phosphorus pentoxide (P,Os) has been added to the
network, forming the system SiO,-P,Os [4,5]. Moreover, P,Os doped silica glasses
have also shown an increase in the refractive index, and lowering of the sintering
temperature. The incorporation of phosphorus into silica-based glasses avoiding
clustering is physically described as follows: phosphorus is included into the glass
matrix, exchanging place with silicon ions. However, as it is a pentavalent ion, one
oxygen has double covalent bounds to it, thus reducing to three the number of
tetrahedra that can be bound to any tetrahedron, leaving one oxygen to bound to the
rare earth. Aluminium has also been used as a glass network modifier in order to
increase the uniformity of rare earth ions in phosphosilicate glasses. However, the
inclusion of aluminium in our flame hydrolysis deposition (FHD) process revealed a

reduction in the fluorescence efficiency, as will be shown in the next section.
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Na, 0. 2510,

Figure 3.2: Simplified example of high sodium ions concentration in a silicate glass network,
forming sodium disilicate glasses (After Ref. [6])

Besides aluminium, sodium is another option to dissolve rare earth ions into the glass
matrix. Furthermore, sodium chloride is a harmless compound to be handled.
Cormier et al. [6], employing molecular dynamics computer simulation technique,
examined the optical properties of rare-earth ions in disordered system in terms of
modifications of the silica-based glass. Their work revealed that, the presence of
Na,0 in europium doped silica glass, the number of oxygen not coordinated to Si*,
or independent from the silica network, considerably increases. The large amount of
ions (Na") incorporated into the tetrahedral network, such as in the disilicate
composition - Na;O0-2Si0,, locally disrupt the silicate network and create non-
bridging oxygen ions. Hence, the extra negative charge is compensated by the
positive charges of the alkali ion, as depicted in Figure 3.2. According to the
simulations, if rare earth ions are present the glass system, it attracts the non-bridging
oxygen into its potential field and frees it from the silicate network, while the local

sodium cations are rearranged to meet the requirements of local electro-neutrality.

Based on these considerations, the proposal of this chapter is to study the influence
of sodium ions on the incorporation of rare earth ions into phosphosilicate glasses
fabricated by flame hydrolysis deposition. For such analysis, the use of erbium ions
as active material was made due to the large amount of published data that can be
used as benchmark; the laboratory facilities were also a factor which influenced this

choice.

In order to measure the influence of sodium, three sets of waveguides with different
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erbium doping level were fabricated. All samples underwent equivalent process of
fabrication by Flame Hydrolysis Deposition, and the aerosol doping technique as
described in the previous chapter, section 2.2. A combination of photolithography
and reactive ion etching (RIE) was used to fabricate the channel waveguides.
Cladding layers were deposited on the top of the samples to cover the waveguides.
All the buried channel waveguides had the input and output facets optically polished

to increase the optical coupling.

Table 3.I: Relevant characteristics of the waveguides used in the experiments. (*Estimated
average thickness).

Er/Na  Refractive Ap An IE{ ;:slcol:.s Er* Ions Lel;lgt Section
™M) Index (n) (%) 3) (Wt%) (cm) (pm X pm)
0.5/0.0 1.47363 0.015 1.05 1.58 0.20 4.40 50 x7.0
0.5/0.1 1.47568 0.017 1.18 1.90 0.24 4.20 50 x 10.1
0.5/0.5 1.47468 0.016 1.12 1.74 0.22 4.70 50 x9.1
0.5/1.0 1.47459 0.016 1.11 1.27 0.16 4.70 50 x 10.0
1.0/0.0 - - - 7.37 0.93 4.50 25 x 8.1
1.0/0.1 2.14 0.27 4.40 50 x 8.0*
1.0/0.5 2.22 0.28 4.40 50 x 8.0*
1.0/1.0 1.47454 0.016 1.11 2.40 0.30 4.40 50 x 8.0
2.0/0.0 1.47388 0.016 1.06 2.46 0.31 4.20 50 x 7.7
2.0/0.1 1.47655 0.018 1.24 2.38 0.30 4.20 50 x 10.2
2.0/0.5 1.47474 0.017 1.12 2.78 0.35 4.25 50x7.9
2.0/1.0 1.47428 0.016 1.09 2.85 0.36 4.50 50 x 8.1

Three different erbium aqueous solution containing 0.5 M, 1.0 M, and 2.0 M, of high
purity (99.99%) REacton® erbium (III) chloride hexahydrate, respectively were
prepared. Each of the three erbium doped aqueous solutions was separated in four
different batches giving twelve solutions. Each of these erbium solutions received
different amounts of, high purity (99.99%) REacton®, sodium chloride in the
following amounts: 0.0 M (sodium free), 0.1 M, 0.5 M, and 1.0 M.

These solution concentrations enable us to observe the influence of sodium on the

glass matrix and on the rare earth luminescent behaviour under three different
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conditions: when the amount of the sodium solution was varied from zero up to the
double of the rare earth solution concentration (Er’" = 0.5 M). We could also study
such influence when the sodium chloride in the solution reaches the same amount of
the erbium (III) chloride (Er’* = 1.0 M), and finally when the sodium solution is
limited to half the rare earth one (Er’* =2.0 M). The last solution set is useful to
observe the influence of sodium in its low level concentration if compared with the
amount of the rare earth ions. A summary of the main characteristics of each
waveguide is illustrated in Table 3.1. It is worth to stress that the 1.0/0.0 M sample
used in the experiments was produced in a different batch, and the difference for the

rare earth concentration is associated to the level of phosphorus used during the

deposition.
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Figure 3.3: Samples refractive index variation Figure 3.4: Rare earth ions concentration
with sodium chloride content, for two different variations as a function of sodium chloride
erbium chloride solution concentrations. contend, for three different erbium chloride

solution concentrations.

The first difference observed in the glass matrices characteristic was in the refractive
indices. Figure 3.3 summarises these results. Within experimental errors, both
samples - containing erbium chloride solution concentration of 0.5 M and 2.0 M
respectively - displayed similar trends. Both have shown an increase in the refractive
index when low sodium chloride was used, followed by a reduction in the index
when the solution become more concentrated. The refractive indices and refractive
index differences shown in Table 3.1, were measured and calculated using the prism
coupling method [7] at 632.8 nm (He-Ne laser line). The uncertainty of these

measurements is ~10*, which is reasonable for the purpose of the current

57



experiments. These results can be explained based on the molecular dynamic
computer simulations presented in reference [6]. Qualitatively, the explanation is as
follows. A small quantity of Na* incorporated into the host is helpful to compensate
eventual non-bridging oxygen due to the presence of rare earth ions. The immediate
effect in the glass caused by the reduction of non-bridging oxygen ions is an increase
in the network rigidity, resulting an increase in the refractive index. However, when
the amount of Na* ions is superior to the unbounded oxygen, they are incorporated
into the glass matrix forming xNaPO; - »SiO; and xNa,O - ySiO, (where x and y
represent unknown quantities). The influence of the NaPOs; molecules on the
refractive index is the opposite to that of P,Os, softening the glass and reducing the

refractive index. The refractive index difference An is defined as:

— ngo - nc%l ~ nm - n(-l
An= = (3.1)

ne, and n are the core and cladding refractive index respectively. However, when

the difference between n., and n.; in the glass is small, the approximation is usually
applied [9].

The second parameter observed in this initial analysis was the rare earth ion
concentration, and the results are illustrated in Figure 3.4. The rare earth
concentrations were estimated with the help of Ainslie et al’s [8] extinction
coefficient for the *I,3, — *I;s;, erbium band. For an equivalent silica-based glass, an
extinction coefficient corresponding to 2.0 dB/cm'wt% was determined. Despite the
inaccuracy of the method employing this extinction coefficient to determine absolute
ion concentrations, it works reasonably well in estimating relative changes of rare

earth levels.

As noticed from Figure 3.4, the amount of impurity ions effectively incorporated into
the glass matrix did not increase proportionally to the concentration of the rare earth
solution used in the deposition. It was observed during the FHD processes that high
rare earth solution concentration led to some solid material being deposited at the
entrance of the torch. Furthermore, the amount of this material was dependent on the
rare earth solution molarity, and the same solid material was not observed when the

erbium solution concentration was low. Therefore, it was attributed to the rare earth
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solution becoming solid, due to the temperature gradient in the delivery process,
before reaching the flame. This factor reduced the effective amount of rare earth

incorporated into the glasses.

Following the lines drawn across the experimental points (Figure 3.4), it noticed that
the variation in the amount of rare earth incorporated into the glass when low erbium
solution concentration were delivered shows a similar behaviour to the refractive
index variation, that is, initially increasing for low concentration and then falling at
higher levels. However, the higher erbium concentration solutions (1.0 M and 2.0 M)
show saturation in the rare earth level when the concentration of sodium in the
solution was greater than 1.0 M (the maximum used in the experiment). The dashed
line drawn in the 1.0 M-erbium solution indicates the high rare earth content in this
sample as mentioned earlier. As this sample was fabricated with the system in a
different condition, and probably due to a high phosphorus level incorporated in that

deposition, the incorporation of a higher rare earth content became possible.

The changes observed in the rare earth concentration are explained with the help of

the chemical reaction equations for the flame hydrolysis process:

2Hyy  + Oy e, 2H,0) ()
SiClayy  + 2H,0¢ —feat y  SiOys + 4HCly, (b)
2PClyyy +3H,0() + Oy e, P05y + 6HCl (c)
2POCl3,) + 3H,0y) —Heat_, P205¢) + 6HCly) (d)
2ErClyyy + 3H,Oy Meat Er;035 + 6HCly) (e)
INaCly, + HyOu _Hew ,  Na;Og + 2HCly) ®

and by the following considerations: both the erbium and the sodium cations are
network modifier (NWM) ions, which are incorporated in the voids of the network as
discussed in the introduction to this chapter. However, the smaller ionic radius of the
erbium ions, compared to the sodium ions, provides an effective field strength' ~4.5
times stronger for erbium than for sodium cations. According to the equations above

describing the chemical reactions, for a specific rare earth doping level, all quantities

! The effective field strength E=eZ/a’ (eZ ionic charge, a ionic radius) is the factor

determinant the classification of an ion as a network former or a network modifier
(NWM).
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are kept constant during the depositions except the last one, eq. (f), corresponding to
the sodium chloride reaction. Thus, the effect of the addition of sodium can be

analysed based only on the changes influenced by the last two equations.

However, as showed previously, depositions employing low erbium concentrations
had a similar behaviour to that of the refractive index. This effect can be explained
considering that small amount of sodium in the reaction means that it is favourable to
include more rare earth ions into the glass soot due to its strong effective field and
reduced ionic radius. Thus, the small alkali ions present in the reaction afe added to
the network only if there are unbound oxygen ions [6] as described in Figure 3.2.
However, when the amount of sodium in the reaction becomes comparable to the
erbium, the sodium starts to compete with the rare earth in number, regardless of its
weaker electrostatic field, and it is more likely to incorporate in the rare earth.
Moreover, the large coordination number of Er’" jons in oxides (=6) [10,11] is
another factor to reduce its probability of incorporation under this condition. Hence,
the greater the number of sodium the less the quantity of erbium in the soot, and as

the result the depletion in the erbium concentration is seen.

For higher rare earth concentration (1.0 M and 2.0 M), due to the large number of
these impurity ions, the sodium content has small influence on the incorporation of
the rare earth, and they never reach a saturation point. The probability of
incorporating rare earth ions into the network instead of an alkali is greater. The
saturation-like behaviour of the high rare earth concentration curves is due to the
amount of phosphorus added to the glass. This can be certified observing the rare
earth concentration of the sample 1.0/0.0 M among the same rare earth sample set.
The rare earth content was estimated to be close to 1.0 wt%, while the other samples
have less than 50% of this value. Because the alkali ions have a coordination number
smaller than the rare earth ions, they are more likely to be added to the network.
Thus, when high alkali concentrations are used, it is inevitable that they occupy voids

near rare earth ions, avoiding clustering of the rare earth ions.

As expected, the inclusion of sodium ions into the glass matrix has been
demonstrated to be beneficial in that it increases the rare earth solubility in the

network. The next section will be dedicated to the evaluation of this increase in the
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rare earth doping level in terms of ion-ion interaction. This effect will be evaluated
comparing the lifetime measurements of the transition *1;3n — *Iisp of erbium ions

for all the samples.
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3.2 The Erbium 41.3/2 - 4115/2 Transition Lifetime Measurement

In a weakly doped medium, i.e. when the rare earth ions are sufficiently far apart
from each other, the excited ions decay independently of all the other ions in the
sample. However, when the concentration of the rare earth ions is increased, the
probability for these ions exchange part of their energy during the relaxation process
become significant. The manifestation of these interactions is noticeable through a

reduction in the lifetimes of metastable levels.

In addition to the energy exchange, especially for the Er’* ions, the absorption of
cross relaxation or pump photons by the upper laser level (excited state absorption -
ESA) is another possible loss mechanism, present even for low doping level, which
must also be avoided. If ESA is present, even if there is sufficient gain on the laser
medium to overcome such loss, the slope efficiency will almost certainly be
degraded because of this unwanted absorption [12]. In practice, choosing a suitable
pumping wavelength for the specific laser transition usually does the reduction of

pump ESA.

For a heavily doped laser medium, cross relaxation is an additional factor
contributing to the ESA, reducing the upper laser level population, which is reflected
by an increase in the threshold pump power and consequently reducing the device
efficiency [13,14]. To reduce the laser threshold and achieve gain at low pump
powers, the laser medium requires a large population accumulated in the upper level
(N2), keeping the population of the lower level (N,) as small as possible. The
requirement for AN = (N; - N)) to be large, i.e. an efficient inversion population, has
two implications. Firstly, ions excited out of the ground state need to be channelled
efficiently into the upper level (large absorption cross section), and, secondly, the
fluorescence lifetime of this upper level should be long. Thus, the ions arriving in
that level remain there for a reasonable length of time permitting an efficient

population inversion [15].

This section will then study the influence of the inclusion of the sodium ions into the
glass on the rare earth clustering formation using the variation in the transition laser

at 1535 nm lifetime as parameter. The lifetime reduction due to the cross relaxations

62



is better understood if the dynamics of the process is considered. When two rare
earth ions interact, the excited ion nonradiatively transfer its energy to the other also
excited, leaving itself in the ground state and promoting the other to a higher state.
This nonradiative relaxation, which is faster than the radiative, is responsible for the
apparent reduction in the lifetime [16]. The ion-ion interaction is completed when the
excited ion quickly relaxes back to the previous excited state through multiphonon
emission process. The net result of this process is the conversion of one unit of
excitation into heat. Since cooperative up-conversion requires two interacting ions in
the excited state, it is not noticeable at low pumping power levels [1]. At high

pumping powers, it appears as accelerated and multi-exponential decay.
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Figure 3.5: Typical fluorescence measurement under low and high pump power intensities,
showing the increase in the fast decay component. The inset shows the differential of the natural
logarithm of the same data.

Figure 3.5 shows a typical lifetime measurement result when using a heavily doped
rare earth sample (2.0 M) for two different pump power levels at 514.5 nm. The inset
of the figure, corresponding to the deferential of the natural logarithm of the
fluorescent decay curves, indicates the presence of fast decay components even for a
low pump power - characteristic of a heavily rare earth doped medium. The use of
the differential of the natural logarithm of the data is useful because it makes any
small departures from the exponential behaviour easy to notice. Moreover, it shows
the instantaneous decay rate at any time in the decay. A purely exponential decay,

i.e. transition without the presence of nonradiative relaxations — including ion-ion

63



interaction, would have a constant slope of the natural logarithm against time, and a
differential logarithm which is constant [18]. The result of the investigation using
this technique is that all samples used in this research have a certain amount of ion-
ion interaction. It was also observed that, as expected, the interaction is proportional
to the rare earth doping level. All samples used in the experiments had also shown
the characteristic green fluorescence from the level *S;n, due to excited state

absorption (ESA) when pumped at 800 nm or 980 nm.

Following this preliminary inspection on the rare earth clustering formation, the
influence of the inclusion of sodium in the glass was investigated. Due to the
presence of clustering in all samples, the evaluation of any departure of the lifetime
of the laser transition due to the inclusion of sodium ions into the matrix can also be

used as an indicative of the level of clustering formation the glass.
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Figure 3.6: Experimental set-up for fluorescence measurements erbium doped phosphosilicate
waveguides.

The experimental set-up used for the measurements of the erbium laser transition
lifetime is depicted in Figure 3.6. A continuous wave (CW) Ti:Sapphire laser
operating at 800 nm was used as the source of fundamental radiation. A variable
neutral density filter (VNDF) was used to maintain the pumping power level constant
during a series of measurements. The laser beam was pulsed through a mechanical
chopper (Ch) operating with frequency near 20Hz. This frequency was chosen,

considering that the lifetime to be measured is close to 5.0 ms, to ensure a complete
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depopulation of the upper laser level. A pair of lenses (L1 and L2), with focal length
of 10.0 cm, placed in the path length of the laser beam produced a beam waist of
~50 um were the chopper was arranged. These procedures have ensured that the
lifetime to be measured is much larger than the excitation cut-off time (~0.04 ms)
[18]. The pump signal was coupled into the waveguide via x10 objective lenses
(numerical aperture NA =0.17) and the signal at 1.535um was collected
transversally to the pump propagation by a germanium photodetector (Ge-PD), with
time response better than 0.1 ps. The residual pump signal was removed using the
colour filter F1. The lifetime signals were recorded and stored in an oscilloscope

before being downloaded to a graphical plotter.
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Figure 3.7: (a) Lifetime measurements as a function of the sodium solution for two erbium ions
concentration 0.5 M (solid squares and dashed line) and 1.0 M open circles and straight line). (b)
The same measurement in 2.0 M erbium doped sample, the figure shows the typical error in the

experiments,

The results of the lifetime measurements for all samples are shown in Figure 3.7(a)
and Figure 3.7(b). It was observed that the inclusion of sodium did not lead to any
noticeable changes in the lifetime for samples with low and high rare earth solution
concentration. The values oscillate around 5.6 ms for samples prepared with a
solution containing 0.5 M of erbium chloride corresponding to the dashed lines in the
Figure 3.7(a), and 5.1 ms to the 2.0 M samples, Figure 3.7(b). The small reduction
observed in the best-fit lines is within the experimental errors of the measurements.
However, glasses prepared with 1.0 M solution have shown an increase in the
lifetime with the inclusion of sodium oxide, dashed lines in the Figure 3.7(a). The

value enhanced from 4.7 ms for undoped sample to 5.9 ms when the sodium solution
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was 0.5 M, showing a saturation-like behaviour for sodium beyond this level.

These results corroborate with the previous analysis of the Figure 3.3 and Figure 3.4,
and they can be explained with the help of the chemical reaction equations. Based on
the considerations for the rare earth concentration presented before, the minor
influence in the relaxation lifetime due to the incorporation of sodium ions into the
glasses containing low rare earth concentration should be expected. It is generally
assumed that network modifiers, such as rare earth or alkalis ions in oxide glasses,
are randomly distributed among various interstitial sites within the network-former
oxygen framework [3]. Considering these ions as being homogeneously distributed
into the glass due to its low concentration, the amount of ESA and the cross
relaxation are expected to be weak. The further reductions of the impurity ions, as
shown in the Figure 3.4 for 0.5 M, only become less favourable to the nonlinear

effect. Hence, there was no appreciable change in the lifetimes due to sodium ions.

The inverse is expected to occur in the samples with a high rare earth concentration.
It was observed that even the sodium-free sample have a reasonable amount of ESA,
characteristic of high rare earth concentration. As depicted in the Figure 3.4, the
inclusion of sodium increased the amount of the incorporated impurity ions. The
solubility of the rare earth in the glass was enhanced due to sodium ions and was
theoretically predicted by reference [6]. However, the experimental results depicted
in the Figure 3.4 shows that the quantity of rare earth was also increased.
Consequently, the balance between both, the increasing in the ion solubility and the

increase in its concentration, maintained the lifetime approximately unaltered.

The trade-off between these effects can be seen in the 1.0 M erbium-doped samples.
The undoped (sodium-free) sample showed the highest doping level (approximately
1.0 wt%) with the shortest lifetime. When sodium was included into the glass
matrices, and as its concentration was comparable to the erbium solution during the
depositions, it started to dilute the rare earth, reducing the cooperative upconversion
energy transfer and the lifetime increased. Based on these observations, it is expected
to be an optimum sodium and erbium concentration to maximise the lifetime. Despite
the small numbers of experimental points, Figure 3.8 was done to help the

visualisation of the mentioned point for this set of samples.
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Figure 3.8: Three-dimensional picture ofthe laser transition lifetime as a function of the dopant
levels.

In summary, the inclusion of sodium ions has shown an enhancement in the lifetime
for samples with moderate rare earth doping levels. The next section will be

concerned with the effect ofthese ions on the cross section ofthe laser transition.

3.2.1 Absorption and Fluorescence Measurement Results

Large stimulated emission cross-sections, and laser transitions with long lifetimes,
are the most important parameters required for the design of high peak power solid-
state lasers. Thus, the variation of the cross section with the glass composition has
become the subject of intense study because it is necessary to optimise and achieve
the best performance for amplifier or laser systems [19,20]. The glass network
former composition and the codoping ions have important effects on the fluorescence

and absorption ofrare earth ions in glasses [21].

A common way to optimise phosphosilicate glasses to extend the solubility of the
rare earth ions is the inclusion of aluminium into the network system [22]. It is
known from the literature that the addition of aluminium tends to broaden the
absorption and emission 4ln/2 —» 4lis2 of Er3t ion reducing the cross-section peaks

[23]. In the context of optimisation of practical devices, the reduction of the gain in
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the fibre version of the amplifiers can be easily compensated by increasing the fibre
interaction length. Furthermore, the line broadening is potentially useful to
accommodate more wavelength channels. However, the inclusion of AI’* ions in the
FHD phosphosilicate glasses did not lead to the behaviour for fibres. The
compensation in the reduction of the peak cross-sections by broadening the transition
line shape was not observed in our measurements [24]. The addition of aluminium

did not result in considerable changes in the metastable lifetime.

To evaluate the influence of aluminium ions in the glass system, fluorescence at
1530 nm (4I| 3= Lisn transition) due to erbium ions was measured and the cross
section for the transition was determined by McCumber’s theory [25-27]. The typical

cross section result for the two different erbium concentrations studied is reproduced

in the Figure 3.9.
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Figure 3.9: Typical cross section for Er’* doped waveguide showing a reduction in the peak with
the inclusion of aluminium.
These results dissuaded us from using aluminium to help the incorporation of rare
earth ions into the glass matrix. Unlike the case in the optical fibres, the short
interaction length and the higher scattering losses in rare earth doped planar
waveguides are determinant factors for lasers and amplifiers to achieve high gain and
low threshold pump power. Thus, even a minimal reduction in the fluorescence
characteristic will certainly be an additional difficulty to overcome during the

fabrication process. Therefore, the next investigation due to the sodium influence in
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the glass was carried out measuring the fluorescence of the metastable level for

different Na* contents.

Photoluminescence is a sensitive probe of the local environments of the active ions in
the host glass. Since each rare earth ion sits in a unique site, the ligand field
experienced by each ion differs. This difference leads to different Stark levels for
each ion. The greater the disorder in the rare earth environment, the greater the
differences in the Stark levels, leading to a photoluminescence spectrum over a larger

range of wavelengths [23].

The experimental set-up for the measurement of the fluorescence efficiency and
fluorescence cross sections was similar to one used to measure the lifetime presented
in the previous section. The fluorescence measurements were carried out using a
laser system, consisting of an Argon ion laser as a pump source to a Ti:Sapphire laser
as a pumping radiation source, tuned at 980nm. This pumping radiation was free
space coupled, through a x10 and NA =0.17 microscopic objective, into the buried
erbium doped channel waveguides. The fluorescent signals generated in the
waveguides were collected transversally to the direction of the pumping radiation
propagation via a multimode fibre (core diameter of 100 um) making use of noise-
like characteristic of the spontaneous emission radiation; i.e. the fact that it emerges
randomly in all directions, unlike the stimulated emission radiation which are
expected to propagate in the same direction as the pump. Thus, the signal collected
transversally consists only of spontaneous emission radiation. In order to ensure
small interference of the stimulated emission, low pump powers were used. The
maximum pump power without stimulated emission is obtained when the waveguide
is configured as a single pass amplifier have null unit gain in the output. Under the
present configuration, assuming coupling efficiency of ~30%, the pump power has to
be below 100 mW. The resulting output spectra were collected and measured with an

Anritsu optical spectrum analyser in the range of the 1450-1650 nm.

The change in the fluorescence of the *I;3, — *I;s» Er** transition line as a function
of sodium concentration were measured and the results are shown in Figure 3.10.
Straight lines through the experimental points serve to emphasise the trends across

the series. For each set of samples with a similar amount of erbium, the
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measurements were acquired with the same level of pump power. As can be seen
from Figure 3.10, all the three sets of samples had a similar trend, showing that there
is a certain amount of sodium concentration where the fluorescence reaches a
maximum near 0.1 M and then starts to decrease. The intensity of the fluorescence
for the 1.0 M sodium free sample was ofthe same order of magnitude as that of the
other samples in the same group, despite the difference in the rare earth
concentration. This is because its fluorescence was measured in a 25 pm wide
waveguide while the waveguide in the other samples in the same set were 50 pm
wide. For all these measurements the coupling efficiency was optimised by
monitoring the transversal fluorescence, and the pump power was kept constant. It is
worth mentioning that the same fluorescence peak trends were observed employing

higher or lower laser pump power.

The peak wavelength of the transition remained unchanged, within the accuracy of
the measurements, with the addition of sodium. The lack of a shift in the
fluorescence transition peak did not give a strong indication that the glass underwent
structural changes with the inclusion of sodium in the matrix. All observed changes

were within the experimental errors of 10%.
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Figure 3.10: Fluorescence measurements for Figure 3.11: Full width at half maximum
sodium doped waveguides with three different (FWHM) bandwidth variation as a function of
erbium concentrations. Lines were drawn as sodium solution concentration for the four
eye guideline. absorption bands measured.

The full widths at half maximum (FWHM) bandwidths of the four accessed

absorption bands were also measured, and the results are summarised in Figure 3.11.
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The trend observed in the measurements was a small reduction in the bandwidths,
however, the variations noticed in the 4In» —>4l152 transitions lines were less than
10%, if compared with the sodium-free samples, and these variations are comparable
with experimental errors. Linear fittings to the experimental results are for the
visualisation of those points. As the more pronounced variation occurred in the
weaker band, and considering the inaccuracy in the measurements of these bands, no

physical interpretation could be inferred from them.
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Figure 3.12: Absorption cross sections calculated applying McCumber’s theory for erbium
doped waveguides with three different erbium concentration increasing the amount of sodium
content.

To analyse the change in the fluorescence reported in Figure 3.10, absorption
measurements were also carried out and the absorption cross sections for the
transition at 1535 nm were estimated. A white light source was used as the excitation
radiation for the absorption measurements. Light was coupled into, and collected
from, the 50 pm wide waveguides by two pieces of multimode fibres, with core
diameters of 100 pm. An Optical Spectrum Analyser tuned over the wavelength
range of 1450-1650 nm recorded the spectra. Prior to all waveguide measurements,
the fibre-to-fibre absorption spectrum across the same wavelength region was
recorded. This spectrum was then subtracted from each waveguide spectrum in order
to exclude the spectral response of the entire measuring system such as white light
source, optical fibres, and detection systems. The absorption cross sections were
calculated applying McCumber’s theory as described in the second chapter. Figure
3.12 depicts absorption cross-section peaks, for three different erbium

concentrations, when the sodium content was increased. The smooth curves through
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the experimental points are to emphasise the trends across the series. A possible
reason for one experimental result of the 1.0/0.5 M sample did not follow the general

trend in the results shown in the Figure 3.12 will be discussed later.

The peaks of the cross-sections at 1535 nm (see Figure 2.5) of all samples show a
similar behaviour to the corresponding measured peak fluorescence. Small amounts
of sodium enhanced the peak cross section, and this enhancement is larger for the
lower rare earth solution concentrations. Further increasing in the alkali content
considerably reduces the cross section peaks. The trend observed in the peak cross-
sections of the Figure 3.12 and the refractive index in Figure 3.3 point towards the

existence of change in the glass structure.

The general trends observed in the cross-sections results were also obtained via the
measured spectroscopic parameters, such as the transition lifetime, its bandwidth,

and the peak wavelength, through the relation [28]:

oxt [ M (3.2)
dnic| Ak T, '

The final results do not corresponded to the absolute cross section values since the
fluorescence lifetime and the transition bandwidth were used instead of the radiative
lifetime and the lorentzian bandwidth respectively, as required by the mathematical
relation. However, the reduction in the peak cross-section due to the addition of

alkali ions was observed.

The change observed in the fluorescence and absorption cross section peaks points
towards the existence of beneficial changes in glass characteristics due to the
addition of sodium ions. However, a second confirmation will be performed using a

different method of evaluation. It will be detailed in the next section.

3.2.2 Judd-Ofelt Parameters Measurement

The Judd-Ofelt theory has been established as a tool for studying laser spectroscopic
parameters [20], or for predicting the strength of laser transitions in rare earth solid-

state material. It has also proved to be an effective instrument to study rare earth
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doped glasses [21,29]. In this section, the Judd-Ofelt theory will be adopted to
investigate the influence of sodium ions in the erbium doped phosphosilicate glass,
produced by flame hydrolysis deposition. Our aim is to see if the observed variation
in the emission fluorescence and the absorption-cross section was accompanied by

the variation in the glass composition.

A description of the Judd-Ofelt theory was given in the section 2.5.2 and can be
summarised as follows: the theory relates the measured integrated absorption of a
particular transition line to a theoretical integrated absorption expressed in terms of
three phenomenological parameters, ;, characterising radiative transition
probabilities within the ground state configuration. These parameters are determined

from a least-square fit to the experimental data.

These phenomenological fitting parameters are related to the interactions between

ligand field and electronic levels expressed by [21,30]:

A,

*52 (5, A )25 +1)” A=246 (3.3)

Q, =21 +1)
* Z,, s=135

In (3.3) Ay is the crystal field parameter which relates to the structural change near
the rare earth ion, e.g. symmetry and distortion. The factor =(s,A) is related to the
radial integral of the wave functions between 4f and admixing levels, e.g. 5d, 5g, and
the energy dominator between these two levels, i.e., the covalence between the rare
earth ion and the oxygen ion for oxide glasses. The reason for expressing this

parameter more explicitly is to emphasize their positive values.

The physical meaning of these parameters will now be discussed. Reisfeld et al [31]
attempted to give some physical interpretation to them. €, was related to the partly
covalent bonding and local polarisation, or the degree of asymmetry in the vicinity of
the rare ions; and Q, after comparison with several rare earth hosts, suggested a
dependence on the mean vibrational amplitudes. This was inferred from the increase
in measured value as the rigidity of the surrounding medium decreased. The values
of Qg increased as the medium hardness changed as follows: crystalline mixed

oxides, glasses, viscous solvents, and aqua ions. Oomen ef al. [29] have shown that
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the parameters €4, and Q¢, depend mainly on factors which are related to bulk
properties (long range effects). Therefore, they are possible indicators of the

viscosity in vitreous material.

For convenience in presenting the data and the results of the fitting, intensities are
reported in terms of oscillator strength, or f~number, which is a dimensionless
quantity as shown in the section 2.5. The oscillator strength of a transition can be

calculated from the absorption spectrum using [32]:

mc

= [ av (3.4)

where:
m is the electron mass;
e is the electron charge;

c is the velocity of light;

Ny is the number of rare earth ions per cm’ :

k, correspond to the absorption coefficient. The theoretical oscillator strength can

be calculated by equations (2.12) and (3.4).

Magnetic dipole transitions are allowed between states of the same parity and can be
of sufficient strength in certain cases to contribute to the observed intensities. In the
terms of LS coupling, transitions from the ground state to the first excited state
(4I|5/2 -, 3r2) will be the only allowed magnetic dipole transitions considered in this

experiment.

Measurements of the absorption bands to calculate the Judd-Ofelt parameters were
carried out with a method similar to that described above to calculate the absorption
cross sections. As the parameters are computed from the measured absorption line,
the greater the number of transition lines measured the more accurate the parameter
determination. For a reasonable precision at least six distinct bands have to be
measured. However, with the acquisition equipment used, only four bands could be

determined in our measurements. They are the following ground state *I;s» to *I13n,
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‘n s 419/2, and 4F9/2 absorption bands. This reduced number of lines is certainly a

source of uncertainty in our results.

Samples were kept at room temperature during the measurements, and at this
temperature, the observed linewidth were always considerably larger than the

instrumental resolution.

Figure 3.13 shows typical measured spectra, and the inset of this figure shows a
probable source of errors to our results due to the measurement system. As can be
observed in the inset, part of the absorption bands at 980 nm, which usually extends
up to 1040 nm, match with an absorption peak from the fibre-to-fibre measurement.
In this figure, the upper curve corresponds to the fibre-to-fibre measured loss and the
lower is the normalised absorption loss. When the rare earth concentration is not high
enough to produce an intense absorption band, the fibre-to-fibre loss can affect the
correct result, adding a valley in that region of the spectrum. For a heavily doped rare
earth glass, this effect is not so pronounced, or sometimes imperceptible, as observed

in the spectra of samples fabricated with 2.0 M erbium solution.

6 T —T T T T T T T T T
——Er/Na = 0.5/0.0M N,
5|~~~ ENa=050.1M ]
- - - - Er/Na=0.5/0.5M i Y,
- EfNa=051.0M  ~ -
% i Vo
&, 4 800 1200 1800
- 3} Fop 4 4 . 1
o 92 1112 lwz
:a .
S 2t - )
g _l’\_..r._-_h.'\ ——————— ’ \"\ P
< v
1 i I b
600 1000 1400 1800
Wavelength (nm)

Figure 3.13: A typical absorption measurement spectrum. The inset depicts an error introduced
in the measured band at 980 nm due to system interference.

According to the equation (3.3), the Q) parameters must have positive values, but
some of the Q, found to describe each rare earth system in our experiment were

negative, although the Q4 and Q¢ are positive with an order of magnitude agreement
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with values reported in the literature. Krupke [33] pointed out that the Judd-Ofelt
parameters €2, depend somewhat on the method used to establish them. However, for
the minimisation of the sum of the squares of the deviation in line strength adopted
here, very weak transitions will play no role in determining the minimum condition,
while very strong transitions will dominate the selection of the minimising

parameters.

Thus, it is not expected that the method used to determine the parameters should
have such a strong effect. A possible reason for the negative values calculated is the
presence of a hypersensitive band. In Judd’s original treatment of rare-earth
intensities in solutions [30], it was observed that transitions for which 4/ = + 2 are
peculiarly sensitive to changes in the ligands. According to reference [33], this J
selection rule for hypersensitive transitions, which is the condition for the matrix

elements of < }‘U(Z);I \ to be nonzero, is a mechanism affecting Q,. It has also been

observed experimentally that bands corresponding to the transitions *I;sp—*Hiin,
*Gy11 in erbium-doped glass show great variation (by order of magnitude in some
cases) in changing environments [34], while the intensity of the remaining transitions
in the spectrum is not drastically increased. In the case of Er’**, with ground manifold
“Iisn, the hypersensitive transitions should essentially lead to *G) level. However,
because the large value of the spin-orbit constant for Er'*, there is considerable
mixing of the states in the intermediate coupling scheme and the J = 11/2 levels

which contain component of 4G, such as the *I1 at 980 nm.

Table 3.1 shows the result of the calculated Judd-Ofelt parameters ;. Due to the
hypersensitivity of the 980 nm band and the interference in their determination, the
same calculations were carried out in two different situations. The first was done
considering the 950-1040 nm wavelength interval, which corresponds to the
complete band. In the second case, all bands were kept in the same span except the
980 nm which was reduced to the wavelength range of 950-990 nm. This was done
as an attempt to reduce the influence of the interference of the normalisation
procedure. The main conclusion from these results is: Q, is the most affected
parameter due to the change in the referred band. The narrowest band produced the

most imprecise results increasing the number of negative Q, parameters, which have
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no physical meaning.

Table 3.11: Judd-Ofelt parameters obtained through least-square fitting
to the experimental oscillator strength.

O (x10%em?)  Qu(x10%cm?) Q¢ (x 102 ecm?)

0.5/0.0M 13.04 1.72 1.64
0.5/0.1M 24.50 1.81 1.42
0.5/0.5M 14.00 1.76 1.80
0.5/1.0M 24.44 1.42 1.54
1.0/0.0M -1.78 1.69 1.75
1.0/0.1M 7.77 201 1.60
1.0/0.5M -9.35 1.32 1.66
1.0/1.0M -4.78 2.03 1.73
2.0/0.0M 11.65 1.37 1.58
2.0/0.1M -0.69 1.99 1.77
2.0/0.5M -0.63 1.81 2.00
2.0/1.0M -15.33 1.48 2.18

The other two parameters, €4 and 6, are less sensitive to the measurement
interference in the same band, as the results show small variation in both
calculations. Similar results were obtained when all four bands were measured
separately, a procedure which increases the accuracy of the absorption bands integral
calculation. The behaviour observed in the parameters can also be explained by
inspecting the unit tensor matrix elements for all bands included in the calculations
[35]. Among them, the Nisa = n (980 nm)l transition line shows the strongest
influence on the , parameter. They correspond to the highest value used to
calculate €,, and the smallest to calculate 4, being three orders of magnitude
smaller than the other unit elements. The three remaining parameters correspond to
the most relevant, among the twelve tabulated, to determine Q4. Thus, it can be
concluded that, despite the inaccuracy in the determination of the Q; using these four

absorption bands, the remaining parameters may be expected to be precise enough to

' The respective unit tensor matrix elements are 0.0259, 0.0001, and 0.3994 to calculate the
parameters £),, Q,, and Q4 respectively.
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estimate changes in the glass characteristics.

Figure 3.14 shows the results of the calculated Q¢ Judd-Ofelt parameters. As pointed
out by Oomen et al. [29], this parameter could be related to ‘long range effects’ such
as the viscosity in vitreous material. The trends observed in the parameters Qg agree
with observed results where it has a tendency to increase with decreasing the rigidity
of the medium surrounding the rare earth ions. As shown in the introductory part of
this chapter, the inclusion of sodium oxide into silica-based glass has the effect of
softening the glass and producing a lower sintering temperature. These corroborate
the results of the lifetime measurements. According the main conclusion in the
section 3.1, different reasons are presented for the low and high rare earth
concentration samples to include more sodium ions in the glass matrix than to the
unbounded rare earth avoiding clustering. This effect is observed in the Figure 3.14
by the more pronounced variation of the parameter g in both Er = 0.5 and Er =2.0
samples. While the samples Er = 1.0 M incorporate most of the sodium ions in the
unbounded rare earth avoiding clustering and consequently the influence in the glass

matrix is smaller than the previous one.
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Figure 3.14: Q) coefficients a function of Figure 3.15: Q, coefficients as a function of
sodium solution concentration. sodium solution concentration.

However, the characteristic observed in the €4 results, as depicted in the Figure 3.15,
are the similar to the trends observed in the absorption cross section and fluorescence
measurements. As previously, a smooth curve has been drawn through the
experimental points to show the trends across the series. The similarity of these

measurements, particularly considering the curves corresponding to the 0.5 M and
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2.0 M erbium concentrations. The results related to the sample 1.0/0.5 M did not
follow the same trends as those obtained with the other erbium doping levels, and
therefore was not considered in the fitting which determined its respective curve.
Measurements in different samples fabricated from the same deposition have shown
similar results. Despite the deposition record did not reveal any abnormality during
the fabrication of the samples, the difference in the measurement is attributed to their
characteristics. In terms of general behaviour observed, Krupke [20] reported a linear
variation in the Q, parameter while the neodymium cross section did not show the
same behaviour with the rare earth concentration. Zou et al [36] also reported a linear
variation on the same parameter, while the rare earth concentration was maintained

constant, but the thulium cross section did not show the similar trend.
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Figure 3.16: Comparison between host refractive indices and 2, Judd-Ofelt parameters.

The final examination supporting our conclusions on the changes underwent by the
glasses due to the inclusion of sodium is seen in Figure 3.16. It depicts the similarity
between the host refractive indices, open and solid circles, and the Q, coefficients
represented in this graphic by its respective dashed and solid curves drawn across the
experimental points imported from Figure 3.15. The agreement between the
respective curves is remarkable. However, no physical interpretation for the observed

behaviour of these results has been found.

79



3.3 Conclusions

This chapter was concerned with the estimation of the influence of sodium chloride
on the chemical reaction of the flame hydrolysis deposition. This method is based on
the fact, first demonstrated theoretically in [6], that the inclusion of sodium oxide
(Na,0) considerably increases the number of unbounded oxygen ions and thus makes
it possible to extend the rare earth concentration in glasses avoiding cluster

formation.

Three sets of samples with different erbium solution concentration (0.5 M, 1.0 M,
and 2.0 M respectively) were prepared with three "different sodium chloride
concentration (0.1 M, 0.5M, and 1.0 M respectively); one set was maintained

sodium free to be used as a benchmark.

The first effects in the glasses were observed in the refractive indices and the rare
earth concentration of the samples. The former have shown similar behaviour for all
rare earth solution concentrations. It was observed that small quantities of Na* ions
during the deposition make the matrix more rigid increasing the refractive index. As
the amount of sodium increases, NaPO; in formed softening the glass and
consequently reducing the refractive index. The rare earth concentration does not
show a general trend with the inclusion of the sodium into the glass. A possible
chemical reaction in the flame during the flame hydrolysis deposition was applied to
explain the variation in the rare earth content when the alkali solutions were altered.
According to results reported by Yamashita [37], within the Na* doping level of the
present samples, no measurable change in the Raman spectra of the samples used is

expected.

Running the deposition and maintaining the system unchanged revealed sodium and
rare earth content to optimise the fluorescence lifetime for the 1.535 pum transition of
erbium. In the situation analysed, an erbium solution close to 1.0 M and sodium
solution between 0.1-0.5 M showed the longest lifetime. The increase in this
parameter was understood because of the sodium diluting the rare earth avoiding

clustering formation.
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Absorption cross sections of the laser transition were also measured and the variation
of the peak values with the sodium content brought to light behaviour similar to that
of the refractive indices. In our measurements, a small reduction was observed in the
linewidth of all measured lines, although the variations observed were smaller than
the usual experimental errors of 10%. However, in terms of practical devices
optimisation, an increase in the cross section was also found, with a maximum value
with the sodium solution between 0.1-0.5 M, which is the same range that the
lifetime of the 1.0 M erbium doped samples that have shown the most pronounced

increasing.

A final verification was carried out applying the Judd-Ofelt theory to certify the
evidence of change in the glass. The measurements have shown a softening in the
glass viscosity due to the inclusion of sodium, results which followed the conclusions

described to explain the increase in the fluorescence lifetime measurements.
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Chapter 4 - Modelling CW rare earth highly doped
waveguide laser and amplifier

4.1 Introduction

The previous chapter analysed one aspect of optimisation of rare earth doped
waveguide amplifiers and lasers: the glass host and the rare earth incorporation.
Likewise the glass quality, the waveguide geometry are also important factors to
determine high gain in optical amplifiers and lasers. Design and analysis tools enable
a rapid optimisation of a technology before resources in manufacturing and personnel
are invested. Simulation tools ultimately reduce manufacturing costs and streamline
development. In addition, it is important to discover and understand the
measurements issues associated with the waveguide devices so that limited

metrology resources can be applied in the most effective way.

Modelling is not a difficult issue for devices developed in optical fibres geometry

[1]. Usually the rare earth doping levels in optical fibres are low due to long
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interaction lengths; consequently, the equations describing the population density of
the system contain only linear terms, permitting the modelling procedures to be
easily implemented. Generally, the main effect considered in rare earth doped fibre
amplifiers is excited state ébsorption (ESA) for appropriate pump wavelength [2,3].
Despite the relative simplicity of this modelling, some effort has also been spent to
provide closed relations to solve the propagation equations, although there is some

loss of accuracy when compared with numerical methods [4-7].

Unlike optical fibre components, the integrated optical device as part of planar
lightwave circuit (PLC) has a fixed length which cannot be altered after fabrication,
thus reducing the number of adjustment parameters to compensate for minor
deviations. The short interaction length also requires the use of high rare earth
doping levels to overcome intrinsic losses. Both of these limitations mean that the

optimisation of an integrated device is much more complicated.

To optimise the waveguide geometry of rare earth doped integrated components,
accurate numerical models, particularly at high concentration levels, are required [8-
10]. Moreover, the modelling of these active devices starts to become cumbersome at
high doping levels. As will be shown further in this chapter, at high doping levels the
dynamic population equations become nonlinear, due to the cross-relaxation terms,
and for CW operation the populations cannot be treaded in the same manner as for
the low concentration problem. Thus, the numerical integration cannot be performed
as previously. To overcome this problem, different numerical methods have been
applied [11-13], including the accurate, but time consuming, finite element method
[14,15]. Despite the high accuracy of this method, Zoboli et al have shown that its
main disadvantage is the necessity of careful code preparation to allow it to run on
workstations. In addition, the possibility of using Personal Computers can only be

considered if computational time is not a constraint [16].

This chapter aims at developing a simple, fast and accurate model for the
optimisation of rare earth doped waveguide lasers and amplifiers, which should be
appropriate to rectangular waveguide geometry. The modelling procedure will be
developed considering erbium-dopeﬂ waveguides due to the availability of

experimental data to verify the accuracy of the model. The subject will be presented
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as follows: the introduction to the modelling procedure will start with some
comments on the choice of pump wavelength in section 4.2. Section 4.3 will be
devoted to a description of the principal differential equations to describe low erbium
doping level lasers and amplifiers. Section 4.3.1 will include the equations to
evaluate the influence of amplified spontaneous emission (ASE) on device
performance. The complete system of equations describing a highly doped
waveguide laser or amplifier will be given in section 4.4, based on the problem
statements discussed above. Sections 4.5 and 4.5.1 will be devoted to the
demonstration of the approximation procedure of the modelling followed by some
comparison to reported experimental results. Finally, the conclusion to this chapter

will be presented in the section 4.6.
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4.2 Modelling CW erbium doped waveguide laser and amplifier

The optical absorption spectrum of erbium doped phosphosilicate glass, fabricated by
flame hydrolysis deposition is shown in Figure 4.1. This spectrum reveals several
possible choices for a pump wavelength for an erbium doped waveguide amplifier or
lasers. However, for practical optical fibre communication systems. the lasers and
amplifiers have to be pumped by semiconductor diode lasers. Therefore, the most
interesting pump wavelengths are at 800 nm (ly;), 980 nm (*/;;;), and
1480 nm (1,3 2).

Considering these three pumping wavelength the erbium doped waveguide devices
can be described in two distinct ways. When the system is pumped at 800 nm - which
correspond to the transition Tisz = *Iop - or at 980 nm - related to the absorption
“Lisa = *111a - it acts as a three-level laser system. But, when the system is pumped
at 1480 nm, corresponding to the ground state absorption (GSA) *I,sp to the first

excited level *I;3 , it acts as a quasi-two-level system.
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Figure 4.1: Absorption spectrum of erbium ion in phosphosilicate glass.

The presence of excited state absorption (ESA) at the 800 nm pump band implies a
high pump power to achieve reasonable gain [2,3,17]. In addition to the ESA, this

pump wavelength transition has a small absorption cross-section, again implying
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high pump powers level to achieve high gain. The necessity of high pump power
reduces the laser lifetime. Furthermore, due to the short wavelength, the probability
of the pump wavelength propagating in a higher order mode is another important

factor that reduces the gain.

No ESA occurs at 1480 nm pump wavelength [17]. However, at this wavelength,
when the erbium ion is excited directly into the *I;3, level (quasi-two-level laser
system) the population in the upper laser level cannot increase beyond a maximum
value set by the emission and absorption cross section ratio (0pe/0p) at 1480 nm
[18,19]:

Nz(x,y,z)= O _ 1 4.1

Nﬂ(x,y) G, +0, l+c,,e 1

where N, is the total erbium concentration, N is the population of the ‘13 level.
According to the equation (4.1), the maximum inversion population for this pump

wavelength is about 50%.

For the development of this model, the 980 nm absorption band was therefore chosen
as the pump wavelength. Furthermore, this wavelength has exhibited the best
performance with respect to gain and gain efficiency [2,20-22]. This is due to several
positive characteristics, such as: the large absorption cross-section, the complete
absence of stimulated emission and excited state absorption (ESA) at this pump

wavelength.
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4.3 Modelling CW erbium doped waveguide laser and amplifier at
low concentration

The approach to establishing this model will initially be concerned with the
establishment of the population dynamic rate equations of the rare earth ions, and
subsequently with the propagation of the pump, signal, and ASE beams along the
waveguide. The population dynamic equations are determined with the help of the
simplified energy-level diagram of the rare earth system, as shown in Figure 4.2. In
this diagram, the thick “upward arrow” represents the pump power photon transition
rate R. The thin “upward” and “downward” arrows are the stimulated signal emission
(W,) and absorption (W,) photon rates; the Einstein coefficient Aj; accounts for the

signal radiative spontaneous emission. The nonradiative decay rate, by means of

multiphonon relaxations, is represented by As,.
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Figure 4.2: Simplified energy diagram levels of erbium

The optical gain of a laser material with an inverted population can be expressed
mathematically by the rate equations describing the relationship between the pump
and signal photon densities and the population densities, N, of the energy levels, i,

as.

dN, (x,y,z,t) B

dt ~(R+W,) Ny(x,p,2,0) + (W, +1/1;) Ny(x,3,2.1) (4.2)
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dN7 9 9 ’t

;(ZX—Z—)-= +(R + Wa) . Nl(x,y,z,t) - (VK + I/rz) N, (x,y,z,t) 4.3)
t

in the equations above the radiative transition rate 4, was substituted by 1/t which
is the radiative lifetime of the metastable level. The photon conservation equation,

where the erbium concentration, N,, is assumed to be z-independent, and is given by:

No(x’y)zNl(x’yaz)+N2(xeyaz) (4.4)

The description of the model of the gain medium as a two-level laser system
(pumped into the 980 nm absorption band) implies that the population in the 2
manifold is negligible. This depletion of the pump level is satisfied when the
nonradiative decay rate, 43,, from the pump level is much larger than the pumping
rate, R. For typical amplifiers and lasers parameters, this two-level model is valid for
average pump power less than 1.0 W. This situation is satisfied in most of the
reported experiments [23-26]. The transition rates shown in Figure 4.2 - R, W,, and

W,, - are defined as:

o, 1 (x.2)

W =W(x,y2z)= )
A a(x yz) hov, (4.5)
W= W, (x,y,7) = S L r.2) .6)
h-v,
R = R(x,y.2) = S 1ol 2:2) @7

h-v,,

where:
Opa is the pump ground state absorption cross-section;

0. and o, are the signal ground state absorption and signal emission cross-

sections;
hv, and hv; are the pump and signal photon energies;
Iy(x,y,2z) and I(x,y,z) are the pump and signal photon intensities, respectively.

It can be shown that at the steady state condition (d/dt = 0), and with the help of the

photon conservation law, the rate equations (4.2)-(4.3) provide explicit mathematical
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relations for the distribution of the populations of the ground state levels N,(x,y,z),
and the first excited state N(x,y,z), in terms of transition rates expressions in the

form:

("V(, +1 Z'-_,)‘ N()(x’y)
W,+W,+17,+R

Ny(x.,2) = (4.8)

(W +R) N(xy)
W.+W, +1t,+R

N,(x.y.z) = (4.9)

For clarity, the spatial dependence of the transition rates are not considered
explicitly, i.e., W, (x,y,2z) = W,.. This dependence was introduced in the variables of
the population levels to stress the dependence of the field distribution. This
procedure is just to simplify the mathematical manipulation and does not describe the
physical model. The intensities /i(x,y,z) and I,(x,y,z) - shown in the transition rates

equations - are related to the mode densities by:

1,(xy,2)=P, -y ,(x,y) plz) (4.10)

1,(x,y,2)=P, -y ,(x.y) 5() (4.11)
where Pp and P, are the pump and signal power, respectively, which are launched
into the waveguide at the input end (z=0). The functions p(z) and s(z) describe the
evolution of the pump and the signal power along the waveguide, respectively, and
are normalized such that p(0)=s(0)=1. Finally, y,(x,y) and y,(x,y) are the normalized
energy densities of the pump and signal. These modes are normalized so that their
surface integral over all space is unity.

Jl volwy)-da= [fv.(x.y)-a1=1 (4.12)

Ao A—x

The evolution of the pump and signal power in the waveguide, /,(x,y,z) and /(x,y,2),

along its length are described by the following propagation equations:

dI
A{Jm_(‘_ixzy_z) _—A_'['L[Gm “N(x.y.2)+a, ] I,(x.y.z)-dA (4.13)
o LD s o T M Ta) e @l

There are two contributions to the evolution of the pump intensity along the
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waveguide, both of which reduce the number of photons: the pump ground state
absorption (GSA) and the background loss at the pump wavelength (o). The
evolution of the signal intensity is described by three terms: one term contributing to
the enhancement of the signal, which corresponds to the photons emitted from the
upper level 1,55 to the ground state 1,52, and two reducing the number of photons,
the GSA and the background loss at the signal wavelength (as). The equation
accounting for the signal intensity considers the two directions of propagation: in the

same direction as the pump power and in the opposite direction.

Applying the mode profiles equations (4.10)-(4.11) and the normalization condition
of the energy densities, given by equation (4.12), to the pump and signal, the two

propagation equations become:

dlz) __

- ”Gp N, (x, y, z)wp(x, y)- plz)-d4 -a, -p(2) (4.15)

Core

ds;:fz) =+ H[O’e . Nz(x,y,z);E o, 'N,(x,y,z)]~ ,/,s(x,y). si(z).dA Ta, ~si(z) 4.16)
Core

All these integrations are carried out within the rectangular waveguide core section

only because the population densities N, vanish outside the core, since the cladding is

undoped.

The model can be expressed in terms of the following overlap integrals between the

population densities and the electromagnetic field profiles:

Y@= [[0,0- N\ (x.,2) v, (x,p)- dxdy (4.17)
V(@)= [[o, Ni(x.y.2)w, (x.)-dvdy (4.18)
Ve (2) = jjo.vc -Nz(x,y,z)-\u_,(x,y)-dxdy (4.19)

Core

then the propagation equations become:

dp(z)

@)y, 6) pl)-a, ol 420
EE) )1, ) 5 @, 5 ) @21)

These two equations establish the basic mathematical tools for modelling a low-
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concentration erbium doped optical waveguide laser and/or amplifier as long as the
rate equations for level populations can be solved analytically in the steady state
conditions (equations (4.8) and (4.9) are included in equations (4.17)-(4.19)). The

propagation equations are then solved numerically.

Modelling single pass optical amplifiers consists of solving simultaneously the
equations (4.20) and (4.21)with appropriate initial conditions. However, if lasers
have to be modelled, the boundary conditions of the system must be included. These
conditions for CW simulations are imposed on the values of p(z), s"(z), and s7(z) as

follows:
p(0)=1
s*(0)=R -57(0), s (L)=R,-s*(L), and s*(z)-s7(z) = Constant

where R; is the reflectance of a highly reflecting mirror at the pump input end of the
laser, R, is the reflectance of the output coupler for the laser, and L is the length of

the cavity.

In the following analysis of laser operation, the cavity round trip loss contributions

are defined by:

1 1
6=90, +—In 4.
0+ (R,RJ (4.22)

i o

the term &y include contribution such as coupling loss at the waveguide-reflector
interfaces, and the second factor is the amplitude condition for laser oscillation in a

cavity.

The procedure implemented to solve the problem is based on the physical
consideration of the device. Since at threshold the re-circulating signal intensity in
the resonator is negligible, the calculated pump power threshold is such that the
round trip gain provided by the laser medium equals the round trip cavity loss. Thus,
the threshold condition is 2gg(L) = 8, where gy(L) is the single pass small signal gain.

At any operation point above the threshold, the total signal intensity travelling along
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the waveguide is such that depletes the gain from its small-signal value gy to a value
g such that the round-trip gain still equals the cavity round-trip loss. The difference
in this operation condition is that now one needs to keep track of the signal saturation

terms W, and W,, which involve two counter-propagating signals.

This is the laser system considered mainly for low rare earth doping level such as |
optical fibres, however, the procedure to solve numerically the problem will be
adopted throughout the thesis. The next section will improve the present model
including amplification of spontaneous emission. This will make it possible to model

erbium doped waveguide amplifiers in the small signal operation regime.
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4.3.1 Erbium doped waveguide amplifier - Mod elling amplified
spontaneous emission (ASE)

An important issue in optical amplifier design is the phenomenon of amplification of
spontaneous emission (ASE), which occurs concurrently with noise amplification
and degrades the signal-to-noise ratio (SNR). The performance of the amplifier,
particularly when used as a preamplifier, depends crucially on the noise

characteristics [27-29].

Figure 4.2 indicates the simplified three energy levels of interest for erbium, a high
pump power level, 1112, and the two levels, "I;;, and *I/5 5, corresponding to the
relevant laser transition around 1530 nm. However, the eightfold and sevenfold Stark
splitting of the ground and upper levels respectively, combined with the effect of
inhomogeneous broadening, make erbium doped glasses a rather complicated
multilevel system. Then, a closed physical relation to account for the noise-like

contribution to the amplified signal becomes impractical.

However, Desurvire et al [30] introduced a very useful approach to describing this
laser system considering ASE. The multilevel system shown in Figure 4.3 can be
modelled by considering the collective contribution of all erbium ions to the
absorption and emission processes instead of that of the individual ionic system. For
the computation of the ASE spectrum, the method consists of decomposing, or
sampling, the absorption and fluorescence cross-section profile spectra of the laser
transition in a set of N slots with an equal width Av centred at the frequency v;. Thus,
each of the frequency slots contain the information for the amplified spontaneous
emission propagating in two direction; one in the same direction as the pump
(forward), and another in the opposite direction (backward). The population dynamic
rate equations remains the same as shown in (4.2)-(4.3) before, the only changes are
in the absorption and emission induced transition rates with the addition of the ASE

contribution, thus becoming:

A TERE O TN LD

o ASE (x » z ASE(xvyvz)] (4.23)

l=l
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» ¢ ]° 1 » Yo X ‘o ' + -
VV‘. = VV(,(x'y'z): GS( (U.)l)? . ;(x ,V Z)+ G;;'(:)) )[/,43‘/;'(“\"})' Z)+ IASE(x,y, Z)] (4.24)
¥ =1

G,m-lp(x.y,z)

R=R(x,y.z)= P
P

(4.25)

The steady-state evolution of the pump, signal, and the two directions of the ASE

correspond to a set of 2N+ 2 differential equations, such as:

PGy, ) pe)-a, ol (420
ds(;vx) v )-vu (v )] sGv. ) o, -s(zv.) (4.27)

ds jSI;‘ (Z v, )

d :i[Yxe(z'Vl)—’Ysa(z'vt)¢as]’stI:'(Z'v.\')im'h'vl 'AV'- .Yxe(z'vl) (4‘28)
Z

h being the Planck constant and m the number of guided modes present at the signal

wavelength. The ASE overlap integrals are now evaluated in each central frequency

slot,
V(@) = |00 N 3,2)- w0, (x, y)- dedy (4.29)
Yul(2V) =A[Jcsm(v,)- N,(x,,2)-, (x, y)-dxdy (4.30)
Y. (V)= {Jc“(v,)-Nl(x,y,z)'ws(x,y)'dxdy (4.31)

Considering the small difference among the ASE frequencies and the propagating
signal, the same field distribution for the signal and ASE is assumed [30]. The
boundary conditions for the pump, signal, and amplified spontaneous emission
propagation are:

p0) =1 s0) =1

s4:(00v,) = 55 (Lv,) =0 where i=1,...N

and L is the waveguide length. The total ASE contributions at the end of each

direction of propagation are computed using:
N N
Sier = ZSASE (L’ v, ) and A Z S 4k (0, V,)
=1 i=1
and the total ASE propagating along the waveguide is:
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S st = Shse + S (4.32)

This sub-section restricted the mathematical problem to model low doping level
erbium doped waveguides amplifiers and laser. The set of differential equations
introduced previously accurately describes erbium-doped amplifiers at low doping
levels, and can even account for ASE. The next section will deal with high
concentrated erbium doped system and the modelling of such waveguide lasers and

amplifiers.
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4.4 Modelling a CW erbium doped waveguid e laser and amplifier at
high concentration

The fabrication of waveguides for active integrated optics devices requires, as
mentioned previously, higher rare earth doping levels than that typical in fibres in
order to overcome the short interaction length and enhance the gain of the amplifiers.
Consequently, the deleterious upconversion process starts to take place [8,20,31].
Experimental results concerning ion-ion cross relaxation and clustering in erbium
doped silicate-based glasses have pointed out these effects, reducing the efficiency of
erbium doped fibre amplifiers and laser, are present even at the relatively small
concentrations (below 1000ppm) [32]. As the mechanism developed in this energy
transfer process was described in section 2.6.1, this section will start with the

formulation of the mathematical problem itself.

S
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Figure 4.3: Complete energy diagram levels of erbium ion phosphosilicate glasses.

To describe ion-ion interactions, a system of dynamic differential rate equations is
necessary to account for both the contribution of the neighbour ion, usually a
denominated donor, which delivers the energy in the cross-relaxation process and the
acceptor ion, as depicted in the Figure 4.3. For the sake of clarity, the donor ion
diagram shows only the cross-relaxation contribution, represented by dashed

“downward arrows”. In the acceptor level diagram, the pump transition rate R is
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shown as a thick “upward arrow”. The thin “upward” and “downward” arrows
represent the signal absorption, emission, and amplified spontaneous emission
transition rates at the laser wavelength. Nonradiative transitions are shown as dotted
“downward” arrows. The photons transferred from the donor ion (cross-relaxations)
are represented in the acceptor ion diagram as dashed “upward arrows”. The Stark
levels of interest in the erbium ion are numbered, from N, to N,, as shown in the
diagram. The set of equations describing the dynamic evolution of photons among

the Stark levels of a heavily erbium doped laser material are:

-‘%L =—(R+W,)-N,+(W, +1/1,)- N, +Cyp, -N; =C,, N, - N, +C,, - N; (4.33)

dN N )

dt2 =W,-N,-(W, +1/1,)-N, + —>-2C,, N2 +2C,, - N, - N, (4.34)
3

dNn, N, N )

——:R.N __3+.—4._2C .N‘

dr I | T 33 " 4V3 (4.35)

dNe __Niic, N2 =C,-N,-N, +Cyy-N? (4.36)

dat T4 )

for clarity, the spatial and temporal dependence of the populations are not
represented in the equations above, and the condition of z independence of the total

number of photons is applied:

No(""y)z Nl(x’y'z)+ Nz(x’y’ Z)"' Ns(x' Y z)+ N, (x»}"vz) (4.37)

The pump R, and the signal (W,,W,) transition rates are defined by equations (4.23)-
(4.25). The new entities arising in the system of equations are C,,, Cj33 and C,, for
the heavily doped material, which represent the cross-relaxation coefficients. The
procedure to obtain the propagation equations is similar to the low concentration case
presented before. In connection with equations (4.17)-(4.21) or equations (4.23)-
(4.31), if ASE is considered, highly doped erbium doped lasers and amplifiers can be
modelled.

Thus, the set of equations which describes the evolution of the heavily and lightly,
erbium doped waveguide lasers and amplifiers has been established. However, for
the present rare earth doping level, a prominent difficulty arises since the differential
equation system describing the population dynamics contains terms which are

nonlinear with respect to the population. Consequently, the steady state population
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cannot be expressed as a closed mathematical function, such as (4.8) and (4.9), and
be included in the propagation equation, to be solved numerically. Different
techniques have been used to deal with this problem. Usually, very fast methods are
not very precise, and vice versa. The next section will be concerned with the
presentation of a procedure to solve this system of equations numerically that has

been demonstrated to be fast, precise and versatile.
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4.5 The approach to model high concentrated rare earth doped
waveguide laser and amplifiers

The approximation used in the modelling is based on the small contribution of the
nonlinear terms to the population level dynamics. Evaluating the performance of the
nonlinear equation system can do the estimation of the nonlinear contribution. The
contribution of the nonradiative transition probabilities and their influence on the
population of the main Stark levels involved are calculated and compared to the

metastable level.

Considering the levels with energy below 21000 cm™, which correspond to the *F.,
level, the largest multiphonon relaxations are due to the following energy gaps:
'S5 = Fop, 'Fos —*Iop, and *Iy1,, — 113, corresponding to the energy gaps of
AE; #2800 cm™, AE; ~2600 cm™, and AE; ~ 3300 cm™, respective [33]. According

to section 2.6, the nonradiative decay rates W/, are inversely proportional to the

exponential of the energy gap separating the two levels, consequently, the larger the
gap the less favourable is the material for nonradiative relaxation performance. The

nonradiative decay rates can be determined by [34]:

W =C-[n(T)+1] - e"**" (4.38)

In this expression C and « are host dependent parameters, assumed to be 5.4x10' 5™
and 4.7x107 cm respectively [35], AE correspond to the energy gap, p is the number

of phonon required to bridge the gap, and n(7) is the Bose-Einstein occupation

number of the effective phonon number given by n(T) = [e(’“"”‘” -—1]-l where o the
phonon angular frequency. The phonon energy for this phosphosilicate glass
is haw = 1200 em™ [33]. Applying these experimental values, the calculated
nonradiative  transition rates are W, ~1.1x10° st W, 227x107 57,
W3 ~1.0x10° s respectively. A first inspection in these values show us that, even
the slowest transition rate, W,;, is three orders-of-magnitude faster than the
metastable level lifetime of approximately 5.0 ms. This is confirmed by applying
typical experimental parameters values to estimate the pump transition rate.

Allowing for ap~2.0 x 10%° m?, A,=980 nm, and waveguide cross section of
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8.0 um x 6.0 um, the pump transition rate is given by:

R—(G””Jl 20- 1 4.39
\h,) 7 ’ (4.39)

where I, is given in mW, and R in s!. Considering a pump power of ~ 100 mW, R is
confirmed to be about two orders of magnitude smaller than the nonradiative decay
rate (W, ~3500R), thus the population of the Stark level *I;;,; remains negligible as

compared to the metastable level '/;3.,.

Considering the small contribution of the levels 3 and 4, the population rate equation
system, at the steady state condition, can be simplified to:

dN
Td';'l'=—(R+le)'N| +(WZI +1/Tzl)'Nz _sz'N22+C14'N1 N, —C33'N32 =0 (4.40)

dN ) 3
—df—=(R+W|2)-N| —(WZI +]/t2|)'Nz +Cy Ny =Cy NN, +Cy3 Ny =0 (4.41)

for the populations N; and N, respectively, when they include the contribution of N;
and N, levels. Therefore, the dynamic equations (4.33) and (4.34), of the levels one

and two, can be used, as a first approximation, to describe the whole laser system.

The upconversion coefficient C;; has been measured indirectly from spectroscopic
data. The measured values are of the order of 10?* - 10%* m%/s [36]. Unfortunately,
the other coupling constants (C3; and C;4) have not been determined and only rough
order-of-magnitude estimates are available. This may be a significant source of
uncertainties, which have to be taken into account when high doping level and ion-
ion interactions are considered. The C;; and C,, coefficients are expected to be
smaller than C,, due to the indirect dependence on the population level [37-42].
Further simplification to the equations (4.40) and (4.41) can be made assuming all
the constants equal to C,; (C = Ciy = C33 = Cy). This represent the strongest
influence of the nonlinear terms in the system of equations, and it is the least
favourable situation to optimise the optical gain of an amplifier. Thus, with the above
assumptions on the values of nonlinear coefficients, the rate equations for the two

levels can be expressed as:
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—R+W,)- N, + (W, +1/t,,)- N, —C-(N} + N} =N, -N,)=0 (4.42)

+(R+W,)-N, =W, +1/t,,)- N, +C-(N] + N} =N,-N,)=0 (4.43)

Applying typical experimental parameters used earlier to the equations (4.42) and
(4.43) we found that, the pump transition rate gives the major contribution to the
nonlinear equation terms. These terms are expected to be approximately one to three

orders of magnitude smaller than the individual linear contribution.

Numerical solution of the nonlinear system of equations (4.33)-(4.36), can also be
applied to estimate the influence of the nonlinear contribution to the population
levels. The set of nonlinear differential rate equations were solved using the adaptive
stepsize controlled Runge-Kutta method. The time stepsize varied with the
simulation maintaining a fixed precision, equal to 10, in the determination of the
population levels. The simulation considered a germanosilicate optical fibre with the

following characteristics:

Table 4.1: Parameters used as input data to the determination of the

Figure 4.4 and Figure 4.5.
Variable Symbol Value — Unit
Fibre core radius r 2.5 um
Fibre numerical aperture NA 0.20
Signal wavelength As 1.55 um
Pump wavelength Ap 980 pm
Signal emission cross section Cs 7.50 x107' cm?
feli:;g jlbsorption Cross . 175 x10?' em?
Metastable level lifetime 2] 11.0 ms
Fibre dopant concentration No 0.06 and 1.00 wt%
Fibre length L¢ 0.50 m

These fibre characteristics support only single propagation mode for pump and
signal. The temporal behaviour of each level is show in Figure 4.4. Two distinct
doping levels were considered, a very low rare earth ions concentration (0.06 wt%)
and a heavily doped (1.00 wt%), to estimate the limits of the nonlinear contribution.

The first correspond to the low optical fibre doping level and the second simulation
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is close to the amount of the rare earth found in the planar waveguide geometry. In
both cases the simulations have run until the population equilibrium were attained.
Even with a very low pump power, 5.0 ms has shown to be time sufficient to saturate
the population ofthe metastable level. Applying the parameters listed in the Table 4.1
to the rate equations, the results show that when the equilibrium is reached, the
influence in the population of the level 2 due to the nonlinear terms is about 8.5%.
Moreover, as expected, the contribution of the levels 3 and 4 are negligible when

compared with levels 1 and 2.

Figure 4.5 shows the result of this analysis; it corresponds to the population level of
each state after 5.0 ms for different pump power. With pump power of 150 mW, the
difference due to the nonlinear contribution is about 6.5%. Supported by these
results, the nonlinear upconversion contribution to the system of equations is
considered small and, the change suffered by the population at each Stark level due
to the cross-relaxation process is expected to be proportionally small as well,
compared to the respective population in the absence ofthe cross-relaxation.

1.00
1.00

An < 10% F
An<10% |
o 0.75 5 078 .
- W
Pp=50 mW 1’1’3(.v
0.50 L= 0.50 m a 0.50 4}’
0.06 wt% tp=5.0 ms
1.00 Wt% L=050 m
o 0.25 E 0.25 0.06 wt%
0 1.00 wt%
0.00 0,00k
0.01 0.1 1 10 50 100 150
Time (ms)
Pump Power (mW)
Figure 4.4: Rare earth population dynamic Figure 4.5: Rare earth population dynamics
for two different doping levels. oftwo different doping level as a function of

the pump power

Before proceeding with the presentation of the new modelling approach, some
general considerations on modelling procedures will be addressed. As mentioned
previously, the main task in the rare earth doped devices modelling consist, after the
establishment of the population rate equation for the system, in the explicit

determination of mathematical relations for the relevant level populations. Having
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defined these expressions, the overlap integral given by equations (4.29)-(4.31) for
instance, accounting for the interaction between a population level and the
electromagnetic fields can be evaluated. In principle, closed-form solutions cannot be

obtained if the rate equations contain nonlinear terms.

However, according to the electromagnetic theory, the characteristics of the guided-
mode of the signal and pump radiations are functions of parameters related to the
waveguide geometry and refractive index of the medium [43-45] which, generally
speaking, do not depend in their turn on the state of rare earth ions. Even when the
radiation wavelength coincides with a rare earth absorption band the contributions to
the refractive index is insignificant (~10"®) [46-48). Therefore, it is not expected that
the re-distribution of the rare earth populations levels during the device operation
will influence the guided mode of a radiation, even if the doping concentration
increase becoming the rate equations nonlinear. Based on these considerations, a new
assumption is introduced to express the rare earth population of the heavily doped

medium as [49]:

N.(x.y.2)= N!(x.3.2)-[1+ 4% (2)] | (4.44)
where N/ (x,y,2) are the explicit expressions for the populations N; and N; defined for
the low concentration devices (equations (4.33)-(4.36) setting C;; = 0), and A (z)
are numerical factors which account for the nonlinear contribution due to the cross-

relaxation process to the respective level. The nonlinear factors can be calculated as:

(4.45)

NL
A (2)= N (x,3,2)- [l —M_yi)]

N/ (x,y,2)
N (x,y,2) are the populations of the levels i calculated with the explicit expressions in
the absence of cross-relaxation, and N;*(x,y,z) are the values of the population of the
same level obtained through the numerical solutions of the system of equations;
when both are calculated under the same pump conditions. To reduce the
computation time required to solve the problem, a numerical routine to find the
solution of a nonlinear system of equations was preferred instead to the traditional

Runge-Kutta method.

Applying the approximation (4.44) to the spatial integral expressions (4.29)-(4.31),
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the overlap integrals are then approximated by:

Vpal2) = [[0, (V) Bi(x,3.2) (%) dA (4.46)
~ Hom(v) . Nl"(x,y.z) -[l +AY, (z)] v ,(x.y)-d4
Ya(zV,)= [[0,(v.)-Ni(x.3.2) w,(x.))- A (4.47)

~ Ijom(v,)- N'(x.y.2)- [] + A'i(’,(z)]- y,(x,y)-dA

Yxe(z’vl): JG“(V’)'NZ(X,}’,Z)'Ws(x,y)'dA (4.48)

A

~ “Gw(v,)- Nz"(x,y,z)-[l + A'if‘l(z)]- y,(x.y)-dA4

A
Applying this approximation, the heavily doped amplifier modelling procedure has
the same approach as that for the low doping level. The contribution of the nonlinear
terms appears as a corrective numerical factor. Verification of the accuracy of the
approximation and the modelling itself will be made by comparison of calculations

and experimental results as described next.

4.5.1 Validation of the model

Verification of the approximation and the model will be made by fitting calculations
performed using the model to some experimental results of well-examined
waveguide amplifiers [23-26,42]. All the input data used for modelling were
obtained from the referenced papers, and are displayed in Table 4.1I and Table 4.I1I.
Table 4.11 contains a list of general parameters, and Table 4.III are the parameters
related to the specific waveguide. The absorption and emission cross-sections around
1530 nm are shown in Figure 2.5; they are typical values for phosphosilicate erbium-

doped glasses [50].

Forward and backward amplified spontaneous emission has been spectrally resolved
by using 200 frequency slots from 1450 nm to 1650 nm. The input signal considered

as P;=1.0 uW for all simulations.

Table 4.111 is the summary of the specific parameters for each amplified analysed.

The parameters listed are respectively the waveguide length, the rectangular
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waveguide cross-section (width x thickness), the measured scattering losses - when
more then one value is given, they correspond to the pump and signal losses near
their respective wavelengths. The next parameters correspond to the reported erbium
concentration in wt%, followed by the refractive index difference between cladding
and core layers. The numbers in the last column correspond to the referenced paper

which has provided the experimental data.

Table 4.11: Fixed waveguide parameters used in all modelling simulations

Parameter Symbol Value ~ Unit
Pump wavelength A, 980 nm
Signal wavelength A, 1530 nm
Setlrggnabsorpdon peak cross- o, 19510 m?
Cladding refractive index n 1.4764
Radiative lifetime Ty, 8.00 ms
Nonradiative transition rates Ay Ay 510%s”, 4-10%s
Upconversion coefficients Cp=Cyys=C, (-6.40 + 18.00-N,)-10**m’/s

The choice of these experimental results was because all devices were fabricated by
the flame hydrolysis deposition method. Moreover, the most important parameters to
be used as input data to simulate should be also available. The test of the model

under different pump power regimes of operations was also performed.

Table 4.111 : Individual parameters for each waveguide analysed

A:x.y

L(ec“ﬁ;h ([1\14“12 ; T d‘é‘;:;) C°“(°;'t':/'; ;‘ti““ (“}A‘)‘) References
Figure 4.6 23.0 8x7 0.15 0.54 1.2 25
Figure 4.7 7.0 8x7 0.08/0.09 0.46 1.2 26
Figure 4.8 7.5 8x11 017 0.48 1.6 24
Figure 4.10 19.4 8x7 0.07 0.54 1.2 23/41

Figure 4.6, Figure 4.7, and Figure 4.8 depict the comparison between modelling and

experiment when the amplifiers were tested in the three different pump power regime
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of operation mentioned above. The low pump power case is particularly interesting
to estimate the influence ofthe amplified spontaneous emission on the final amplifier
performance. As depicted in the figures, all the simulations are in very good
agreement with the respective experimental results. Any small discrepancies can be
attributed to the uncertainty in the experimental parameters, such as the upconversion
coefficient. The best agreement between simulation and experiment were seen for

medium and high pump power levels Figure 4.7 and Figure 4.8 respectively.
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Figure 4.6: Erbium doped waveguide amplifier Figure 4.7: Erbium doped waveguide amplifier

modelling under low pump power. modelling under normal pump power.
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Figure 4.8: Erbium doped waveguide amplifier Figure 4.9: Modelling result compared with
modelling under high pump power. experimental data and the result obtained with
finite element modelling in the same waveguide
structure [|42|.

A final test of the validity of the model is performed through a comparison of the
results of the amplifier gain reported in the Figure 4.9 to Figure 4.11 where the

model was tested against others amplifier parameters, such as waveguide length and
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rare earth concentration. In the Figure 4.9 was also included a reported result from
the literature [42] of the same amplifier structure solved by the finite element
modelling (FEM). It should be noted that there is excellent agreement between the
results from this model (red solid circles) and the one from the result calculated using
the FEM (solid blue line). There is no report on the time required for the FEM to
compare with the new procedure. Measurements shown in Figure 4.10 were
concerned with the dependence of the gain on the amplifier length. According to
reference [23], the best experimental result shown a gain of 13.7 dB in a 19.4 cm
long waveguide pumped at 500 mW. Under the same situation, our model calculated

a 13.55 dB gain.

Di Pasquale et al. [42], modelling the influence of uniform upconversion
mechanisms in the same waveguide structure, proposed the inclusion of a linear
concentration function for the nonlinear coefficients, as reported in Table 4.1. The
same function was considered in the present modelling which shows a good fitting to

the experimental data as reported in Figure 4.11.

16 o Experimental o Experiemental
Modelling *  Modelling
12
C =C =C =0
m
-0
g 8
0*
4
-10
0
0 4 8 12 6 20 24 0.0 0.4 0.8 1.2 1.6
Waveguide Length (cm) Erbium Concentration (wt%)
Figure 4.10: Experimental and modelling Figure 4.11: Modelling of the amplifier gain as
results for the variation ofthe amplifiers gain a function of'the rare earth concentration. The
against waveguide length. blue line corresponds to the modelling setting

the cross relaxation coefficients to zero.

Finally, some consideration on computation time required to the simulations. All
these results came from simulation programs written in FORTRAN-77 running on an

IBM/PC - Pentium with 100MHz clock rate.

While maintaining a fixed precision in the propagation subroutine, we observed a

linear variation between the run time simulations and the number of equations used
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to evaluate the amplified spontaneous emission (ASE). Propagation considering only
two differential equations, no ASE, takes approximately 12 s, whereas for 400 ASE
differential equations it took about 100 s for the same propagation distance. This run
time increase represented a variation of less than +2% in calculated gain. This
variation in the calculated gain is much less than the uncertainties in some measured

experimental parameters necessary as input data, such as cross-section and lifetime.

The same calculations were also performed for the saturated regime to minimise the
influence of the ASE on the net gain. As the precision in the adjustable-step size
subroutine is a crucial factor determining the run time, its effect was also measured.
An increase of the precision from 10 to 10® resulted in an increase in the run time
from 12 s to 110 s, whereas the calculated gain was not altered by more than 0.01%.
This small influence of the precision on the calculated gain is true for relatively low
rare earth concentrations (~ 0.50'wt%), when the gain varies smoothly along the
waveguide. For a heavily doped material (~ 1.50 wt%) a similar variation of
precision can result in a difference of up to 7% in the gain. However, smaller step
sizes and accuracy do not have a linear relation. Less than 1.5% of improvement in
the gain, against the 12 minutes run time, is obtained if the precision is altered from
10 to 107",

Forward and backward amplified spontaneous emissions were sampled in 100
frequency slots each. Pump, signal, and ASE, as a set of 202 coupled differential
equation, are solved by numerical integration through the waveguide in
approximately 115 s, showing the validity of this tool to design erbium doped

waveguide amplifiers.
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4.6 Conclusion

In conclusion, following the comparisons between experimental and theoretical
results, the approximation proposed and introduced in the present chapter, has been
shown to be suitable to analyse and optimise heavily rare earth doped waveguide
amplifier. The modelling procedure was tested against experimental results obtained
from erbium-doped phosphosilicate glass amplifiers in a planar form, fabricated by

flame hydrolysis deposition.

The amplifier model was tested against four different well-known waveguide
amplifiers. Within the accuracy of the input data, all calculations have shown very
good agreement with the respective experimental results. The model was compared
with reported results, for the same waveguide structure, modelled by finite element
and has shown excellent agreement between both set of data. Besides, very simple
and fast computer programs can be generated using this new approach. Therefore it
becomes a simple task to deal with hundreds of differential equations at the same
time, and the degradation of noise figure can be estimated through the amplified

spontaneous emission prediction.

The important achievement of these calculations is the possibility of predicting and
optimising CW operation of high concentration erbium doped waveguide laser. This
is not easily done by finite element modelling because the time needed for simulation
can become prohibitive for small computers. This high accuracy observed in all
results are not only attributed to the small contribution of the nonlinear terms to the
population equations, but also to the unique approximation used to solve the
problem. The origin of the assumption to obtain the approximations indicates that
similar procedure can be used as a tool to model other rare earth ion, including
system with more then one ion such as Er’*/Yb’" and Tm**/Yb** waveguide laser

system.
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at these wavelengths is rather low, leading to an insufficient population in the *H,
state. In contrast, the ground state absorption (GSA) grows significantly at
wavelengths between 1160 and 1240 nm. Thus, a combination of the first and second
Stokes components at 1113 and 1167 nm respectively results in this efficient blue
upconversion [24,28]. Sanders et al. have also demonstrated the most efficient single
wavelength pumped blue upconversion lasing, in Tm** fluoro-based optical fibre is
1120 nm [5].

The dependence of the blue light intensity on the pump power is plotted in Figure
5.4. The inset of the figure shows the same dependence in the log units, revealing a
slope equal to three, corresponding to a three-photon process. The blue light was the
strongest, with the measured power of 141 nW at the output of the 5.9 cm long

device for an average pump power of ~70 mW.
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Figure 5.5: Fluorescent upconversion signals generated in a single Tm>* (0.2 M) sample pumped
at 1113 nm (correspond to the first Stoke band of the SRS).
Additional weaker lines were also observed. The ultraviolet band at 366 nm (marked
as “a” in figure) is due to the transition 'D; — *Hs (B = 0.43), and the weak blue
signal at 451 nm (“b”) corresponding to the transition 'D, — *H; (B = 0.41). The near
infrared signal at 648 nm - marked as “e” and corresponding to the 'D, — °F,
transition with the branching ratio smaller than f =0.08 - is present as a small
contribution to the broad base of the red transition at 648 nm (this transition is not

represented in the energy level diagram). Finally, the bands marked with a “star”
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were identified as the contribution from the third-order diffraction grating of the first

and second SRS Stokes, respectively.

Different possibilities exist for the excitation mechanism of the 'D; level: three-
photon absorption from the ground state to the 'D; level is one of them. An
alternative route involving the fundamental laser radiation at 1064 nm is due to
photons stored in the *Hs level after the first resonant absorption step. These photons
would be excited to 'D, level through two-photon absorption. It is also feasible,
especially as the Tm’" doping level is high, that cross relaxation between

neighbouring ions takes place. There are three possible paths:

Tmy('Gs) + Tme(*Hg) = Tmi(CHy) + Tma('Dy) (5.2)
Tm;('Gs) + Tma(*Hy) = Tmy(CFs) + Tmy('D,) (5.3)
Tm; CFs) + Tmy(CHe) = TmCF3) + Tma('D2) (5.4)

In order to isolate the various excitation processes involved, the experiment was
modified to separate the fundamental signal and individual Stokes lines incident at
the waveguide using a prism and aperture. Exciting with the first Stokes line
(1113 nm) only, both the blue light (482 nm) and the red light (648 nm) were easily
detectable. Of particular note when using this pump wavelength was the absence of
the 366 nm and 451 nm lines from the 'D, level. The emptying of the 'D; upper level
when the fundamental laser radiation at 1064 nm is not present, is an evidence that
the three photon and(or) two photon absorption are(is) important mechanism(s) to
populate this level. The generated spectrum measured when pumping with the first

Stoke band is shown in Figure 5.5.

Due to the lower efficiency conversion to the second Stoke line, both the red and

blue fluorescence were reduced in intensity but still detectable.

The lifetime of the 'G4 level was measured with the laser operated in the QSML
regime. A monochromator tuned to the blue emission wavelength and a fast
photodetector were used to separate and collect the signal. The fluorescence lifetime
of the 'G4 — *He transition (482 nm) was measured to be 280 ps, indicating that the
Tm’* ions were incorporated into the glass matrix in a rather homogeneous manner.
It is widely known that high rare earth concentration form clusters which are

responsible for reducing the fluorescence lifetime. For instance, Zou et al [29]
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reported a reduction from 288 us to 22 ps when the concentration of thulium ions

was increased from 0.1 to 2.0 cat% in germanate glasses.

In summary, blue light upconversion generation was demonstrated in single Tm®*-
doped phosphosilicate waveguides pumped by Nd:YAG laser operation in both ML
and QSML regimes. It was possible to obtain efficient blue upconversion only when
the waveguide was pumped by wavelength in the range 1113-1167 nm, generated in
a commercial optical fibre due to SRS. This pumping scheme has shown the
maximum conversion efficiency when a combination of the first (1113 nm) and
second (1167 nm) Stokes lines due to the stimulated Raman scattering, along with
the fundamental laser radiation at 1064 nm were launched into the waveguide. The
next section of this work will be devoted to demonstrating the viability of this

upconversion process at wavelengths available from commercial diode lasers.

5.3.2 Single Tm’*-Si0,-P,05 doped sample pum ped at 800 nm

The experimental set-up described here will be used for all the following
measurements. The schematic arrangement is depicted in Figure 5.6. It consists of an
argon ion laser, pumping a tuneable, CW Ti:Sapphire laser which was used as a
source of fundamental radiation. The visible or infrared radiation (at 678 nm,
798 nm, or 977 nm) was coupled into, and collected from, a 50.0 pm wide
waveguide through a pair of x10 (numerical aperture NA = 0.17) objective lenses.
For the lifetime measurements, a pair of quartz lenses (L1 and L2, with focal length
of 10.0 cm), and a mechanical chopper placed in the beam waist, will also be

included in the laser beam path.

The pump wavelength of 798 nm in single Tm**-doped samples is not appropriate for
blue upconverted light generation. The reason can be explained with the help of the
energy level diagram in Figure 5.7. The only possible mechanism to match the
energy of two photons at the pump wavelength, and excite them from the ground
state *He to the upper 'Gy level is show as thick up arrows in the figure. The first
pump photon is used to excite the thulium ions from the ground state (*He) to the
intermediate level (°F4). A high efficiency for populating the 'Gy level depends on a

high population in the level *Hs, from where a second pump photon experiment ESA
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to the upper level. However, according to the branching ratios of the F4 level, only
approximately 4% of those photons relax to the lower 3Hs energy level, making this
pumping scheme very inefficient. Blue light was only just seen by naked eye, in a

dark room, under very high pump power, usually above 500 mW.

Ti:Sapphire Laser

678nm-977nm Ml
nV
L1
L2 CH
Chart-Record
q 8¢
VNDF
PMT M x10 *10
M2
Fl OB | OB

Samples

Figure 5.6: Experimental set-up arrangement for the measurements at 678 nm, 798 nm, and 977
nm. LI and L2 are lenses with focal length of 10.0 cm, CH is a mechanical chopper. VNDF is a
variable neutral density filter. M1 and M2 are mirrors. OB is two objective lenses (x10
NA=0.17). PMT, FI, M are photomultiplier tube with maximum response in the blue region,
filter cutting the laser pump wavelength and a monochromator, respectively.
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Figure 5.7: Energy level diagram of Tm3+ion in Sio 2-P2 05 glass system pumped at 798 nm. The
solid up “arrows” correspond to the pump wavelength and the thick dashed down “arrow” is
the measured signal. The thin dotted “arrow” shows the transition to generate blue light at
482 nm
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5.3.3 Single Tm’*-Si0,-P,05 doped sample pum ped at 678 nm

In the early 90’s a new pumping scheme to generate blue upconversion in Tm®*-
doped fluoride glasses via two-photons was reported [1,34]. In those experiments,
red light at 647 nm and/or 676 nm, from a Kr laser, was used to excite Tm**-doped
fluoride glasses and generated blue light at 450 nm and 480 nm. Providing that red
diode lasers with sufficient power become available, blue emission as a result of a
two-step upconversion process, should be generated with one diode laser in the red
spectral range. Several groups have been doing research in optimisation of new
single Tm’* ions doped hosts at this wavelength, usually fluoro-based glasses
[4,14,31,35,36].

In this section, the availability of the single thulium doped phosphosilicate glass to
generate blue upconversion light is analysed. Figure 5.8 depicts a typical measured
spectrum from a 0.2 M single thulium doped waveguide sample pumped at 678 nm,
and Figure 5.9 shows a possible excitation mechanism to obtain these signals. The
measured signals are ascribed due to the following upconversion transitions:

'D, - *Hs corresponding to 361 nm;

'D, - *H, corresponding to 451 nm;

'D, - 3Hs corresponding to 545 nm;
3F3 > *Hs corresponding to 721 nm.

100 T T T
laser line @ 678 nm
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Figure 5.8: Upconversion signals in the UV, visible, and near infrared spectral region recorded
using 420 mW of red light from a CW Ti:Sapphire laser at 678 nm, coupled into a 0.2 M single
Tm®* waveguide.
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The spectral band marked with a star in the Figure 5.8 corresponds to the second
order diffraction grating of the pump wavelength (Ap/2). Due to the proximity of the
signals and pump wavelengths, a filter was used to minimise the intensity of the laser
line and avoid saturation of the photomultiplier tube (PMT). A major new feature in
this result, compared with the published literature [35], is the absence of measurable
blue light at 482 nm (corresponding to the thulium transition 'Gy — *Hg). The
reported upconversion mechanism for fluoride glasses [14,31] indicates the
absorption of one pump photon from the metastable level *Hy to the level 'Gy as the
route responsible for exciting Tm®* ions and generating visible signals. This process
is represented as dashed arrows in the energy diagram level of Figure 5.9. However,
as observed in the previous pumping mechanism at 800 nm, most of the relaxation
from level °F4 (B ~ 0.78) is to the ground state *H, leaving the *Hy, and *Hs levels
almost empty. This also shows that the 'Gy level is not efficiently populated by

relaxation or any other process from the 'D; level.
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Figure 5.9: Energy level diagram of Tm’" ion in SiO,-P,Os glass system pumped at 678 nm. The
solid up “arrows” correspond to the pump wavelength and the thick dashed down “arrows”
represent the measured signals. The three thin dashed “arrows™ at the left hand side of the
diagram, show the expected transitions to generate blue light at 482 nm.
Attempting to follow the upconversion process path, two signals were measured as a
function of the pump power. As previously shown, the number of photons involved
in each step is evaluated by the power dependence of the measured curve. The
quadratic dependence of the blue signal at 451 nm and the linear dependence of the

signal at 721 nm with the laser pump power for the same sample is shown in Figure
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5.11, and Figure 5.10, respectively. These are indication of the two and one photon
processes respectively. The near infrared signal at 721 nm has shown indication of
saturation when the pump power exceed 300 mW, while the generated blue light has
not. This different behaviour for both signals is caused by the efficient depopulation
of the *F; level, responsible for the ESA of the second photon to 'D; level.

Besides the high pumping rate to the 3F, 3, there are effective nonradiative and
radiative transitions to the F; and *Hy levels respectively, reducing the population

and the possibility of saturating the population of 'D; upper level.
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Figure 5.10: Pump power dependence of the Figure 5.11: The linear pump power
upconverted signal at 451 nm. The inset dependence of the intermediate signal at
corresponds to the linear Log-Log plot of the 721 nm.

same experimental data with slope 2.

The lifetime of 'D, — *Hy transition was also measured. The experimental set-up
used for the measurements of the blue light lifetime is depicted Figure 5.6. A
continuous wave (CW) Ti:Sapphire laser operating at 678 nm, delivering 70 mW of
red light, was used as radiation source. A variable neutral density filter (VNDF) was
used to maintain the pumping power level constant during a series of measurements.
The laser beam was pulsed through a mechanical chopper (Ch) operating with
frequency near 20Hz. Although this frequency is not critical, considering the
reported lifetime for this transition is close to 100 ps, this period ensures a complete
depopulation of the upper level. A pair of lenses (L1 and L2), with focal length of
10.0 cm, placed in the path length of the laser beam, produced a beam waist of
~20 um at the chopper. These procedures have ensured that the lifetime to be

measured is much longer than the excitation cut-off time (~17 ps) [37]. The pump
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signal was coupled into the waveguide via x10 objective lenses (numerical aperture
NA = 0.17) and the signal at 451 nm was collected in the same direction as the pump
by a photomultiplier (PMT). The residual pump signal was removed via the colour
filter F1. The lifetime signals were recorded and stored in an oscilloscope before

being downloaded to a graphical plotter.

The lifetime measured corresponds to (259 +34) ps. This value is rather long
compared with the values reported for the same energy level in other glass hosts. For
fluoride glasses, which usually have longer lifetime than silica-based glasses, the
reported lifetime values are usually close to 200 ps [14]. This difference can be
attributed to the noisy characteristic of the measurement, due to the low pump power.
This reduced pump power was a precaution to avoid stimulated emission which
reduces the fluorescent lifetime. A second factor which probably increases the
measured lifetime is the probability of the low time response of the photomultiplier.
A fast photodetector was used but it did not have enough gain to detect the low

signal intensity.

This section analysed the possibility of pumping thulium-doped phosphosilicate
oxide glasses with one wavelength to generate blue light at 450 nm and/or 480 nm.
The first scheme was based on Nd:YAG laser operating in ML or QSML regimes.
The fundamental radiation at 1064 nm from the laser coupled into the waveguide did
not generate blue upconversion light, probably due to the low absorption cross
section of this wavelength. The upconversion process was markedly enhanced when
stimulated Raman radiation (SRS) generated in an external fibre was used. The first
and second Raman Stokes bands were generated in either 1.0 km long fibre for the
laser operating in the mode-locked regime, or 10.0 m long fibre in the QSML regime.
In both regimes, several Watts (5.0 W) of laser radiation at 1064 nm was necessary
in order to generate ~140 nW of blue light. Despite the report of Nd-doped fibre laser
delivering more then 9.0 W at 1064 nm (CW), in that configuration it would be
necessary to deploy nine powerful diode lasers operating at 810 nm (delivering
approximately 9.0 W each) as pump source [38]. This pumping scheme is therefore

not suitable for a compact solid-state laser pumped at 1064 nm.

Pumping the same sample with a CW Ti:Sapphire laser in the near infrared, around
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800 nm, shows a poor conversion efficiency. Due to the low intensity of the blue

upconverted signal generated, it was not possible to record it.

The final pumping configuration, tuning the CW Ti:Sapphire laser to 678 nm, was
based on the reports of blue upconversion in thulium fluoride fibres. This pumping
wavelength has shown a better efficiency than at 798 nm. However, we had to apply
hundreds of mW’s (~300 mW) to have a detectable amount of blue light. The main
problem of operating at this wavelength is that powerful diode lasers are so far not
available. Another disadvantage for this pumping wavelength arises if one aims at
CW blue laser operation at room temperature. Despite the four level laser of this
configuration, the lower level *H; has the lifetime approximately 2 orders of
magnitude longer than the upper level 'D,. Thus, in order to achieve CW laser
operation and high efficiency at 451 nm, there is the requirement that the *H, final
metastable level be emptied. This problem can be addressed using two different
approaches: codoping with terbium which induces cross relaxation effects to relieve
the *H,4 population efficiently [39], or pumping near 1.06 pm in resonance with
3H, — *F23 excited-state absorption transition [4]. However, the latter scheme does

not allow single pump wavelength operation.
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5.4 Thulium doped phosphosilicate glass sensitised by Ytterbium
ions

The previous section reported upconversion based on ESA of the pump wavelength
to excite a Tm“-doped Si0,-P,05 glass system. However, energy transfer
mechanism between ions of the same, or different, species has been demonstrated to
be more efficient than the ESA [29]. It has also been recognised that thulium doped
glass sensitised with ytterbium ions is another useful composition to generate
upconversion blue light pumping when pumping in the Yb** ground state absorption
(GSA) peak cross section at 977 nm, excitation is transferred to the neighbour Tm®”
ion. Under this configuration, Yb** ions act as donor or sensitiser ions and the Tm®*
are the acceptors. This glass system also offers another possibility of using a
pumping source based on commercial diode lasers at 980 nm. In addition to the large
ytterbium absorption cross section, these ions are widely employed as donors
because they do not undergo concentration quenching, even in highly doped glasses,
due to their simplified electronic configuration. Thus, Yb** can be incorporated into
the glass matrix in high concentrations, ensuring a good pump wavelength absorption

and efficient energy transfer to the acceptor ions.
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Figure 5.12: Absorption spectrum of a 0.1/1.0/0.1 M (Tm**/Yb**/Na*) doped waveguide in the
region 600-1750 nm. The ’F,,, — Fs, transition corresponds to the Yb** GSA, the remaining are
due to Tm®* ions.

Samples were prepared using the same procedure described in the section 5.3. Two
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aqueous solutions containing Tm**/Yb**/Na" chloride in two different concentrations
were employed to fabricate the samples. They are 0.1/1.0/0.1 M, and 0.05/0.5/0.05 M
of thulium chloride, ytterbium chloride, and sodium chloride, respectively. All
aqueous solution were prepared with high purity (99.99%) REacton® thulium (I1I),
ytterbium (II1) chloride hexahydrate, and sodium chloride. As the upconversion
efficiency coming from those samples will be compared with the previous Tm’*-
doped glass results, it is worth emphasising the change in the waveguide cross
section for the new samples. The only difference between the geometry of the
thulium doped and the ytterbium-sensitised waveguides came from the reactive ion
etching (RIE). For the Tm/Yb/Na samples, the RIE reached less than 50% of the total
thickness of the core deposition (~10.0 um). Consequently, the waveguides were not
completely buried, being close to a rib waveguide configuration. This geometry
reduces the optical confinement of the radiation and the efficiency of the
upconversion process as well. This is easily noticed in photo 2 on page 150, with the
blue light underneath the cladding. During the experiments, it was observed that the
blue upconversion light consisted of a bright spot in the centre of a thin blue
horizontal line. The ratio Yb**/Tm®* was chosen close to 10 to ensure an efficient

energy transfer process between the donor (Yb**) and acceptor (Tm**) ions.

Figure 5.12 shows a typical absorption measurement of a Tm’*/Yb’*/Na*
(0.1/1.0/0.1 M) doped sample. The measurements were carried out as described
previously for the Tm**-doped sample. This figure depicts the ground state
absorption to *Hs (1675 nm), *Hs (1210 nm), °F, (798 nm), and °F; (678 nm) Stark
levels corresponding to the thulium absorption, and the strong *Fin — *Fsp
absorption band at 977 nm ascribed to the ytterbium ions. From this figure, the
difference in the absorption coefficient is easily noticed. The ytterbium ion
absorption coefficient (0.86 dB/cm) is more than 14 times that of thulium at 798 nm
(0.06 dB/cm). ‘

5.4.1 Tm>*/Yb**/Na+ doped samples pumped at 678 nm

The first pumping scheme for this mulfi-component glass employed the CW
Ti:Sapphire laser tuned at 678 nm, which correspond to the absorption line
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‘He > Fas. A typical fluorescence spectrum for sample doped with thulium 0.1 M is

shown in Figure 5.13.

Remarkable differences appear when the result shown in Figure 5.13 is compared to
Figure 5.8 showing the 0.2 M single thulium doped sample. Firstly, one notices a
reduction of the upconversion processes efficiency and consequently the intensity of
the blue upconversion light at 451 nm. Due to the low intensity of these transition
lines, it was not possible to use colour filter to reduce the interference of the pump
power in the measurements. Therefore, the second order diffraction grating of the
pump wavelength, as well as an unidentified UV band extending from 350 to
450 nm, were present. This relatively intense UV band overlapped the upconverted
signal at 360 nm ('Dz — 3H¢3) and 451 nm ('Dz — 3H4). The second difference is the
presence of the 482 nm and 740 nm bands, ascribed on the spectrum to the
transitions 'G4 - *Hg and 'D, — 3F; respectively. This new infrared line overlapped
with the 721 nm (*F; — *Hg) transition, which due to the broadband characteristics, it
was not possible to resolve with our measurement setup. Finally, due to the lower
solution concentration used during the fabrication of this Tm’*/Yb**/Na* sample, the
amount of incorporated thulium ions was smaller than for the Tm**-doped (0.2 M).

This caused a decrease in the upconversion light generation efficiency.
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Figure 5.13: Fluorescent upconversion spectrum for the Tm**/Yb**/Na* doped SiO,-P,Os glass
system pumped at 678 nm.
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The observed change in the fluorescence spectrum due to the glass composition is
better understood by analysing the energy level diagram of the Tm/Yb/Na glass
system, Figure 5.14. Unlike the case of single thulium doped glass, the upconverted
signal at 482 nm is possible, following the mechanism proposed by Oomen [31],
when the upper level 'Gy is populated as a consequence of the absorption of one
pump photon from the metastable *Hy level. This metastable level is supposed to be
populated because ytterbium offers the possibility of draining the population of the
’F4 level to the *Hs level through two very efficient cross relaxation mechanisms and

nonradiative transition, described by the equations:

Tm(’Fs) + Yb(’F72) —» Tm(*He) + Yb(’Fsp) (5.5)
Tm(’Hg) + Yb(*Fs1) — Tm(*Hs) + Yb(*F71) (5.6)
— Tm(’Hy) + Yb(*F1p2) (5.7)

These mechanisms also explain the low efficiency of populating the 'D; upper level.
The up conversion process populating the 'D; excited state of Tm®* is explained as
follow: the first pump photon absorption populates the *F,; excited state, which is
followed by a fast nonradiative transition to the ’F, state. Then a second pump
photon is absorbed, bringing the Tm’" ion to the 'D, excited state from where
450 nm (‘D2 » *Hs) and 366 nm ('D, — *Hg) emissions take place. Due to the cross
relaxation expressed by the first equation, the °F4 level is very efficiently

depopulated thus exciting Yb** ions.
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Figure 5.14: Simplified energy level diagram due to Tm**/Yb** ions in SiO,-P,0s glass matrix.
The solid lines correspond to the absorption of pump wavelength, the dashed represent the
fluorescence, and the dotted arrows are nonradiative transitions.
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The dependence of the 482 nm and 740 nm upconverted signals are shown in Figure
S5.15 and Figure 5.16, respectively. Both signals show a quadratic dependence on the
input pump power with a certain degree of saturation. Despite the uncertainty in the
measurements due to the low signal powers, it was observed that the saturation in the
blue transition line is less pronounced than the near infrared (721nm + 740 nm) band.
This tendency to the quadratic dependence also indicates that the major contribution
to this band should come from the 740 nm transition line. The low intensity of the
blue light at this pumping wavelength scheme and the impossibility of adequately

filtering the pump radiation were the limiting factors in measuring the lifetime.

1000- 1000 ~—— e e
S Tm/YbMNa-0.11.0/0.1M S Tm/Yb/Na-0.1/1.0/0.1 M
& . 3,=678nm & . ),=678nm
Z " 2 =482nm 2 " =740 nm
a (7] S
% .“ C - Oo@
2 3
£ £
= 100: = 100:
5 5
(7] (7]
£ . £
(o] o
@ SLOPE 1.4+0.1 N SLOPE 1.3 +0.1
10 : , '
10 100 1000 % 100 1000
Launched Pump Power (mW) Launched Pump Power (mW)
Figure 5.15: Blue upconversion generation as Figure 5.16: Near infrared radiation
a function of the pump power radiation. (721nm + 740 nm) as a function of the pump
power.

Unlike the 451 nm blue light generated by the Tm** doped samples, the blue signal at
482 due to the Tm**/Yb’* sample has shown a high degree of saturation in the power
dependence with the pump intensity. This is an additional indication of the efficiency
of the cross relaxation given by equations (5.5)-(5.7) leaving the *Hj energy level

saturated.

Pumping the Tm**/Yb**/Na*-doped sample at 678 nm, the ytterbium ions show no
contribution, or maybe a deleterious effect, on the generation of blue light at 451 nm
and UV at 360 nm. The actual effect on those fluorescent bands could not be
evaluated due to the close spectral distance between the signals and the second order
diffraction grating of the pump wavelength. The presence of a broad UV band in the
range 350-450 nm overlapping with those fluorescent signals was also a second

factor which reduced the precision of the results. However, after rare earth doping
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level optimisation this glass composition could be applied as a new possibility of
generating blue light at 482 nm via a two-photon process, as shown in the Figure

5.14.

5.4.2 Tm>"/Yb*/Na+ doped samples pumped at 800 nm

Pumping the Tm**/Yb**/Na* samples at the *F3 absorption line (678 nm) has shown a
measurable blue light at 482 nm. Comparing the experimental results obtained in the
sections 5.3.3 and 5.4.1 it was deduced that this signal was generated in the rare earth
composed sample only due to the presence of population in the *Hs level. As
described previously, the large population in the Tm®* 3F4 metastable level relaxes to
the *H; due to the efficient cross relaxation between the thulium and ytterbium ions.
Due to nonradiative relaxation, this energy is transferred to the lower level *Hs.
Consequently, this Tm’*/Yb**/Na® glass will open a new prospect for efficient

upconversion mechanism pumping at 800 nm.
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Figure 5.17: Intense blue upconversion generation at 482 nm in a Tm’*/Yb**/Na* doped SiO,-
P,05 glass system, pumped at 798 nm.

To evaluate the efficiency of this mechanism, the CW Ti:Sapphire laser was tuned at
the peak absorption line corresponding to the *Fy4 level. This wavelength corresponds
to 798 nm and the typical fluorescence spectrum, due to a 0.1 M thulium-doped
sample sensitised with ytterbium ions, is show in Figure 5.17. Under this pumping

configuration, a very strong blue light, visible by eye even in a light room, was
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generated. A unique strong signal ascribed to the thulium ions transition !G4 -» JH6
(corresponding to 482 nm), was detected in the spectral range of 400-700 nm. An
infrared filter was used to attenuate radiation with wavelengths above 700 nm.
However, spectrum in the same region was also recorded without filtering revealing

only weak bands due to other transitions from 'G4 level.

Figure 5.18 shows evidence of the high efficiency of this pumping scheme. As
depicted in the figure, there is a pronounced saturation ofthe upconverted signal for
pump power above 400 mW. Beyond 750 mW, the blue signal shows a complete
saturation. The blue curve drawn across the experimental data is a mathematical
function with quadratic dependence with the pump power. It is useful to emphasise
the blue light saturation. The quadratic dependence of the blue light at 482 nm with
the launched pump power depicted in the low pump power portion of Figure 5.18 is
evidence of a two-photon process. The insert is a Log-Log plot of the same
experimental data, and the straight line correspond to the best fitting to the signal
generated by pump power inferior to 400 mW. At this situation, the blue upconverted
signal had shown an increase with the launched pump power with slope of 1.84 +

0.02, indicating some sort ofsaturation in the process.
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Figure 5.18: Blue light generation at 482 nm as a function ofthe pump power at 798 nm in a
Tm3/Yb3/Na+Si02P205doped glass. The curve drawn across the experimental data is a
quadratic mathematical function. The insert is the Log-Log representation ofthe same
experimental data
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The expected upconversion mechanism is depicted in Figure 5.19. The CW
Ti:Sapphire laser is the radiation source for the first excitation of the Tm’" ions to the
3F4 level. This laser wavelength at 798 nm corresponds to the Tm®* ground state
absorption peak of the *Hgs — F; transition. According to equation (5.5) on page 137,
part of the energy is transferred, via cross relaxations, exciting the ytterbium ions to
the *Fs;, level. These ions relax transferring back their energy to the excited Tm’* in
the F4 level, which, through excited state absorption (ESA), populates level 'Gs. The
energy mismatch (AE) is absorbed by the glass matrix. Thus, blue light at 482 nm is

generated via radiative transition to the ground state (*Hg).
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Figure 5.19: Simplified energy level diagram of Tm**/Yb** ions. Ap correspond to the pump
wavelength, and Ay, represent the energy donated by ytterbium ions by cross relaxation.
To analyse this mechanism, the upconverted signal at 482 nm and the ytterbium ions
fluorescence at 977 nm were simultaneously monitored as a function of the laser
pump wavelength, for a fixed pump power. Although, in principle, more
upconversion signals should be monitored to trace the actual participation of
ytterbium ions in the cross relaxation mechanism, only the blue upconversion and the
Yb’" fluorescence signals were observable. The °F4 — *Hg (~800 nm) and the
SHs — 3He (1210 nm) transitions cannot be measured. The reason in that the former
is too close to the pump wavelength, and the latter, due to the high phonon energy of
the glass (A ~ 1200 cm™), decays nonradiatively to the metastable 3H,. In addition,
the signal generated from the radiative transition 3H, > *Hg in SiO,-P,0s glass

system is absorbed due to a broad absorption band of H,O (~1.9 um) [40].
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Furthermore, the remaining observed signals without filtering are very weak, and
their origins were not determined. In the experimental set-up, the blue light was
collected at the output end of the waveguide, after an infrared filter removed the
pump radiation. The visible signal was selected by a monochromator and measured
by a photomultiplier with a maximum spectral response in the blue region. The
infrared fluorescence from ytterbium was collected transversally to the direction of
propagation ofthe pump, through a multimode commercial optical fibre with a core
diameter of 100 pm, and recorded by a spectrum analyser. The peak intensities of
both signal as a function ofthe pump wavelength are shown in Figure 5.20. The solid

lines are only guides to the eye.
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Figure 5.20: Thulium blue upconverted signal at 482 nm and ytterbium fluorescence at 977 nm
as a function ofthe detuning ofthe pump wavelength relative to the peak absorption 3H6—» 3F4.
The inset corresponds to the blue signal generated as a function of the pump wavelength.
The dependence of the upconverted blue light shows an increase of 75% when the
wavelength was changed from 785 nm to a value close to the peak at 798 nm, while
the infrared fluorescence shows an increase of only 25%. Further detuning the pump
wavelength to 805 nm was followed by a reduction of 65% of the blue light and an
enhancement of 240% of the infrared signal. Beyond this wavelength, the blue light
drastically reduced to -1% of the peak value while the ytterbium fluorescence
increased until it saturated at 830 nm. These values were measured relatively to the
peak blue upconversion signal optimised to the pump wavelength. These results also

agree with the pumping scheme described previously. A displacement towards longer
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pumping wavelength was accompanied by a reduction in the blue upconversion
process due to an increase in the energy mismatch required to populate 'Gy level.
Thus, the very efficient cross relaxation between the Yb** and Tm®* ions is important
in the relaxation to the ground state. Detuning in the opposite direction, towards
shorter wavelengths, is beneficial to the *F4 absorption band which preferentially

relaxes to the ground state level (f = 0.78).

An alternative route to populate the 'Gs upper level could be described by the
equations (5.5) to (5.7). Thus, the population in the intermediate state (*Hs)
absorbing one pump photon could excite the Tm*" ions to 'Gy level. However, due to
this relaxation mechanism, a “red” shift displacement in the pumping wavelength
should be accompanied by an increase in the upconversion process due to the

increase in the *Hs level population.

The result depicted in inset of Figure 5.20 is a detailed measurement of the efficiency
of the upconverted signal at 482 nm as a function of the pump wavelength, for a
fixed pump power. The upconversion process was maximised when the Ti:Sapphire
laser was tuned at 798 nm. This measurement also reveal that there is a ~23 nm wide
band, centred at the wavelength of maximum gain, available with reasonable

upconversion efficiency.

Table 5.1: Branching ratios of the level 'G4 (Tm”).
Branching Ratios

Transitions B)
'Gs > °Hs 0.59
> °H, 0.21
— >Hs 0.13
— °Fy 0.04
- °F 0.02
> °F 0.01

The high efficiency of this pumping mechanism can be understood by considering
the possible relaxation routes from the !G4 level, Table 5.I and Figure 5.19.
According to the branching ratio from this level, ~59% of its whole energy
corresponds to the ground state relaxation and consequently the blue light at 482 nm.
The remaining 41% relaxes to different energy levels obeying the following

branching ratio relations: 3 Hy = 21%, 3 Hs = 13%, 3Fy = 4%. However, part of this
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energy can be “recycled”, returning to the 'G, excited state, and the °F,4 intermediate
state. Photons in the ’Hs energy level are excited to the 'G; metastable level
absorbing one pumping photon at 798 nm and the *H, level transfers part of its
energy to the 'Fy level, whenever the Yb** ions transfer its energy it due to cross
relaxation. This second process involving cross relaxation between Yb/Tm ions will

be investigated in the next section.

Around ~10 nW of blue light was measured with 200 mW of launched pump power
in a waveguide 50.0 um wide. Several factors can be optimised to increase this

conversion efficiency:

a) Waveguide cross section area to ensure monomode regime operation, mainly
at the pump wavelength, to increase the optical confinement to provide high

pump intensities for modest pump power;

b) The waveguide length: increasing the interaction length is one possibility to
reduce the dopant concentration. However, long waveguides in the planar

form suffer higher scattering losses;

c) The active ion doping level to ensure a high thulium doping without
deleterious cross relaxation taking place. If a high Yb** concentration is
desired for efficient blue upconversion promoting ions from the °F; to the
'Gs, it also acts as loss to the 'Gs level due to the cross relaxation
depopulation of the °F4 level. Further analysis of this pump wavelength will

be carried out in the next chapter.

In summary, in this section it was shown that a considerable improvement in the
efficiency of blue upconversion in thulium doped phosphosilicate glasses was
achieved when ytterbium ions were included in the glass system. The efficiency of
this process is expected to be further increased with the optimisation of the
waveguide geometry and the dopant levels. Thus, the addition of ytterbium ions was
an improvement in this glass system, and the mature technology of commercial
powerful diode lasers operating around 800 nm should offer a new possibility for
compact solid state lasers in phosphosilicate glass as host to incorporate the rare

earths.
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The next section is concerned with the same glass system pumped at 977 nm, which

corresponds to the absorption peak of ytterbium ions.

5.4.3 Tm>'/Yb*/Na+ doped samples pumped at 980 nm

The development of powerful diode lasers operating in the 800 nm and 980 nm
regions offers new prospect for the blue and green (Tm** and Ho>") [27] solid state
laser using frequency upconversion process. Because of the blue or UV emission
from 'D,, 'G4 levels of thulium ions, and its relative simple energy structure, the
upconversion process using this ion has been shown to be very efficient in some
glass hosts, such as the fluoro-based glass. As shown in the previous section, at the
longer wavelengths, such as 800 nm, it is almost impossible for Tm ions to emit
strong enough upconversion luminescence in single doped oxide glass. The absence
of absorption band at 980 nm is also a limiting factor to the use of these ions as
dopants in solid-state lasers when pumped at a wavelength provided by commercial
diode lasers. However, it has been demonstrated in many different glass hosts that
ytterbium is a very useful source offering a strong absorption at 980 nm
[18,19,22,29]. Furthermore, ytterbium has shown efficient energy transfer to many
other ions when used as co-dopant [43,44]. No report was found of efficient blue
upconversion in oxide glasses doped with thulium and sensitised with ytterbium ions
pumped at 980 nm. This section is devoted to investigating this upconversion

mechanism in FHD fabricated SiO,-P,Os glass hosts.

The thulium/ytterbium-doped samples used in these experiments are the same as
described previously when pumped at 678 nm and 798 nm. As depicted in Figure
5.12, ytterbium ions (Yb’*) have an absorption peak at 977 nm (~0.820 dB/cm)
which is approximately 15 times the strength of thulium absorption at 798 nm
(~0.057 dB/cm) (measured for a ratio Yb**/Tm’" concentrations of 10 times). This
high pump absorption was responsible for the fluorescent upconversion processes
shown in Figure 5.21. This typical fluorescence spectrum in the range of 400-800 nm
is due to the Tm**/Yb**/Na* (0.05/0.5/0.05 M) doped sample pumped 470 mW at
977 nm. The experimental set-up for this measurement was similar to those

introduced in the Figure 5.6, with the Ti:Sapphire laser now tuned at the absorption
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peak of Yb** ions. The two observed lines across the spectral region from 400 nm to
800 nm were blue at 482 nm and the near infrared at 710/721 nm. These signals are
ascribed to the 'Gy —* He, and °F, 3 > *Hg Tm®" Stark level transitions, respectively.
The signal originating at ’F; level was not recorded due to the infrared filter
attenuating wavelengths above 750 nm. The filter was used to avoid saturation in the
photomultiplier due to pump wavelength. Similar measurements were carried out
with the Tm?*/Yb**/Na* (0.1/1.0/0.1 M) doped sample with equivalent results. No
signal was originated from 'D, level, e.g. 366 nm ('D; > ’Hg) or 450 nm
('D; - *Hy). These signals are usually reported in other low phonon energy glass
host [19], with the similar doping levels. As reported, the 'D, level is populated via
the absorption of a fourth pump photon from level 'Gy. The short measured lifetime
of the 'Gy level in the phosphosilicate glass is probably a factor responsible for the
low population in the 'D, level. It corresponds to 1/3 of the reported value of the

fluorophosphates [42].
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Figure 5.21: Blue upconversion signal at 482 nm and near infrared upconversion in a Tm**/Yb*"
doped SiO,-P,05 glass, pumped at 977 nm.

The upconversion pumping mechanism for this wavelength is a well-known process
[43], although most of the reported experimental results are concerned with fluoride
glasses. The three steps of this upconversion mechanism shown in Figure 5.22 are

described by the following equations:

Yb(*Fsp) + Tm(*He) —» Tm(*Hs) + Yb(*F1) (5.8)
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— Tm(*Hs) + Yb(*F7p) (5.9)

Yb(*Fsp) + Tm(*Hs) = Tm(’Fy) + Yb(*Fap) (5.10)
— TmC’Fs) + Yb(Fap) (5.11)
Yb(*Fsp) + Tm(’Fs) > Tm('Gy) + Yb(*F7p) \ (5.12)

In other words, an excited Yb*" ion relaxes nonresonantly transferring the energy to a
neighbouring Tm** ion, exciting it to its first level *Hs. This transition requires the
matrix to absorb 1992 cm™ of the excess energy. The energy in the *Hs state relaxes
nonradiatively by multiphonon relaxation to the metastate level *Hs. From this level,
a second photon released by an Yb** promotes the thulium photon one step up to the
3F2 level, transferring 1477 cm’! of its energy to the host. The 3 F, state also relaxes
by multiphonon relaxation to the ’F4 state. The signature of this step of the
upconversion is the °F, 3 levels emitting fluorescence at 710/721 nm. A third Yb**
ion nonresonantly transfers its energy to a neighbouring excited Tm’" ion populating
the 'G, state with 2041 cm™ of energy released. The 'Gy level then emits the

fluorescent upconversion signal at 482 nm.
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Figure 5.22: Simplified energy level diagram for Tm>'/Yb’" ions in SiO,-P,Os glass system
pumped at 977 nm.

The remarkable difference in the present measurements is the quadratic dependence
of the blue light at 482 nm with the launched pump power at 977 nm, as shown in
Figure 5.23. The decrease in this exponent of the pump power dependence has been

already reported in [43] and references there in.
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Figure 5.23: Pump power dependence of the blue signal at 482 nm. The saturation of
intermediate level is enhanced in the quadratic dependence show in the inset.
This is attributed to a possible saturation of one, or more, energy level involved in
the process. This is better illustrated if the theoretical rate equation model is applied
to the system of Figure 5.22. The derivation of these and following equations, as well
as the physical meaning of each term is described in Appendix A. The dependence of

upconversion intensity signal on the low pumping intensity can be described by:
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where Ny and Nj are the ground state and excited state populations of thulium and
ytterbium ions, respectively. Equation (5.13) shows that, considering low pump
power levels and consequently low excitation of the Yb** ions, it is expected a small
contribution of the terms containing Ng in the denominator, thus, they can be
neglected. Therefore, the ground state of donor and acceptor can be considered not
depleted and they are treated as constants. Hence, the dependence of the blue
upconverted signal is cubic with respect to the pump photons, through the number of
photons donated by ytterbium ions. However, when the pump power is high enough
to depopulate thulium ground state (N;) the depletion of this level has to be

considered. Thus, the ground state is expressed as:
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Applying equation (5.14) into equation (5.13), the dependence of the upconverted
signal on the donor concentration becomes explicit. The parameter a is defined in
Appendix A. As the excited state population of the donor increases, due to the
efficient energy transfer, these photons are transferred to thulium ions depleting their
ground state. At higher pump power the term aNy becomes greater than 1 and
consequently the dependence of the upconverted signal with the pump power
decreases. For a very efficient upconversion process, a quadratic dependence could

be expected.

In order to confirm this effect, measurement of the blue upconverted emission were
carried out in different ranges of pump power. Figure 5.24 shows the result. For an
intermediate pump power range the dependence is seen to be weaker than the
expected cubic one but stronger then the quadratic one seen for high pump power.
The inset of this figure shows the dependence of the same signal at a very low pump

power showing the expected cubic dependence.
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Figure 5.24: Blue upconverted signal dependence with the pump power for two distinct situation
showing saturation in intermediate levels. The inset shows the cubic dependence in the low
pump power regime and in the main graphic the intermediate pump power intensities with

reduced exponent.
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Photo I: Blue Upconvcrsion generation in a 50 pm wide Tm /YbJ7Na phosphosilicate
waveguide fabricated by FHD and KIE. Signal generated at 482 nm due to 50(1 mW of
infrared radiation at 977 nm

Photo 2: Long exposure photo of the same experiment to evidence the blue light underneath
the cladding.
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The fluorescence lifetime for transitions from level 'G;, measured with the
experimental set-up described previously, was measured as (472 £+ 146) ps. To avoid
stimulated emission taking place, reducing the measured lifetime, the pump power at
977 nm was adjusted to 80 mW. However, the actual input power into the waveguide
is expected to be smaller than this value, when the reductions in the average pump
power after the mechanical chopper and coupling loss were considered. Despite the
large variation in the result, the value measured is within the limits reported in the
literature. For comparison, a list of lifetime predictions for the same transition for
different glass hosts reported in the literature is presented: Aluminate 440 ps,
Fluoride 885 us, Gallate 385 us, Fluorophosphate 728 us, Germanate 666 ps, Silicate
811 ps [29]. The divergence between this result and the previous one using Nd:YAG
laser can be attributed to two factors. The first one is the low pump power from the
CW Ti:Sapphire laser. This reduces the possibility of stimulated emission from the
upper level, as well as possible cross-relaxation process. A second possible reason
for the reduction in the lifetime of the Nd:YAG laser measurement could be the fact
that measurement coupled light into the 6.0 x 6.0 um waveguide, whereas using the
Ti:Sapphire laser, light was coupled into the 50.0 um waveguide, reducing the
density of energy inside and consequently the possibility of stimulated emission at

wavelength of interest.

The fluorescence lifetime due to the transition from °F»3 band at 710/721 nm was
measured as (1.46 + 0.28) ms. Due to the high intensity and stability of the signals
during the measurements the lifetime was determined more precisely when compared
with the blue light. The measured value at this wavelength was comparable to values

in fluoride glasses [29].

An important parameter for a diode laser pumped device is the flexibility in
wavelength. Figure 5.25 shows the intensity of the blue light signal at 482 nm versus
the pump wavelength varying in the range 930-990 nm, while the pump power was
kept constant at 200 mW. The result has shown the maximum conversion efficiency
whit pump wavelength at 977 nm, corresponding to the absorption peak of ytterbium
ions. However, the signal shows conversion efficiency close to 40% of the peak in
the range of 950-960 nm. Efficient pump absorption at these wavelengths offers a
prospect of using a Nd:YAG laser as a pump source [45].
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Figure 5.25: Blue upconversion generation as a function of the pump wavelength, maintaining
the input power constant.
As mentioned in the Chapter 1, ability to work in an environment with high
temperatures should be a requirement for a compact blue laser, as part of a practical
tool, such as a laser printer, for instance. Thus, the measurement of the behaviour of
the intensity of the blue upconverted signal at 482 nm was monitored against the
sample temperature. For this measurement, a heating element consisting of a block of
aluminium with a surface of 25.0 x 7.0 mm was placed in the central region of the
waveguide. The aluminium block was maintained with the long side in the same
direction of the light propagation, with a constant separation to the sample surface of
~1.0 mm. The physical contact between the heating element and the waveguide
surface was avoided. This was a precaution in order to minimise the pump light
coupling misalignment due to the waveguide bending during the heating up process.
The pump power was kept constant at 200 mW during the measurement, and the
intensity of the blue light was optimised before heating up the aluminium block.
Figure 5.26 depicts the behaviour of the blue signal during the measurement. The
heating element variation temperature was measured with a thermocouple type “N”
attached to it, and the signal recorded in a chart record. The result is shown as the
blue line with open circles and the scale corresponds to the right hand side axis.
Simultaneously, a photomultiplier tube measured the blue light with maximum
wavelength gain in the blue region, and the signal recorded by the second channel of

the same chart recorder. The result corresponds to the black noise-like curve and the
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scale is at the left hand side axis. The pump signal coupling was corrected in order to
get the maximum upconversion efficiency, whenever the blue signal disappeared.
This procedure was interrupted when the blue upconversion signal was maintained
constant for more than 5.0 minutes. We observed a reduction of approximately 50%
in blue upconversion efficiency with an increase of 165°C, and small departure from
the room temperature operation for temperature below 100°C. This result is

consistent with the report in the literature with the same rare earth in glass host [43].

+

In this section an efficient upconversion blue light generation in a Tm**/Yb**/Na
phosphosilicate doped sample pumped at 977 nm was demonstrated. A signal power
of 130 nW was generated from 150 mW of infrared pump power at 977 nm.
Considering that the injected power into the waveguide corresponds to 30% of the
delivered power, the calculated process efficiency is 2.0 x 10™%. Optimisation of
this upconversion process can be achieved by reducing the waveguide cross-section
ensuring monomode operation at the pump power. This will increase the pumping
density energy. Further optimisation of the system can be implemented in the Tm®*
doping level to avoid cross relaxation. Yb'" does not undergo concentration
quenching due to high doping levels, but the ratio of Yb**/Tm’* concentrations must
be optimised in order to avoid the *F4 level depopulated in excess. As can be inferred
from the energy level diagram of these ions pumped at 977 nm, Figure 5.22, the
intermediate *F,4 level, responsible for the third step in the upconversion process, is
depopulated by the efficient cross relaxation with the ytterbium ions. The emptying
of the level in a laser configuration is an additional loss to be overcome. Paschotta et
al. [9] have pointed out that the transition *F4 — *He have a gain coefficient 2.5 times
greater than the 'Gy > 3H(,, usually‘lasing first than the blue. The same behaviour
was observed by Mejia and co-works [24] in a ZBLAN fibre laser. The inclusion of
ytterbium in the glass system can act as an option to depopulate the intermediate °F,
level, transferring its population to the *Hs via cross relaxation with Yb** ions,
increasing the threshold of the laser action. Finally, the highest efficiency of this
upconversion process can be evaluated for the photo 1. This digital photo was taken

for an upconversion pumped with 500 mW at 977 nm.
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Figure 5.26: Peak intensity of the blue light as a function of the temperature. The signal have
shown great stability for temperature up to 100 °C.
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5.5 Conclusion

This chapter was devoted to the study of the viability of using Thulium and
Tm**/Yb’" doped SiO,-P20s glass matrix to generate blue upconversion light. The
aim of this investigation was to demonstrate the potential of using rare earth doped
glass produced by the FHD method to fabricate compact solid-state blue light
devices for converting infrared radiation from commercial diode lasers into blue
light. Two different rare earth compositions were analysed: a Tm’" doped glass, and
a Tm®" doped sensitised by Yb*" ions. In this glass system, sodium ions were also
incorporated as an additional component to decrease the glass sintering temperature,
as well as to increase the solubility of ytterbium ions as described for erbium in

Chapter 3.

A Nd:YAG laser operating at 1064 nm was the first pump wavelength considered.
Due to the small absorption cross-sections, blue light upconversion was not
demonstrated in single Tm**-doped phosphosilicate waveguides when pumped at the
fundamental wavelength of 1064 nm. It was possible to obtain efficient blue
upconversion only when the waveguide was pumped by wavelengths in the range of
1113-1167 nm, generated in a commercial optical fibre due to SRS. This pumping
scheme has shown the maximum conversion efficiency when a combination of the
first (1113 nm) and second (1167 nm) Stokes lines due to the stimulated Raman
scattering, along with the fundamental laser radiation at 1064 nm were launched into
the waveguide. Due to relying on an external optical fibre to generate the Stimulate
Raman Scattering, this pumping scheme at 1064 nm is not suitable for compact
devices. In this configuration it was possible to generate ~130 nW of blue light with
~70 mW of ML infrared radiation. Thus, this pump configuration will become
interesting for compact devices when powerful and inexpensive diode lasers

operating in the 1130 nm region become available.

To explore a commercial diode laser wavelength as a pump source, ytterbium ions
were incorporated into the glass matrix. Then, another three-photon process was
analysed in a Tm’*/Yb** doped phosphosilicate glass pumped at 977 nm. From the

absorption coefficient measurement it was inferred that ytterbium ions have a cross
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section at 977 nm ~15 times the thulium at 798 nm (which corresponds to the other
pump option via diode lasers). Besides the large cross section of ytterbium ions, this
upconversion process is governed by energy transfer between ions, which was
already demonstrated to be more efficient than the excited state absorption (ESA) of
the previous experiment. In spite of the unfavourable waveguide geometry, this
pumping scheme was shown to be promising. Infrared to blue upconversion at
482 nm with 25 mW of CW pump power in Tm**/Yb** co-doped waveguides was
observed. Optimisation of this glass system and waveguide geometry may allow an
improvement in the measured conversion efficiency of 2x107%, and this value is
very close to the 10 reported in glass ceramic with similar doping level [19]. The
optimisation of the Tm**/Yb*" co-doped glass also consists of the determination of

the best doping level ratio between this two ions.

Comparing these two phosphosilicate glasses with pumping upconversion scheme
involving three photons, the Tm**/Yb** doped glass system was shown to be more
advantageous than Tm’*. The first benefit of the co-doped glass is the choice of the
pump wavelength. Diode lasers operating in the spectral region of 980 nm have a
more developed technology than the diode lasers operating at 1130 nm. The second

is higher efficiency in order to obtain laser operation at 482 nm.

The upconversion efficiency not only depends strongly on the rare earth
concentration and on the host material in which the rare earth ions are incorporated.
The number of photons required to generate the signal is limiting as well. As is
known, the relative upconversion efficiency decreases rapidly for increasing numbers

of photons involved. Thus, the two photons pumping scheme was analysed.

The first pump wavelength employed was at 678 nm, exciting the thulium ions from
the ground state to the °F,3 energy level. Unlike the three-photon process, this
pumping wavelength was shown to be more efficient for thulium-doped waveguides
than the composed doping glass (Tm**/Yb’"). However, it does not shown similar
efficiency as fluoro-based glasses, and upconversion of red light into blue at 451 nm
(single thulium) or 451 nm and 482 nm (Tm®*'/Yb**) were obtained only with
hundreds of miliWatts of pump power. Thus, this pumping configuration does not

appear to be reliable as a compact solid-state blue laser, because diode lasers
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operating at this pump wavelength are not commercially available in this range of

power.

A new promising result was obtained with the Tm**/Yb** doped sample pumped at
798 nm. At the same pump wavelength, thulium doped sample did not generate blue
upconverted emission. The conversion efficiency showed a good stability with the
temperature. The upconverted signal reduced in ~50% of the peak power when
temperature increased from room temperature to 180 °C. The process has also shown
flexibility with the pump wavelength. Conversion efficiency of ~50% of the peak
blue upconverted light was obtained detuning the pump wavelength within 23 nm,
centred at 798 nm. As the diode lasers operating at this range of pump wavelength
are a mature technology, this becomes a very encouraging result to obtain a compact

source of blue upconversion light.

This chapter has shown that two pump wavelengths, which are available from
commercial diode lasers, can be used to generate blue upconversion light in
Tm**/7Yb**/Na* doped SiO,-P,0s samples. The next chapter will concentrate on the
development of a laser model and the study of the feasibility of laser action with this

glass using these pumping wavelengths.
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Chapter 6 - Modelling Blue Upconversion
Waveguide Laser

6.1 Introduction

The previous chapter demonstrated several pump schemes to generate blue light in
thulium-doped and ytterbium sensitised thulium doped phosphosilicate waveguides.
Those results pointed towards the possibility of obtaining efficient upconversion in
the Tm’"/Yb**/Na* doped samples, especially when pumped at 980 nm and 800 nm.

which correspond to wavelengths available from commercial diode lasers.

In the past few years, great efforts have been made in the development of hosts for
thulium doped upconversion lasers [1-6]. To date. all reported thulium-doped lasers
were developed using fluoride-based optical fibres [7,8]. In this host, practical blue
upconversion lasers efficiencies from 10% to up to 30% have been reported. Output
powers of a few miliwatts of blue light using a single wavelength diode laser, or

more than 100 mW of blue light employing two powerful tunable lasers have been
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reported. An upconversion laser based on two-photon process in Tm’* has also been

reported in the same type of fibre, but pumped by two different wavelengths [9].

Fibre geometry is preferred for these lasers, due to the low scattering loss, and long
interaction length. The possibility of optimisation of the cavity length during the
experiments is also’an attractive feature. Fibre lasers with long interaction. lengths
and low rare earth doping concentration make it possible to obtain laser action while
avoiding the cross relaxation process. However, shorter and higher-doped laser
cavity may have an advantage if a commercial single mode laser system is required
as a component of practical devices [10]. Nevertheless, accurate modelling has to be

developed to achieve this target.

This chapter aims to fulfil these considerations and develop a model for a thulium-
ytterbium doped waveguide laser, and establish the potentiality of the Flame
Hydrolysis Deposition (FHD) method for fabricating such an integrated laser. The
FHD technology has been used for the realisation of monolithically integrated
erbium doped lasers and amplifiers for the 1.55 um optical communication
wavelength [12-17]. The advantage of an integrated version compared to the fibres is
in terms of size. One widely known application for blue laser light sources is for use
in optical data storage. Consequently, a compact blue light source is a fundamental

requirement [18].

To study the feasibility of a Tm**/Yb**-doped phosphosilicate waveguide glass laser,
initially the modelling procedure will be presented with the determination of the rate
and propagation equations for the laser system. In order to define a simple and
precise model, only the major contributions to the laser upconversion process have to
be considered. Thus, the first part of the chapter is concerned with the determination
of these contributions, as well as the estimation of the relevant spectroscopic
parameters that will be used as input data to model. The modelling procedure
developed in chapter four, for erbium-doped lasers, will be adapted to the thulium
ions. After the definition of the rate equation systems, the latter part of this chapter
will discuss the predicted characteristics of the observed !G4 — 3Hg laser emission,
such as threshold, and the dependence on the doping level, along with the prospect

for improved performance and continuous wave (CW) laser operation.
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6.2 Determination of the Spectroscopic Parameters of the Model

The essential parameters required to model the CW upconversion Tm**-doped
waveguide laser will be derived in three phases. Firstly, applying the Judd-Ofelt
theory, parameters related to the radiative transitions, such as radiative lifetime and
branching ratios, will be determined. Secondly, nonradiative transitions and the
radiative quantum efficiency of all transitions will be evaluated. Finally, some
considerations will be devoted in order to estimate the Tm < Yb cross relaxation

coefficients.

6.2.1 Radiative Transitions

According to the Judd-Ofelt theory, the line strength of an electric-dipole transition
between an initial J manifold and a terminal J' may be written in the form [19,20]:

s= ¥ Qfrta(s Ly sras,Ly ©.1)

A=2,4,6

As described in the model, the 2, may be regarded as phenomenological parameters

characterising the radiative transition probabilities within the ground state
configuration. The ( “U (“" ) elements are the doubly reduced unit tensor operators

calculated in the intermediate-coupling approximation. Thus, from the expression for
the line strength, the value of the corresponding Einstein B-coefficient can be
derived, and consequently, by means of the universal relation between A and B
coefficients, the expressions for the spontaneous emission rate determined. A
summary of the Judd-Ofelt theory is presented in section 2.5.2, where the relation
between radiative transition, radiative lifetime, branching ratio, and peak cross-

section are presented.

The doubly reduced unit tensors, which are independent of the host, are tabulated for
several rare earth ions and are available in the literature. Unfortunately, not all the
relevant parameters for the present modelling were found, and it was necessary to

calculate them.
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Using the technique described by Weber for erbium ions [21], the matrix elements of

U™ for thulium were evaluated from the formula:

(fPa(S, LV U] £ (s, W) = (1) 5(8,8 f2s + 1020 +1)]
x{" s }( SPalS, Ly Ut fia(s, L)

(6.2)

L' L S

All parameters in the expression above, except the Kronecker delta symbol 3, and the
Klebsh-Gordon coefficients (6-j) [24] are explained in the Russell-Saunders coupling
described in the section 2.4. Initially, the wave functions for Tm’* derived by Krupke
and Gruber [22] were used to compute the unit tensor operator matrix elements
between low-lying energy levels. Then, the Russell-Saunders values of the U* were
readily calculated using the tables of Nielsen and Koster [23], and the tabulated 6-j
symbols of Rotenbeg et al. [24]. The matrix elements of equation (6.2) are then
transformed from the LS basis state to the intermediate coupling scheme before

being squared. The results of these calculations are listed in the Table 6.1

Experimental fluorescence results measured in these samples at the 980 and 800 nm
pumping wavelengths did not reveal signals generated by transitions above the 'Gy
level. Hence, this was assumed to be the upper level in the present upconversion
process. The definition of the reduced matrix elements for thulium ions made
possible the determination of the Judd-Ofelt parameters Q,. The procedure to
perform this measurement was described in section 3.2.2 for erbium ions. Only the

main information for the thulium-doped samples will be repeated in this section.

Two samples with different thulium concentration were analysed. These included a
single thulium doped glass, prepared with a 0.2 M solution, and a Tm**/Yb**/Na”
doped sample prepared with a solution containing 0.1/1.0/0.1 M of thulium,
ytterbium, and sodium chlorides, respectively. The Judd-Ofelt parameters of the
Tm**-doped samples will be used as a benchmark to the Tm**/Yb**/Na*, in order to
observe any change in the glass due to the inclusion of Na" ions. Using a white light
source to generate a broad spectral band radiation, four ground state absorption bands

were individually measured along the spectral region between 600-1750 nm, namely
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the 3 H., *Hs, ? F4, and 3 F23; the typical results are depicted in Figure 5.1 and Figure
5.12, respectively.

Table 6.1
Reduced Matrix Elements for Tm®**
Transition Il aly o o
Pmron il o] 7 W I 07 7l W' O 7l W
‘Hs—> Hg  0.5274178 0.7182038 0.2276400
‘Hs—*H¢  0.1073174 0.2312564 0.6379007
—3H,  0.0890630 0.1247453 0.9048682
SFy > 3Hey  0.2488663 0.1179329 0.6081923
- H,  0.1292449 0.1323697 0.2125416
—°Hs  0.0107788 0.4795059 0.0043699
SF;>3Hg  0.0000000 0.3161708 0.8405278
—3H,  0.0047857 0.0004463 0.1665701
—3Hs  0.6285713 0.3467813 0.0000000
—73F,  0.0805146 0.3440599 0.2637414
SF,>He  0.0000000 0.0000000 0.2574232
—’H, 03103726 0.0562653 0.0441798
—3Hs;  0.0000000 0.2899824 0.5825276
—3F,  0.2868174 0.1624475 0.0740635
-7%F;  0.0035485 0.0745279 0.0000000
IGs—Hs  0.0463722 0.0746921 0.0099585
—°H,  0.0028373 0.0181418 0.0691259
—’Hs  0.0772811 0.0078059 0.5633094
-7, 0.1645116 0.0036333 0.4114455
S3F,  0.0117345 0.0808467 0.3253330
53F,  0.0094892 0.0784151 0.0431720

To calculate the three phenomenological Judd-Ofelt parameters Q; for each glass
system, the integrated absorption bands and the respective reduced matrix elements
in the equation 2.12, a least-square fitting procedure were applied and the parameters
determined. The results are listed in Table 6.II. From a first inspection of these
parameters, it can be inferred that the inclusion of sodium ions into the matrix of the

thulium-doped glass has only a small effect on the parameters Q, and Q4. According
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to interpretations for the Judd-Ofelt parameters, explained in chapter three, the small
change in the Q, indicates minor alteration in the ligand field of the glass
components [25,26]. However, the parameter s for the sémple containing sodium
has shown an increase of ~550% if compared with the single thulium doped. This
suggests a reduction in the viscosity of the glass system [27]. The result also agrees
with the influence of co-doping studied in the chapter three for erbium-doped

samples containing different amounts of sodium ions.

Table 6.11
Judd-Ofelt parameters €2, for the Tm’~ and Tm’ /Yb’ /Na~ doped SiO,-P;0:s
samples
Sample Q, (10 cm?) Q<10 em?) Q¢ (x10™° cm?)
Tm’* 8.23 3.73 0.25
Tm*'/Yb’"/Na* 7.52 4.39 1.86

The radiative transition probabilities for emission between excited J manifold to the
lower level J' of the Tm** ions in phosphosilicate glasses were calculated, using the

Q, values of Table 6.II, and the corresponding doubly reduced unit tensor operators

( ”U (4 ’" ) (Table 6.1) for specific transitions, in the form [27]:

_ 64n'e’ _
3h(2J + 1N

ab

Dos 528+ Xa ST (6.3)

The terms S ;‘ﬂ, and S ;”f, correspond to the electric and magnetic dipole line strength,

respectively. The other parameters have the usual meaning as explained in section
2.5.2. Observing the magnetic dipole and electric dipole selection rules, the
probabilities for the respective radiative transitions were calculated. They are listed

in the third and fourth column of Table 6.111.

The calculation of the radiative transition probabilities for all energy levels of
interest makes possible the determination of the respective radiative lifetimes and the
branching ratios. The results are listed in the final two columns of Table 6.111,
respectively. The accuracy of these parameters can be tested by comparing the
calculated radiative lifetime of the *F4 — ’Hs transition and the measured

fluorescence lifetime. The determined value of 1.26 ms is close to the 1.40 ms
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measured in the previous chapter.

168



Table 6.111
Calculated Spontaneous emission probabilities of Tm’/Yb**/Na* in phosphosilicate glass
prepared with solution 0.1/1.0/0.1 M.

Average Radiative
Transition Frequency éﬁ") ‘(:"1'; Lifetime ﬁzn:l(lénf (<10 2!
(cm™) (ms) i
3Hs — *Hs 5945.2 149.6 6.69 1.00
3H;s — 3He 8334.3 162.0  15.2 5.53 0.98 4.3
—3H, 2389.2 3.6 0.02
3F, — *He 12615.2 672.2 1.26 0.84 4.2
— 3H, 6670.0 98.7 0.12
— 3H; 4280.8 25.9 0.04
3F; — *Hs 145205 1106.8 0.70 0.78
— *H, 8575.6 226.8 0.16 3.8
— *Hs 6186.0 84.8 0.06
— 3F, 1905.3 23 0.10 0.00
3F, - *He 14836.8 268.4 2.86 0.77
- °H, 8891.6 57.5 0.16
- H; 6502.4 22.4 0.06
- F, 2221.6 0.8 0.00
- °F; 316.3 0.0 0.01 0.00
1G4 — *Hg 20746.9 595.0 1.00 0.59 1.0
- H, 14801.1 214.9 0.21 1.0
— 3H; 12412.5 126.5 0.13 0.9
—F, 8131.7 35.4 0.04 1.9
—3F 6226.4 15.8 0.02
- F, 5910.1 13.5 0.01

Finally the stimulated emission cross section o, for the relevant thulium transitions
for the lasers modelling has been calculated and are listed in the last column of Table

6.111. The stimulated emissions were estimated from the equation [28]:

)\’4
o, (A, )= L A
a,b( I’) 87'5'6"”2 'A}\.Lﬁ— ah (64)

where Ap is the peak fluorescence wavelength of the emission band and Al is the
effective fluorescence bandwidth. This parameter is used because of the asymmetry

of the emission bands, and is determined by dividing the integrated fluorescence line
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shape by its peak intensity at Ap. When it was impossible to measured the
fluorescence lineshape, e.g. for transitions between two excited states, it was
assumed to equal the lifetime broadening, i.e. the final linewidth was assumed to
correspond to the sum of the individual ground state widths (Av,; = Av, + Avy) [29].
Finally, the emission cross sections were converted into absorption cross sections

using the relation [29]:

o s+ 65
h,a—(th+1) ab ( . )

The ytterbium absorption cross section was determined from the absorption spectrum
applying McCumber’s theory [30,31], and the fluorescence lifetime was measured in
a similar procedure as used for measuring the lifetime of erbium ions described in the
third chapter of this thesis. The peak cross section was estimated to be 6.0 x 102 m?,

and the lifetime of the *Fs;, — 2F5, transition was measured ~1.50 ms.

Thus, the spectroscopic parameters relating to radiative dipole-dipole interactions
were evaluated. The next two sections will be concerned with estimations of

nonradiative parameters.

6.2.2 Nonradiative Transitions - Multiphonon Relaxation

Rare earth ions in solids can undergo transitions because of their interaction with the
lattice vibrations of the host material. This process occurs predominantly in the
downward direction, i.e., the ion makes a nonradiative transition to a lower electronic
state through the emission of multiple phonons to conserve energy [32]. Thus, if the
nonradiative relaxation rate of a level is comparable to its radiative transition rate.
the efficiency of the luminescent processes originating on that level is degraded.
However, as discussed in the section 2.6, nonradiative transitions are not always a
deleterious process in upconversion. Phonon energies are also required for efficient
upconversion processes because the subsequent energy gaps usually do not match
exactly the excitation energy steps. This energy difference (mismatch) has to be

overcome by multiphonon transitions.
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The expression from Layne and co-workers [33] was employed to evaluate the

nonradiative transition rate for a p- order multiphonon decay:

w._=C-[n(T)+1] -expte) (6.6)

in this expression C and a are host-dependent parameters; AFE is the energy level gap;
p is the number of phonons required to bridge the gap: and n(7) is the Bose-Einstein
occupation number for the effective phonon mode, as expressed in equation 2.19
(section 2.6). In practice, C and «a are regarded as empirical parameters that are host
dependent, but insensitive to the rare earth ion and energy level involved [32]. Table
6.1V summarises these parameters for two glass hosts [32.34]. As the thulium-doped
samples fabricated by FHD belong to a SiO,-P,0s glass system, the parameters for

phosphate glasses, which are the worst-case parameters for laser action, were chosen.

Table 6.1V
Parameters describing the Nonradiative relaxation of rare earth ions in glass
134].
C o hv
Host (s (x10° cm) (cm™)
Phosphate 5.4 x 102 4.7 1200
Silicate 1.4 x 10" 4.7 1100

Substituting these parameters into equation (6.6), the nonradiative transition rates
and the radiative quantum efficiency were calculated, and the results are listed in
Table 6.V. The determination of the radiative and nonradiative transitions made it
possible to calculate the radiative quantum efficiencies for each level. Their

respective values are listed in the last column in the same table.

To complete the estimate of spectroscopic parameters to model the upconversion
thulium doped waveguide laser, the cross relaxation contribution to the nonradiative

transition have to be estimated. This will be carried out in the next section.
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Table 6.V
Calculated non-radiative transition probabilities and the
radiative quantum efficiency

. . Radiative
Average Nonradiative tum
Transition Frequency Transition gfl:.a'.l
(cm") (s") iciency
(M)
3Hs — *Hg 5945.2 0.86 0.99
3Hs — *He 8334.3 ~ 107 ~10°
- *H, 2389.2 1.60x10’
3Fy > *Hg 12615.2 ~0 0.27
—3H, 6670.0 3.00
- 3H; 4280.8 2.21x10°
3F; > Hg 14520.5 ~0 ~107
- °H, 8575.6 ~10°
— 3H; 6186.0 0.29
—3F, 1905.3 1.55x10®
3F, — 3Hy 14836.8 ~0 0.00
- 3H, 8891.6 ~107
— *H;s 6502.4 6.47
- °F, 2221.6 3.51x107
—3F, 316.3 2.71x10"
'Gs—> *He 20746.9 ~0 0.99
-4, 14801.1 ~0
— 3H; 12412.5 ~0
- F, 8131.7 ~107
- °F; 6226.4 0.24
- °F, 5910.1 1.04

6.2.3 Nonradiative Transitions - Cross Relaxations

Part of the nonradiative relaxations in certain rare earth doped materials are
attributed to the cross relaxations, which involve an exchange of energy between
active ions [35]. Thus, a precise determination of the parameters governing these
interactions is crucial for rare earth doped devices. A precise definition of these
parameters is particularly important in the present modelling because the efficiency

of the upconversion process involving Tm®*/Yb** depends on the energy transfer
g p g
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between these two ions. Thus, to improve the accuracy of modelling of a laser based
on two rare earths, it is essential to determine the precise relation between these cross
relaxation parameters. The purpose of this study is to provide data on the energy
transfer between Tm** and Yb** ions. As demonstrated by several research groups,
the Forster-Dexter energy-transfer model for dipole-dipole interactions is a suitable
method to describe these interactions. The direct relation between the transition
probability of the dipole-dipole energy transfer model and the transfer cocfficients in
the rate equations have already been demonstrated and widely applied [36,37]. The
transition probability rate is given by [37]:

4 4 6 .
P, _ 1 3n 04(_LJ ‘Gd'de(E) AF"(E)dE 6.7)
T, 4n-n" \ R, E

The meaning of each term was introduced in section 2.6.1. This expression can be
simplified, defining in terms of a critical radius Ry. This radius correspond to the case
when Pg 1y =1, ie. the rate of the transition probability is comparable to the
radiative transition of the level. In this case, the critical radius is defined as R4 =Ry.

In terms of R,, the expression can be simplified and written as:

P, = L[ Ky ]6 (6.8)
z.d Rda
The main task in determining the critical radius is the evaluation of the overlap
integral in equation (6.7), because usually the lineshape of the emission and
absorption lines are not known. The following procedures were adopted in order to
determine and normalise the line shapes of the donor emissions and the acceptor
absorptions involved. The absorption line shape of the ytterbium ions was measured
using a white light source. The fluorescence line shape was evaluated by means of
McCumber’s theory [30,31] (section 2.5.1). The accuracy of the prediction was
verified using the transversal fluorescence measurement of the same transition of the

ytterbium ions, and the spectral profiles were in a very good agreement.

To estimate the Tm** transitions, only the o PR Hs and the *Hg — °F, absorption

measurements were available. Using a procedure similar to that used for ytterbium,
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the respective fluorescence line shapes were calculated from the absorption
measurements. The shapes of the remaining absorption lines, ’Hs - ’F»3 and
’F4 — 'Gy, are not accessible for direct measurement and were estimated using the
following considerations: due to the low concentration of the thulium ions in the
present samples, they were considered homogeneously distributed. Thus, the line
broadenings could be considered due to only homogeneously broadening and
Lorentzian profiies were assumed. Due to the lack of information concerning the
actual bandwidths, the same value as the *H¢—’F; transition (~30nm) was assumed
for each level. The required absorption cross sections were calculated before and
shown in the Table 6.1I1. The critical radii Ry were calculated for each transition and
the result are listed in Table 6.VI. These results are in the range found for other rare

earths in other matrices.

Table 6.V1
Calculated critical radii for the dipole-dipole energy transfer model.
Critical Cro laxati fhicient
Donor Level  Acceptor Level Radius ssre axa_zl‘? n 3coe tcients
(10" m’/s)
(nm)
Tm**(F) Yb**(*Fsp) 1.03 1.24
Yb*(*Fsp) Tm**(*Hs) 1.96 60.18
Yb**(°Fsp) Tm**(Fa3) 1.53 13.62
Yb**(*Fsp) Tm’*('Gs) 1.34 6.15

The next step in calculating the energy transfer rate is the determination of the donor-
acceptor distance as a function of the rare earth concentration. For the current model,
a simple case of the nearest-neighbour interaction was used, i.e. only those excited
donors that had an acceptor as its neighbour were considered. Therefore, only the
fraction N/(N, + N of all donors is in the situation. In the expression, N, and N, are

the acceptor and donor concentrations, respectively.

An accurate determination of the nearest neighbour distance Ry, in a glass is difficult.
However, Quimby et al. [38] have shown using elementary statistic arguments that

the fraction p of ions having a neighbouring ion within a distance R is given by:
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p=l—eVilir 3R}, (6.9)

where N7 is the sum of the donor and acceptor ion concentrations. Thus, the radius
R4, was chosen as the distance within which there is a (/-1/¢) probability of finding a
neighbour. For a random distribution, the donor acceptor ions distance can be

estimated by:

0.62

YA (6.10)

Combining the preceding results, the energy transfer coefficients when the two

R, =

species of ions are incorporated into the matrix can be expressed by:

R6
C,j;17.6-[—rf)-(N,,+Nd) (6.11)
The last column in Table 6.VI contain typical values of the cross relaxation
coefficients for a 0.11 wt% thulium doped sample with a Yb**/Tm** ratio of 10. The

order of magnitude of the calculated results is in good agreement with the values

reported in the literature [36,37].

This section completes the introductory part of this chapter describing the evaluation
of the spectroscopic parameters necessary to model a Tm/Yb doped upconversion
laser. The following part of the chapter will be concerned with the development of

the model as well as some initial simulations.

6.2.4 Fluorescence Contributions to the Rate E quations

The estimates for the spectroscopic parameters defined in the previous section will
allow a more realistic waveguide laser model to be attempted, by making as few
assumptions as possible, and maintaining practical computer run times. Initially the
fluorescence contributions to the rate equations were estimated assuming each level
can undergo both radiative and nonradiative transitions, making their contribution
proportional to the radiative quantum efficiency of the level. The results of this

calculation are shown in Table 6.VII. Thus, an excellent approximation to the
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fluorescent process in a Tm’* phosphosilicate glass system is expected if only the
dominant transition rates are considered. These contributions are written in boldface,

blue characters in Table 6.VII

The values in Table 6.VII allow the definition of more realistic spontaneous emission
and nonradiative transitions for thulium ions incorporated in a phosphosilicate glass
system. The overestimated values of the nonradiative transitions can be observed in
the calculated fluorescence lifetime of the transition *F4 — *Hg. The measured value
was ~1.40 ms, while the calculated value is only ~0.32 ms. According to equation
(2.20), this difference is a consequence of the overestimated contribution of the
nonradiative transition to the lifetime. It was pointed out in the section concerning
the calculation of the nonradiative transition due to multiphonon relaxation that, as a
result of the lack of information about the necessary constant to calculate the
problem, we adopted the values which presented the worst-case estimate for laser

operation.

The next step consists of determining the rate equations for the Tm/Yb doped glass
system. Based on the experimental observation of the efficiency of the upconversion
processes of the Tm’*/Yb**/Na*-doped samples reported in the previous chapter,
only the pump wavelengths at 980 nm and 800 nm will be considered. This choice of
pump wavelengths is also supported by the great technological interest in the
development of blue upconversion laser light pumped by one of these infrared
wavelengths, since production of commercial diode lasers at these wavelengths is an

established technology.
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Table 6. VII
Determination of the relevant fluorescence contribution to the upconversion
process in thulium doped SiQ2-P2Qs glass.

Transition  Wavelength 1/ 'K +4 %)
(nrrO (s ) (s)
3H4->346 1682 5.21 x 103 148.70
HS5-*3H6 1200 ~ 10'5 1.97 x10"2
->3u4 4185 1.60 x 107 ~ 10'5
3F4-> 346 793 ~0 1504.20
->3u4 1499 2.16 x 102 3.24
->345 2336 1621.70 0.22
3F3-*3H6 689 ~0 7.9 x10"2
->304 1166 ~ 10"6 3.31 x10"3
~>315 1617 0.29 ~ 10'5
->13f4 5249 1.55 x 10* < 10*
3¥2->3H6 674 ~0 <106
~>3H4 1125 < 106 < 10*
> 35 1538 6.47 x 1072 < 10'8
-> 34 4501 3.51 x 107 ~0
>33 31612 2.71 x 1011 ~0
lg4-> 316 482 ~0 353.15
->3H4 676 ~0 46.06
->3H5 806 ~0 15.95
-> 34 1230 < 10'8 1.25
-> 3r3 1606 3.02 x 104 0.25
-+ 3F2 1692 1.33 x 1073 0.18
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6.3 Laser Modelling

The models will be applied to two different pump wavelengths, namely 980 nm,
corresponding to the ytterbium ions absorption band, and 800 nm resonant with the
thulium ions *He — °F; absorption band. The main fluorescence contributions to the
rate equation systems of both models are analogous. The differences are only in the
terms involving the pump wavelengths. A similar and more detailed derivation of all
equations describing a laser model was developed in the chapter four. Here, only an

outline will be presented.

Both models are grouped by the two types of equations used. These are the time
dependent laser rate equations and the space dependent scalar wave propagation
equations. The wave equations describe mathematically the forward and backward
propagation of the optical fields in the laser cavity. For simplicity. two optical
frequencies have been used to generate the results of the simulations. These are the

laser signal frequency at 482 nm and the pump signal.

The next section will be devoted to the determination and modelling of the system

pumped at 980 nm.

6.3.1 Rate Equations for Pump Wavelength at 980 nm

The simplified diagram of energy levels for a thulium/ytterbium doped
phosphosilicate glass is shown in Figure 6.1. This diagram was elaborated by
considering the pump wavelength at 980 nm, related to the ytterbium absorption
band and the relevant contributions defined in the Table 6.VII. Based on the
experimental evidence of the absence of fluorescence from levels above 'Gy, the
thulium ions diagram energy levels was considered up to this limit. Ytterbium ions
were represented by a two-level system. The energy levels are labelled so that
numbers from zero to six correspond to the ground state to the upper level of the
thulium ions and the numbers 7 and 8 represent the ytterbium ground state and

excited state, respectively.

The convention adopted for the diagram uses dotted lines for the nonradiative
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transitions, and dashed lines for the energy transfer between donors and acceptor ions

by cross relaxation. Dot-dashed lines represent spontaneous radiative transitions, and

solid lines are stimulated emission and absorption transitions.

The cross relaxation parameters C;; are labelled in such a way that the index %’ is

related to the donor level and %' is to the acceptor level.
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Figure 6.1: Energy level diagram showing radiative, nonradiative, and stimulated transitions of the

Tm®' ions.

The rate equations defined for pumping at a wavelength of 980 nm based on the

diagram of Figure 6.1 are:

dg‘) = —RoNo + NBio AN, + M3B30 A3 Ny +(Rey + Moo A )Ng —
~Cy,NyN, +CsyN,N,
% =B AN, +(=1,)- W N, +0 B AN, —CyN, N,
dﬁ,'z =~(1=n,) Wiy Ny +(1=1,) Wi Ny + 0By AN, +Cyy Ny N,
dng =a-n)w B+ G-n) wy N+
+(1=0,)- W Ny = CuNsN, —Cy N3N,
dz‘ =—(-n,) WrN, +(1-n,)-WN,

179

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)



dN nr nr
dlS :_(l"ns)[Ws.z + W ]Ns + Gy N\ Ny (6.17)

dN

dt6 =Ry Ny +Cy Ny Ny _[Rbo +n6(|360 + B, +B62)A6]N6 (6.18)
a, = “'st =-R,N, +(Ru + As)Ns -CyN,N, +

dt at | (6.19)

+(C82N0 +Cygs N, +C86N3)Ns

This set of differential equations describes the rate at which each energy level in the
material is populated and depleted by absorption, stimulated emission, spontaneous
emission, and cross relaxation processes as a function of the longitudinal and
transverse dimensions. The N,’s are the population densities of thulium (0 </ <6)
and ytterbum (/ = 7 and 8) ions, they are functions of time and position

N;=Nytxyz). The conservation of the number of photons dictates that
6

Ny, = N7 + Ng, and, N,, = ZN, where Ny, and Ny, are the total ytterbium and
=0

thulium ions concentrations, respectively. R, and R, are the pump and, R;; are the

signal stimulated transition rates, respectively. They are represented by:

R = ca‘el,,(t,x,y,z) R < c,.‘l.IS(t,x,y,z)

a.e hV . ij hV

1)

where n; and B, are the radiative quantum efficiency of level i and the branching
ration of the transition i — j. 4; correspond to the total radiative lifetime of level i.
The intensities /p(t,x,y,z) and Is(tx,y,z) are the pump and signal intensities and are

related to the mode densities according to equation (4.10) and (4.11), respectively.

The cross relaxation among thulium ions was not considered in the model at this
stage. According to the reported Tm**/Tm’* cross relaxation processes in fluoride

glasses, the possible routes are [18]:
from the 'Gy level
Tm('Gy) + Tm(*Hg) > Tm(’F,) + Tm(*Ha)

Tm('Gs) + Tm(*Hg) > Tm(*Fs) + Tm(*Hs)
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Tm('Gs) + Tm(*He) » Tm(*Hs) + Tm(Fs). and
and from the ’F, level:
Tm(CFs) + Tm(Hg) »> Tm(Hs) + Tm(CH,).

However, according to Table 6.VII, only the 'G4 — °Hs fluorescence transition is
likely to happen in the phosphosilicate glass host, because the other trensitions are
dominated by nonradiative relaxations. In addition, applying the Forster-Dexter
energy-transfer model, it was estimated that thulium concentration below 0.31 wt%
is unlikely to undergo cross relaxation energy transfer. A small contribution of this
factor in the population levels is also expected because the 'Gs — *Hs radiative
transition represents only a small fraction (~ 4.0%) of the relaxations from 'G, level.
Based on these considerations, the laser model did not include energy exchange

between Tm’* ions.

The wave equations coupled with the set of laser rate equations governing the

evolution of the pump and signal along the waveguide are:

dl (t,x,y,z) o,
—sz— =—c>",':N7 —[o_a )-Ns}-l,,(t,x,y,z)—a,, 1,(tx,y,2) (6.20)

dr(t,x,y,
%cy—z)=ic6o|:N6—(%)-NOJ-If(I,x,y,z)T-aS-If(t,x,y,z) (6.21)
Z © ! ‘ .

where o, and c. are the peak absorption and emission cross sections at the pump
wavelength of the ytterbium ions, while ops and Gy correspond to analogous cross
sections at the sign