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CHAPTER 1

Introduction

1.1 Integrated optics and micro-lasers

In 1959, Richard Feynman delivered a famous outlook on the shrinkage of devices
toward their physical limits, and ultimately down to the atomic level [1]. His talk
sparked the interest of many, whose interest was further stimulated by his offering
of prizes of $1000 to the first scientist to shrink the page of a book by 1/25000
or the first engineer to create a 1/64 inch rotary motor. Whether it was this talk
that initiated the field of micro- and nanotechnology or not, nowadays it is hard
to find products that do not in some way rely on nano- and microtechnology.
Perhaps the best example is the abundance of electrical chips in almost any
every-day device; no such an electrical chip could have existed without micro-
and nanotechnology.

The advances in the electrical chips are apparent because of our ever-increasing
use of devices that rely on these chips. However, a less apparent, but similar
development as in electrical chips is ongoing in the world of optical and electro-
optical chips: the field of integrated optics. This field has opened up new pos-
sibilities that electronic chips and circuits are not (easily) capable of. Examples
are high-speed long-haul telecommunication lines (fibres), or quantum cryptog-
raphy by exploiting a small number of photons [2]. The coupling of electronic
and optical circuits allows a best-of-both-worlds approach [3, 4].

The counterpart to metallic lines in electrical circuits is the waveguide on op-
tical chips. In such a waveguide, light is confined within a layer of high refractive
index contrast with its surroundings, and guided via the principle of total internal
reflection. Confinement of light in a planar core between two planar claddings
yields a planar waveguide, whereas fibre waveguides consist (predominantly) of
a circular core surrounded by a cladding, yielding a cylindrical geometry. Many
different channel waveguide geometries are known, but in this thesis buried, ridge-
type channel waveguides are used. The coupling of light into and out of channel
waveguides can prove challenging, but several tricks such as adiabatic tapering
of waveguides, using ultra-high-numerical aperture in- and out-coupling fibres or
fabrication of on-chip lenses [5], can mitigate this problem.

Optical waveguides are small structures which allow the guiding of optical en-
ergy in the form of an optical mode. The dimensions of such a waveguide are tai-
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lored to the optical wavelength of interest and can be integrated on optical chips
with further functionality such as gain enhancement and sensing principles. The
ongoing enhancement of fabrication techniques allows for better quality struc-
tures which reduces the amount of defects and, consequently, less optical mode
distortion [6, 7].

Optical waveguides can be combined on-chip with various other active and pas-
sive components in order to create integrated on-chip sensors, tuneable lasers and
filters, for example. In the Integrated Optics and MicroSystems (IOMS) group
at the University of Twente, a great variety of passive and active optical chips
have been realised. Active chips, such as high-bit-rate amplifiers and tunable
ring-lasers in the telecom C-band, based on AlyOz:Er®* [8-10] and amplifiers
on AlyO3:Nd3T [11], as well as efficient, narrow-linewidth Bragg-grating-based
lasers and sensors on Er®*- and Yb3T-doped Al;O3 [12-14] have been realised.
The first continuous-wave polymer laser has also been demonstrated [15, 16]. As
passive optical chips and sensors, opto-fluidic chips were realised that combine
micro-fluidic channels with femto-second-written optical waveguides on a glass
substrate, for the purpose of on-chip DNA analysis [17, 18]. Sensors exploiting
arrayed-waveguide gratings were used to provide applications in on-chip optical
coherence tomography [19], and Raman spectroscopy [20].

Waveguides can be made active by doping these with rare-earth ions to create
amplifiers and lasers. The strongly reduced form-factor of integrated, waveguide
lasers compared to bulk lasers has several additional benefits: the high over-
lap between pump and oscillating laser beams, combined with a high intensity
allows for high population inversion densities and high out-coupling efficiency,
yielding highly efficient lasers. Besides, these high intensities and population
inversion densities are typically reached for pump thresholds on the order of mil-
liwatts. Micro-lasers on dielectric, amorphous Al;O3, with Bragg-grating-based
integrated reflectors were realised in AlyO3:Yb?" with a maximum of 47 mW (10
mW) of output (threshold) power and a slope efficiency of 67% [21] and up to
75 mW in Al,O3:Er3* [22]. The strong intensities and confinement in channel
waveguides can even be exploited for the realisation of on-chip super-continuum
light sources, realised on extremely low-loss SisNy (TriPleX) [23, 24]. Integrated
optics can even improve line-width and tunability of existing lasers, for example
by using ring-resonator cavities [25].

The laser host material and geometry partly determines the output perfor-
mance of the laser, for example via its properties such as absorption and emis-
sion coefficients, level lifetimes, ability to dissipate heat and the ease with which
the material can be modified, by for example etching. In geometries such as
fibres, made from materials with low absorption cross-sections (and a low dopant
concentration), for example, a lot of length is required to build-up sufficient
gain. However, as a result of the long length and surface area, heat is dissi-
pated easier and high powers can be obtained. In crystals with higher absorption
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cross-sections on the other hand, much shorter lengths are required for the same
amount of gain, but as a consequence must be cooled in order to prevent frac-
ture at higher output levels. In rare-earth-ion-doped crystals, impurity ions are
located at well-defined positions inside a lattice, resulting in very defined crys-
tal field strengths, strong wavelength-selective gain, and relatively weak ion-ion
interaction due to their larger separation distance. In amorphous hosts on the
other hand, clustering of impurity ions significantly affects the available gain,
even to the point where significant fractions of ions are strongly quenched [26].
Typically, the transition probability in crystals is a bit lower than in glasses,
but this can be compensated by a higher dopant concentration. The highest
efficiency and output powers are oftentimes reported for crystal materials. For
example, record-high slope efficiencies of over 92% (optical-optical) were reported
recently in a resonantly-pumped YAG:Er®* planar waveguide laser [27]. Also in
this work, a crystalline laser host material will be employed for the realisation of
very efficient, powerful, and compact lasers.

1.2 Integrated optics on potassium double
tungstates

1.2.1 Merits of the potassium double tungstate crystals

The potassium double tungstate crystals form the basis of the research presented
in this thesis, since they are widely recognised as very promising materials for a
variety of laser types and operating regimes. Table 1.1 shows a comparison of
potassium double tungstate versus popular laser host materials such as YAG and
YLF. The high potential of the rare-earth-ion-doped potassium double tungstate
crystals is partly due to it exhibiting among the highest absorption and emission
cross-sections compared to other host materials. The absorption cross-section of
Yb3t, for example, in potassium double tungstate crystals is approximately 15
times larger than in YAG, while its quantum defect is the lowest among many
host materials [32]. In addition, the relatively large ion-ion separation distance in
tungstate materials allows very high dopant concentrations without significant
quenching effects which adversely affects the gain performance in many cases
[33]. The combination of these factors allows very compact lasers resulting from
the short absorption length and therefore short heat dissipation lengths and low
overall heat generation. In this way, very efficient ytterbium thin-disk lasers
have been demonstrated [34], despite the fact that the thermal conductivity of
potassium double tungstate is four times lower than YAG [28]. More recently, the
high absorption and emission was further highlighted with the demonstration of
over 1000 dB/cm of gain in Yb3T-doped amplifiers [35, 36]. Another interesting
feature of the potassium double tungstates is simulated Raman scattering, which
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Table 1.1 Comparison of properties of potassium double tungstate
(K[RE]W), YAG, and YLF crystals. These host materials (an
many other not shown in this table) support co-doping with thulium

for the realisation of 2 pm lasers. In potassium double tungstate host

materials, [RE] can mean Y, Gd, Lu, for example, or a combination

of these. Optical properties are specified for thulium in the different

host materials at the optical wavelength range of interest: 0.8 —2 pm,

and the absorption cross-sections of Tm®" between the ground level
and the >Hg level around 800 nm.

Parameter K[RE]W YAG YLF Ref.
Chemical formula K[RE](WO4)2 Y3Al5012 YLiF4

Crystal structure monoclinic cubic tetragonal

Mass density [g/cm?] 6.5 4.5 4

Moh’s hardness 4-5 8 -85 4-5

Thermal conductivity 3 10 — 14 6 (28]
[(W/m K]

Melting point [*C] 1070 1970 819

Doping concentration 0.63 1.36 1.40

(1at.%) [10%° cm ™

Birefringence biaxial - uniaxial
Transparency window  0.34 —5 024-5 0.18 — 6.7 [29]
[nm]

Refractive index 2 1.8 1.46

Abs. cross-section at <10 <0.8 < 0.8 [30]
800 nm [1072% cm?]

Fluorescence lifetime  1—1.5 8 —12 9-15 (30]
(*Fa) [ms]

dn/dT [107°% K] +-10 7-10 3 29, 31]

allows the use of these crystals as frequency converters [37, 38].

For bulk lasers, the monoclinic potassium double tungstate crystals have been
used to demonstrate thulium lasers operating close to 2 pm [39, 40] with slope
efficiencies up to 69%, and thulium-holmium co-doped lasers operating well be-
yond 2 pm, in continuous-wave (cw) and passive mode-locked operating mode
[41]. For ytterbium, lasing has been achieved in the stoichiometric KYb(WOy),
crystal, with up to 44% of slope efficiency [42].
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1.2.2 On-chip integrated devices on potassium double
tungstates

Integrated devices rely for their operation on the refractive index contrast be-
tween a core (guiding) layer and the surrounding layers, such as the substrate
and a cladding layer. In the case of potassium double tungstates, the addition of
rare-earth ions increases the refractive index of the doped material, by replacing
(part of) the Y3+ ions in the lattice. For example, refractive index changes on the
order of 10~ have been demonstrated in Yb-doped tungstate for typical dopant
concentrations on the order of a few percent, which has lead to the demonstra-
tion of a planar waveguide laser in an external cavity with an output power of
290 mW and a slope efficiency of 80% [43], and more recently to a record slope
efficiency of over 82% in a crystal with attached butt-coupled mirrors [44].

Epitaxial growth and the demonstration of planar waveguide lasers is the first
step toward monolithic integration of lasers in these crystals. Whereas one-
dimensional confinement is realised in planar waveguides, yielding strong ellipti-
cal mode shapes, two-dimensional lateral confinement can be realised in channel
waveguides. The optical beam quality and intensity obtained from these channel
waveguides is superior to that of planar waveguides. The first channel waveguides
in potassium double tungstate were fabricated by femtosecond laser irradiation,
but the propagation losses at 1 pm were rather high at 2 — 2.5 dB/cm, and
the optical confinement was weak compared to micro-structured ridge channel
waveguides [45]. The first Yb channel waveguide laser was demonstrated by strip-
loading a fibre with index-matching fluid [46], but the lateral confinement was
rather poor. The first real monolithic waveguide laser in Yb-doped tungstate was
demonstrated by BAIN in femtosecond-laser-irradiation-written channel waveg-
uides, but the performance was rather poor with an output power of 18.6 mW,
and a slope efficiency of 13.8 % owing to the high propagation loss of 1.9 dB/cm
[47].

A key development for the realisation of monolithic waveguide lasers in tung-
state was the co-doping of Gd?t and Lu®t together with optically active ions
[48]. One huge benefit is a strong reduction of the lattice mismatch, which allows
a much higher dopant concentration of optically active ions, up to over 50at.%
in case of Yb** [35]. The second benefit is the strong increase of the refractive
index contrast by two orders of magnitude (from 10~ [43] in case of no co-doping
with Gd** and Lu3T, to 1072 in case of high co-doping with Gd3* and Lu?*
[35]), which allows a much more compact channel waveguide cross-section and
optical mode size [44].

The micro-structuring by GESKUS and overgrowth by ARAVAZHI of channel
waveguides was a next major step toward high-performance monolithic waveguide
lasers, and has lead to the demonstration of Yb-doped channel waveguide lasers
up to 76% of slope efficiency, hundreds of milliwatts of output power and low
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thresholds [49-52]. This technique, which will be discussed in detail in chapter 2,
uses argon-beam etching of the active layer for the definition of the channels. A
variant to this technique employs etching of the substrate followed by overgrowth
of the active layer onto the substrate, yielding triangular-shaped buried channels
[53].

1.3 State-of-the-art in 2-pm rare-earth lasers

Though the potassium double tungstate material was first described by BORISOV
and KLEVTSOVA in 1968 [54], it took until 1997 for the first demonstration of a
erbium/ytterbium-sensitized thulium laser operated near 2 pm in this material,
using a Xe flash lamp under cryogenic conditions [55]. Later, several bulk lasers
operated in cw-mode were demonstrated in Ti:Sapphire-laser-pumped thulium-
doped KY(WOy)s2 [56], and in the same material, pumped with a diode laser
[57]. In 2004, KGd(WOy4)s [58], and in 2006, KLu(WO,)s [40] thulium bulk
lasers were demonstrated, the latter of which had a maximum slope efficiency
of 69% and an output power of 4 Watt. High slope efficiency up to 68% and
output powers in the hundreds of Watts have also been generated in thulium-
doped fibre lasers [59], or with lower power but the highest reported efficiency of
74% in another thulium-doped fibre laser [60]. In a holmium-doped fibre laser,
resonantly pumped with a thulium laser, up to 6 Watts of output power and a
slope efficiency of 80% was demonstrated at 2 pm [61]. With the ever-increasing
quality of laser host materials, very high slope efficiency up to 65% and output
powers of several Watts have also been generated in ceramic YAG:Tm lasers [62].
Very recently, compact, efficient and powerful microchip lasers in potassium
double tungstates have been demonstrated with 71% of slope efficiency and Watt-
level output power from a thulium-doped KLu(WO,)s microchip laser [63, 64].
Such a thulium-doped microchip laser was subsequently used for in-band pumping
of a holmium-doped KLu(WO,), microchip laser [65], yielding a slope efficiency
of 84% for the holmium laser (45% optical-to-optical) and hundreds of milliwatts
of output power. These microchip lasers are compact because of butt-coupling
of planar mirrors to a bulk chip, eliminating the need for an external cavity.
Presently, much effort is made towards pulsed lasers. Recently demonstrated
diode-pumped micro-chip lasers in thulium-doped KLu(WO,)s operating at 2.1
pm are coupled with single-walled carbon-nanotube-based saturable absorbers
to demonstrate a Q-switched laser with a power output of 0.7 W, with a slope
efficiency of 29%, or in continuous-wave mode 1.17 W and 39% of slope efficiency
[66]. Alternatively, a diode-pumped, thulium-doped KY(WO,)2 microchip laser
is coupled with an InGaAs semiconductor saturable absorber to obtain pulses at
a repetition rate of 1.2 MHz and an average output power of 130 mW at 1.9 pm.
In continuous-wave mode, the output power of this laser reaches 2.6 W, with a
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slope efficiency of 74% versus absorbed pump power [67].

The first dielectric planar waveguide laser operating at 2 pm was demonstrated
in 1994 in a thulium-doped lead-germanate glass [68]. The first planar thulium
waveguide laser in a potassium double tungstate material was demonstrated by
RIVIER in 2007, which delivered 32 mW of output power and up to 13% of slope
efficiency [69]. Thulium-doped YAG planar waveguide lasers achieved very high
slope efficiency of up to 68% [70], and output powers of over 10 W in a diode-
side-pumped YAG laser [71]. Recently, 560 mW of output power and very high
slope efficiency up to 76% has been demonstrated in a YLF:Tm planar waveguide
laser [72].

Since planar waveguide lasers provide confinement only along one axis, the
output beam is usually of elliptical shape and the intensities are lower than in
channel waveguide lasers (by at least an order of magnitude, assuming that the
lateral beam size is at least 10 times smaller in channel waveguides than in planar
waveguides, for identical amounts of launched pump power). Channel waveguide
lasers benefit from an enhanced overlap between pump and laser modes, for end-
pumped configurations. Thulium-doped channel waveguide lasers operating at 2
nm have been demonstrated in Zn-in-diffused oxide materials [73], ion-exchanged
glass channel waveguides [74], as well as in femtosecond-written channels in glass
materials with slope efficiencies up to 67% [75]. Buried channel waveguide lasers
in a co-doped potassium double tungstate host with butt-coupled mirrors yielded
slope efficiencies of up to 13% and several milliwatts of output power [53].

In this work the realisation is reported of buried, channel waveguide lasers in
a co-doped potassium double tungstate host with an efficiency of 81% and watt-
level output powers at 2 pm. To the best of our knowledge, this is the most
efficient 2-pm channel waveguide laser to date, which produces very respectable
output power and benefits from a very low threshold.

1.4 Applications of 2-pm lasers

Thulium lasers operating near 2 pum are used for the optical pumping of holmium
lasers, that also emit near 2 pm, but at a slightly longer wavelength. The emission
of thulium and holmium combined spans an optical bandwidth between 1.7 —2.2
nm [76]. Thulium can conveniently be pumped at 800 nm using diode lasers, but
holmium is lacking an atomic transition at this wavelength. Holmium can be
resonantly pumped by the thulium emission at 2 pm, either intra-cavity or with
separate resonators for the thulium and holmium gain media. Alternatively, co-
doping of holmium and thulium into one gain medium facilitates energy-transfer
from thulium to holmium and allows pumping at 800 nm. The latter approach
allows for a more compact system, but the efficiency of such a system is not
as high as the combination of separate thulium and holmium lasers due to a
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combination of detrimental up-conversion processes that are not contributing to
the holmium laser gain [77].

The spectral region in which the thulium (and holmium) lasers operate is
called the ’eye-safe’ spectral region. This is because the absorption spectrum
of water increases by orders of magnitude from the visible region until its peak
value between 2 — 3 pm. The penetration depth of optical radiation at 2 pm
in biological tissue, of which the main constituent is water, is therefore only a
few tens to a few hundreds of micrometers. Laser radiation at this wavelength
is therefore largely absorbed in the vitreous body of the eye before reaching the
delicate retina, which greatly increases the damage threshold for untreatable eye
damage. On the other hand, since radiation energy at this wavelength is absorbed
over only micrometers of lengths, powerful 2-pm lasers are being used as laser
cutting tools for medical surgery, including ophthalmology and dentistry [78].

Besides water (vapor), other atmospheric gases such as COq and N3O exhibit
strong absorption lines at 2 pm, which allows detection and analysis of these gases
in this spectral region. This, in combination with the eye-safe characteristics, is
the reason for using 2-pm thulium/holmium lasers for LIDAR (LIght Detection
And Ranging, ’optical radar’) systems [79], which work in a similar way as radar
systems through the detection of back-scattered signals. LIDAR is for example
being used in precision agriculture, to map the lay of the vegetation, the quality
of the soil or elevation differences, or for preservation of forests by measuring the
biodiversity. Other examples of LIDAR systems include measurements of wind
speed and vortices at airports, traffic speedlimit radars, and specifically at 2 pm
the ability to measure the concentration of greenhouse gases such as COs.

There has been considerable interest in the application of gas sensors for med-
ical purposes. Of exhaled breath, 99.99% is a mixture of No, CO2, Oo, water
vapor and inert gases. However, more than 500 different compounds constitute
the remainder (less than 100 ppm) of exhaled breath [80]. It is these compounds
that are very interesting as indicators, or biomarkers, of for example: diabetes,
liver and kidney diseases, bacterial infections or dental diseases. Being a non-
invasive measurement technique, breath analysis is very convenient and rather
safe for both the patient and the person taking samples. The difficulty in breath
analysis lies with the fact that concentrations of biomarkers vary between dif-
ferent persons, and over time between cycles of breath exhalation. Nevertheless,
if fast-scanning and sensitive detectors can be developed, gas sensing is a very
attractive field for diagnostics and monitoring in medicine [81, 82]. For example,
exhaled NHj is a suitable biomarker for detection of kidney disorders, bacterial
stomach infections, and levels of fatigue [83, 84].

Because optical detection has applications in so many different fields, the de-
velopment of sensors and light sources has accelerated. For detection of gases
in low concentrations by means of absorption spectroscopy, either high optical
power, or using detection cells with very high Q-factor cavities, or a combina-



The human trace gas sensing project

9

tion of both is necessary. Powerful, tunable laser sources are available in the
form of large, table-top solid-state pump lasers and OPQO’s in the wavelength
range between 3 — 5 pm [85, 86]. However, the form factor and cost of these
systems poses a problem for mobile applications. The shrinking of light sources
has benefits for mobility of these systems and in addition could allow a reduc-
tion of price. Various compact systems have been developed for that reason,
such as DFB diode, VECSEL, and interband-cascade lasers in the mid-infrared
wavelength range [87-89]. In the telecom wavelength range of 1.5 — 1.65 nm the
molecular absorption strength of gases is much lower than in the mid-infrared
wavelength range, but light sources are more mature in terms of compactness,
cost, and availability. Gas detection systems using diode lasers to detect NH3 and
CO;3 down to ppb levels in this wavelength range have also been demonstrated
[90-94], but either fiber amplifiers had to be used to increase the optical intensity
or the use of very high finesse optical cavities to create long optical pathlengths.
Detecting NH3 and CO4 around 2 pm has the advantage of absorption strength
increasing by factors of 3 and 100, respectively, compared to the absorption line
strengths around 1.5 pm [95]. At 2 pm, the detection of NHs and COs with
ppm concentration levels has successfully been demonstrated with fiber-coupled,
distributed-feedback diode lasers having output powers of several tens of milli-
watts [95-97]. The combination of increased absorption strength at 2 pm with
even more powerful lasers would improve the limit of detection of gases such as
NHj3 and COs5 even further.

1.5 The human trace gas sensing project

In 2009, an IOP Photonics Devices project was initiated to develop a compact
sensor in the 2 pm wavelength range. This sensor has potential applications for
the detection of kidney failure by detection of the NHj levels in human exhaled
breath. Since fatigue is a commonly expressed complaint at medical practices, the
development of a measuring device by detecting the amount of COs is desirable,
as the COs pressure in exhaled air and in blood is related to the efficacy of the
elimination of COy from the human body. The development of a compact laser
source and sensor at 2 pm could satisfy the goal to deliver a laser source for the
detection of these gases at 2 pm.

The project was a joint project between the Molecular and Laser Physics
group at the Radboud University in Nijmegen, The University Medical Center
in Utrecht, the companies LioniX from Enschede and Sensor Sense from Nijme-
gen, and the Integrated Optics and MicroSystems group from the University of
Twente, Enschede. The laser source for this project was developed at the Optics
and MicroSystems group.

The laser source for this project, being the subject of this thesis, had the
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requirements of delivering 100 mW of laser output power at 2 pm, and tuneability
over a nanometer. The resulting laser of this work was developed in a thulium-
co-doped potassium double tungstate host material and delivered up to 1.6 W of
continuous-wave output power at 81% slope efficiency from a compact channel
waveguide laser. This is far more than the desired 100 mW the laser source was
needed to deliver. In addition, tuneability of this laser over several hundreds of
nanometers has been demonstrated, albeit with the use of an external cavity.

1.6 Overview of this thesis

This thesis is about the design, fabrication and characterisation of thulium-co-
doped channel waveguide lasers in a monoclinic potassium double tungstate host
material. The thesis starts in this chapter 1 with giving an overview of the
benefits of integrated optics in general, and more specifically about the benefits
of integrated optics on potassium double tungstates. The state-of-the-art in 2-
pm lasers is presented, as well as a brief overview of some applications of 2-pm
lasers.

Chapter 2 concerns the fabrication of the buried, channel waveguides in potas-
sium double tungstate. An explanation of the properties of this particular host
material is given, and the method of growing, (co-)doping and processing of the
material is explained. The optimum waveguide parameters obtained via simula-
tions are given and explained.

Chapter 3 is dedicated to the properties of the thulium ion in relation to the
potassium double tungstate host material. Spectroscopic properties are detailed,
such as the energy-transfer and gain properties of thulium. The theory of this
chapter is used in chapter 4 to discuss the obtained results.

In chapter 4, the main results of this thesis are presented. The characterisation
method of several buried, channel waveguide lasers is explained and properties
such as output power, efficiency, and tuneability are reported and compared to
theory.

Finally, in chapter 5, general conclusions based on the work in this thesis are
presented. Some preliminary results on resonant structures and a discussion of
further future work is also presented.



CHAPTER 2

Waveguide design and fabrication

This chapter gives an overview of the steps required to fabricate monoclinic
double tungstate channel waveguides for laser applications. The design considera-
tions such as geometry and refractive index contrast of the channel waveguides are
discussed. The growth of epitaxial layer on substrates via liquid-phase epitaxy,
with the aspects of lattice matching and obtaining the desired refractive index
contrast is then explained. Finally, the processes of lapping and polishing of
grown epitaxial layers, followed by etching of the channel waveguides and their
overgrowth is discussed.

Table 2.1 gives an overview of the required steps for the fabrication of buried
channel waveguides in double tungstate layers.

2.1 Crystal properties

In order to fabricate compact and efficient waveguide lasers in double tungstate
crystals, one must understand the various physical and optical properties of this
material. Aspects such as the polarisation of the laser output, the amount of
pump light that is absorbed and laser light that is generated and their efficiency
is strongly dependent on the composition and orientation of the crystal.

2.1.1 Crystallographic and optical axes

The double tungstate crystals are strongly anisotropic biaxial crystals which
belong to a family of crystals having a structure formula of [A][TM](WOy,)a,
where [A] is a monovalent alkali-metal cation and [TM] is a trivalent metal or a
rare-earth cation. The type of double tungstate crystals described in this thesis
are compositions of KY(WOy)2, KLu(WO4)2, KGd(WO4)2 and KTm(WOy)s;
the family of potassium double tungstates with optically active and inactive
ions. The crystal structure of the potassium double tungstates depends on the
growth temperature, yielding a tetragonal S-KY(WO,)s for the high temperature
growth and monoclinic a-KY(WOy), for the low-temperature growth. The low-
temperature a-KY(WO, )2 phase crystallises in the monoclinic centro-symmetric
space group C2/c or I2/c. Both space groups belong to the 2/m point group and
have Schonflies notation C§,. This means that they describe the same crystal
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structure but use different coordinates for the monoclinic unit cell. The I2/c
notation is more intuitive to use than the C'2/c notation, because the base angle
of B = 94° between the c*- and a*-axes aligns exactly to the crystal morphology
as shown in Fig 2.1. In the C2/c notation, the angle between the a- and c-axes
is approximately 8 = 134°. The c*- and c-axes of both notations run parallel,
but in opposite directions. The b*- and b-axes are parallel to each other and at
right angles with the a*) /c(*)-plane.

The optical axes N, and N, of the monoclinic double tungstates do not align
with the crystallographic axes defined by the C2/c or 12/c notations. Instead,
N, is rotated approximately 17.5° with respect to the c-axis in the a(*)/c(*) plane.
Ng and Ny, are at right angles with respect to each other within the a(*)/c(*)—
plane, while N, is at right angles with the a®*) /c)_plane and runs parallel to

b(*).

Table 2.1 Process flow for the fabrication of buried channel waveguide lasers in
co-doped double tungstate crystals in eight consecutive steps.

Step Process description Paragraph

1 Determination of the active layer composition in terms of 2.1.1
dopant concentration of the optically active ions, based on
their absorption and emission coefficients and expected chan-

nel length.
2 Simulation and optimisation of the waveguide modal overlap, 2.1.2 and
while making realistic variations on the channel geometry 2.3

and refractive index contrast.

3 Determination of the solvent/solute mixture that yields a 2.2.1
lattice-matched active layer after liquid-phase epitaxy and
fulfils the refractive index requirements.

4 Growth of the active double tungstate layer onto an undoped 2.2.3
010-oriented double tungstate substrate, by liquid-phase epi-
taxy.

5 Lapping and polishing of the active layer to the required 2.4.1
thickness.

6 Micro-structuring of channel waveguides into the planar, ac- 2.4.2

tive layer, using standard lithography and argon-beam etch-
ing.
7 Overgrowth of the channel waveguides by liquid-phase epi- 2.2.3

taxy, to symmetrise and protect the waveguide.

8 Dicing and end-facet polishing of the crystal containing the 2.4.1
buried channel waveguides.
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Figure 2.1 The crystallographic and optical axes of monoclinic potas-
sium double tungstate crystals. The crystal axes are indicated
according to the Schonflies notation, C2/c (without asterisk) and
I2/c (with asterisk). The optical axes Ny, Ny, and N, are indi-
cated by dashed arrows. Figure adapted from GESKUS [98].

2.1.2 Refractive indices

As a result of the anisotropic nature of the monoclinic double tungstates, these
crystals are birefringent. The asymmetric nature of the unit cell causes a biaxial
behaviour. The three axes of the optical indicatrix, Ny, Ny, and N, correspond
to the maximum, intermediate and minimum refractive indices, ng, n,, and np,
respectively (g = 'grand’, m="medium’, p="petit’). Data on the dispersion curves
for the three polarisations are available in the literature for the pure compounds
KY(WOy4)s [99], KLu(WOy)2 [100], and KGd(WOy4), [101], and are presented
in table 2.2. The available data are presented using non-infrared-corrected and
infrared-corrected Sellmeier equations, but the most commonly used form in the
literature is the single-term (non-infrared-corrected) Sellmeier equation used by
KaMINskII for pure KY(WOy)2 [99]:

n? = A +BM\/(\? - C?), (2.1)

with A the optical vacuum wavelength in micrometers.

The dispersion curves for the different polarisations of the different crystals are
plotted in figure 2.2, using the Sellmeier equations and data from table 2.2. In the
figure, the solid sections of the curves represent the wavelength range over which
the dispersion curves have been measured, while the dashed sections represent
the extrapolation up to 2 pm. It becomes clear from the solid sections of the
dispersion curves that KY(WOy)2 exhibits the lowest, KGd(WO,), the interme-
diate, and KLu(WOy)z the highest refractive index for all polarisations. Gd3*
has a larger electron number, but also a larger ion radius than Y3*. The latter
effect partially compensates the former, resulting in only a small enhancement
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Table 2.2 Sellmeier coefficients reported in the literature of pure
potassium double tungstate crystals. The compounds
KY(WOu4)2, KLu(WO4)2 and KGd(WO4)2 have been indicated for
the different polarisations Ng, Ny and Np,.
Compound  Polarisation A B C [am] D [pm™?] Ref.
KY(WO.)2  Sellmeier eqn.: n® = A + BX*/(\* — C?) [99]
Ng 1 3.1278346 0.161512 -
N 1 2.9568303 0.1591855 -
Np 1 2.8134935 0.1529056 -
KGd(WO4)2  Sellmeier eqn.: n = A + B/ [1 — (C/\)?] — DA? [101]
Ng 1.3867  0.6573 0.17002 0.2913 x 1073
Nm 1.5437  0.4541 0.18891 2.1567 x 107°
Np 1.5344  0.4360 0.18618 2.0999 x 1073
KLu(WO,4)>  Sellmeier eqn.: n° = A + B/ [1 — (C/A)?] — DA? [100]
Ng 3.58334 0.73512 0.26700 0.02953
N 3.36989 0.74309 0.26193 0.04331

Np 3.21749  0.75382 0.25066 0.05076
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Figure 2.2 Dispersion curves of pure potassium double tungstate crys-
tals. The dispersion curves are plotted using the Sellmeier equations
and data of table 2.2, for the different polarisations. The solid section
of the curves represent the wavelength range from which the data
was obtained, while the dashed sections represents the extrapolation
up to 2 num via the Sellmeier equations.

of the electron density of Gd3T compared to Y?* and therefore only small in-
crease of the refractive index of KGd(WOy)s compared to KY(WO,)s. Lut has
an even higher electron number than Gd3*, and combined with the lanthanide
contraction which decreases the ion radius of Lu3t with respect to Gd3t, this
leads to a significantly higher electron density and therefore highest refractive
index of KLu(WOy)2 compared to the other two tungstate crystals. At wave-
lengths extrapolated beyond 1.2 pm, the plotted dispersion curve of KLu(WOy),
exhibits a near-linear behaviour with a negative dn/d\, crossing the dispersion
curves of the other compounds. Since the refractive index is related to the elec-
tron density, which is highest for KLu(WOy)s, it is expected that the crossings of
the KLu(WO,)2 dispersion curve with the dispersion curves of KGd(WO4), and
KY(WOy,), is erratic and caused by accumulation of extrapolation uncertainties.

The thulium lasers in this work are fabricated in crystal compositions from
a combination of Y3, Gd3*, Lu3t and Tm?t. The refractive index of these
compounds can be estimated by the linear approximation

Ng,m,p = Z fing,m,p(4). (2.2)
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Here, f; is the fraction 1 —x — y — z, =, ¥y and z of the constituent ions i =
Y3+, Gd3F, Lut and Tm?3*, respectively, and ng m , the wavelength-dependent
refractive index of the corresponding pure compounds. The sum of the fractions
fi equals unity. (In case the concentrations are given in at.%, the fractions can
be calculated by dividing by 100.) In this way, it is possible to estimate the
refractive index of co-doped compounds with low thulium concentrations and for
wavelengths up to 1.2 pm, which lies within the characterisation range of the
data in table 2.2.

Since the thulium lasers operate at wavelengths around 2 nm, knowledge of the
refractive index at this wavelength is required for the optimisation of the wave-
guide dimensions. We have therefore measured the refractive index for a number
of co-doped, KY;_,_,Gd;Lu, Tm,(WOy,)s, layers with varied thulium concen-
trations. Dark m-line spectroscopy was carried out using a Metricon 2010M film
prism coupler. A set of cross-polarisers was utilised to pre-orient the in-plane
optical axes Ny and N, with respect to the orientation of the prism. A series
of measurements was then performed to ensure the propagation direction of the
coupled light was running parallel to the optical axes, by correcting the incident
angle of the incoupled light until a maximum or minimum index of refraction was
found for the N, or Ny, polarisation, respectively. With the sample fixed in this
position, subsequently, the measurement was carried out at wavelengths of 633,
830, 1300 and 1550 nm. The refractive index n, along the IV, optical axis was
characterised using transverse-magnetic-polarised light propagating along either
the N, or Ny, optical axis, in both cases providing identical values for n,. The
refractive indices n, and n,, were determined by coupling in transverse-electric-
polarised light, propagating along the Ny, or N, optical axes, respectively. The
single-term Sellmeier coefficients to equation 2.1 were derived from the measured
data by means of a least-squares fit. The Sellmeier coefficients for the different
compositions are presented in table 2.3. The measured data, along with the ap-
proximate, fitted, dispersion curves based on these data are plotted in figure 2.3.
As expected, the dispersion curve of a pure KY(WQ,)s crystal, which was also
measured, shows the lowest refractive index compared to the co-doped crystals.
The series of four co-doped crystals is made up of two groups of vastly different
Y3+ content. The first group has a Y3+ content of 40 at.% and a thulium con-
tent of 1.5 at.% and 3.0at.%, respectively, while in the second group all Y3T has
been replaced by Gd**, Lu?* and Tm?*, and with a thulium content of 1.5 at.%
and 20.0 at.%, respectively. From the figure, it is clear that the difference of the
refractive index is only due to the Y3+ content, as a large difference is observed
between the two groups of different Y3* content, but no difference is observed for
the different thulium contents of 1.5 at.% versus 3.0 at.% and 1.5 at.% versus 20.0
at.%. While no information about the refractive index of KTm(WOQy), is found
in the literature, we conclude from this that the refractive index of KTm(WOy),
must be almost identical to that of KLu(WOy)a, which is also to be expected
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Table 2.3 Single-term

Sellmeier

coefficients

for

co-doped

KY1-2—y--GdzLuy,Tm. crystals, obtained by dark m-line spec-
troscopy at 633, 830, 1300 and 1550 nm. The concentrations of Y37,
Gd**, Lu*T and Tm?" are in at.%.

Y3* Gd**+ Lu**t Tm3+ Polarisation B C? [pm?]
100.0 0.0 0.0 0.0 Ng 3.11897 0.02761
N 2.95349 0.02628
Ny 2.80731 0.02485
40.0 29.5 29.0 1.5 Ng 3.14470 0.02764
N 2.97916 0.02643
N, 2.84836 0.02510
40.0 29.3 27.7 3.0 Ng 3.14609 0.02770
N 2.97860 0.02646
Ny, 2.84913 0.02503
0.0 49.3 49.2 1.5 Ng 3.16556 0.02781
N 2.99826 0.02650
Ny 2.88065 0.02541
0.0 47.0 33.0 20.0 Ng 3.16541 0.02792
N 2.99883 0.02651
N 2.88088 0.02533

kel
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Dispersion curves of co-doped KY_,_,_.Gd,Lu,Tm; crys-
tals. The dispersion curves are plotted using the single-term Sell-
meier equation and data from table 2.3. The refractive indices at
wavelengths of 633, 830, 1300 and 1550 nm, obtained by dark m-line
spectroscopy are also indicated. The concentrations are all in at.%.
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when looking at the atomic number of thulium (68) compared to yttrium (70)
and their atomic radius and resulting lattice constants, which are similar.

2.2 Liquid-phase epitaxy of monoclinic double
tungstates

Now that the optical properties of the crystals have been laid out in the previous
paragraph, the growth of these crystal layers will be discussed. In order to create
a crystal layer with sufficient thickness for further processing, it is vital to min-
imise the lattice mismatch between the pure substrate and the co-doped guiding
layer, thereby minimising layer stress and related crack formation during further
crystal sample processing, such as lapping, polishing and micro-structuring of
channel waveguides. Besides the calculation aspect of the lattice mismatch, it
also takes much experience in setting-up growth of these crystal layers by liquid-
phase epitaxy. The growth of all layers used in this thesis were performed by Dr.
S. Aravazhi in the Integrated Optics and MicroSystems group at the University
of Twente.

2.2.1 Lattice matching

Optical waveguiding applications require elevated refractive indices for the guid-
ing layer compared to the surrounding KY (WO, ). substrate and cladding layers.
Co-doping of the guiding layer with optically active ions such as Yb3+ or Tm3+
readily increases the refractive index of the layer, but only by small amounts in
the order of 10~* and for small dopant concentrations in the order of 1.2-2.4
at.% [43]. The adverse effect of co-doping of the active layer by a single ion such
as Yb3T or Tm3* is the introduction of lattice mismatch with respect to the
KY(WOy), substrate and optional cladding layer as a result of the different ionic
radii of Yb3* or Tm?*t as compared to the replaced Y% ions. A high degree
of lattice mismatch and therefore lattice stress and potential crack formation
can be prevented by limiting the dopant concentration in a nearly stoichiometric
compound to a few at.%, which is typically enough for operating planar or chan-
nel waveguide lasers. Additional co-doping of the guiding layer with optically
inert Gd*>* and Lu?*, however, has been demonstrated to compensate for the
lattice mismatch of the optically active ions, while at the same time providing a
means to fine-tuning the layer refractive index [48]. This method is used in this
thesis to prevent cracking of crystal samples with high amounts of Tm3+. The
lattice parameters of the stoichiometric compounds KY(WOy)2, KGd(WOy,)s,
KLu(WOy,)2 and KTm(WOy)2 are presented in table 2.4. From this table it
is clear that KLu(WOQOy)2 has the smallest, KY(WOy,)s the intermediate, and
KGd(WOy)s the largest lattice size. The lattice size of KTm(WO,)s is expected
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Table 2.4 Lattice parameters of monoclinic potassium double tungsta-
tes according to the Schonflies coordinate system. The num-
ber of significant digits given is identical to the original publications.

Material a [A] b [A] c [A] B[] T [K] Ref.
KY(WO4), 10.63134  10.34526  7.55472 1307522 208 [102, 103]
KGd(WO4)2 10.68906 10.44385 7.60364 130.7713 298 [102]
10.6524 10.3746 7.5822 130.802 293 [104]
KLu(WO4)2 10.58985 10.23625 7.49623 130.74452 298 [100]
10.5767 10.2147 7.4872 130.684 293 [100]
KEr(WOy)2 10.613 10.315 7.534 130.732 298 [105, 106]
KTm(WOy4)2 10.60 10.29 7.510 130.70 298 [107, 108]
KYb(WO4)2 10.6003 10.2673 7.5066 130.766 298 [102]

to be similar to that of KLu(WQ,)s, as already explained in sub-section 2.1.2,
because of the similar ionic radii and lattice constants. The introduction of
KLu(WOy)s in a KY(WOy,)s crystal therefore leads to tensile strains, while the
introduction of KGd(WOy,)2 leads to compressive strains. By assuming a linear
change of lattice parameters when gradually replacing ions of one stoichiometric
compound for another, according to Vegard’s law [109], the amounts of Y3*,
Gd*t, Lu*t and Tm3" that lead to a minimum lattice mismatch can be cal-
culated. Because of thermal expansion, it is important that lattice parameters
of the different compounds used for the calculation are measured at the same
temperature. The lattice parameters of table 2.4 corresponding to a temperature
of 298 K were therefore used in the calculations. The layer lattice parameters
Alayer aNd Clayer and the lattice mismatch Aa and Ac of the layer with respect to
the KY(WO,), substrate along the a- and c-axis, respectively, are calculated as:

Qlayer = Z fiai (23)

Clayer — Z ‘fz Ci (24)

Ag — Alayer — AKY(WOy4)2 (2.5)
AKY(WO4)2

Ae = Clayer — CKY(WO4)s , (2.6)
CKY(WOy4)2

where f; is the fraction 1 — z — y — z,z,y and z of the constituent ions i =
Y3+ Gd?t, Ludt and Tm?t, respectively and a; and ¢; the lattice cell param-
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eters of the constituents from table 2.4 along the a- and c-axis, respectively.
The calculated lattice mismatch for the a- and c-axis of KY1_;_y 0.015Gd,-
Lumi0.015(WO4)2 and KYl_x_y_o_ngxLumio_Q(WO4)2 are plotted in ﬁg—
ures 2.4a and 2.4c, respectively, using contour lines with a mismatch value of
-0.2% up to 0.4% for the a-axis (solid black lines), and -0.6% up to 0.6% for the
c-axis (solid gray lines). In these two figures, the dashed diagonal line represents
the summed fraction of unity of the co-dopants Gd3*, Lu?** and Tm?3*, which
happens when all of Y3* is replaced by Gd3*, Lu®** and Tm3*. The figures
2.4b and 2.4d display the remaining fractions of Y3* (solid black lines) and the
refractive index contrast at a wavelength of 800 nm (solid gray lines), which
corresponds to the pump wavelength for pumping Tm?* in this thesis. Since
the lattice parameters vary differently along the crystal a- and c-axis from one
stoichiometric compound to another, perfect lattice matching between the grown
layer and the KY(WOy)s substrate and cladding cannot be obtained simultane-
ously along both axes. For example, the mismatch along the a-axis has a stronger
dependence on the gadolinium fraction, whereas the mismatch along the c-axis
has a stronger dependence on the lutetium fraction, as can be derived from the
orientation of the contour lines. From these figures it also becomes clear that
the contour lines indicating 0% mismatch along the a- and c-axis become more
divergent as the Gd3* and Lu®* fractions are increased. The optimum lattice
mismatch for the a- and c-axis simultaneously therefore lies precisely between the
0% contour lines for the a- and c-axis. From equations 2.5 and 2.6, this optimum
is found when the lattice mismatch along the a- and c-axis are equal in value but
of opposite sign:
Aa — Alayer — AKY(WOy4)2 . Clayer — CKY(WOy)2

= = 7AC (2.7)
AKY(WO4)2 CKY(WO,)2

The compositions KYq 4Gdg.295Lu0.20 Tmo.015(WOy4)2, KGdg.493L110.492 Tmg.015-
(WOy)2 and KGdg 47Lug 33 Tmg 20(WO4)2 of table 2.3 were selected according to
this rule, and also displayed in figure 2.4. Their lattice mismatch values Aa =
—Ac are 0.043%, 0.071% and 0.068%, respectively. The composition KYq 40-
Gdo.293Lug 277 Tmg 03(WO4)2 is not shown in figure 2.4, as it is very similar to
the 1.5at.% Tm-doped sample with the same Y3+ fraction and lattice mismatch
values of Aa = —Ac = 0.042%. From numerous growth experiments with these
and other layer compositions it is estimated that for a crack-free growth the
lattice mismatch should be kept below approximately 0.08% [52].

2.2.2 Dopant concentration of rare-earth ions in co-doped
tungstates

It is common in the literature, and also in this thesis, to express the concentration
of impurity ions in at.%, with respect to the amount of yttrium (or lutetium
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Figure 2.4 Lattice mismatch and refractive index contrast of
KYi_5-y—>Gd;Luy,Tm.(WOy4), thin layers with the un-
doped KY(WO,), substrate. The mismatch along the a- and
c-axis, for (a) 1.5 at.%, and (c) 20 at.% thulium-doped samples.
The refractive index contrast at the pump wavelength of 800 nm
is displayed for (b) 1.5 at.%, and (d) 20 at.% thulium-doped sam-
ples. The numbered compositions in the figures are referring to the
compositions in table 2.3.
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or gadolinium) that is replaced by the respective ion. A concentration of 10
at.% of thulium impurities in KY(WOy)2 therefore means that compared to the
concentration of 100 at.% of yttrium in a stoichiometric compound, 10% of the
yttrium lattice sites contain a thulium ion in the non-stoichiometric (mixed)
compound. This way of expressing the dopant concentration is convenient in
crystal growth for determining the weight amount of the different compounds
in a solvent/solute mixture. However, in laser physics it is mandatory to know
the concentration density in units of ions per unit volume for the calculation
of parameters such as the gain per unit length and for comparison of dopant
concentrations between different host materials.

From the data in table 2.4, by using the length of the vertices a, b, ¢ of the lattice
unit cells and the angle S between the a- and c-axes for the monoclinic unit cells,
the volume V. of a unit cell can be calculated by V. = abcsin 8. Knowing that
a double tungstate unit cell contains a number of 4 double tungstate molecules
KRE?*+ (WOy)2, the unit cell mass My, can be calculated from the summed molar
mass of the separate elements divided by Avogadro’s number. The density p of
a double tungstate can be calculated by dividing the mass of a unit cell by its
volume. In a double tungstate composition with fractions f; of the stoichiometric
compounds 4, the compound density can be calculated as p = X; f;p;. In this
thesis we are concerned with the dopant concentration of thulium in a mixed
compound consisting of fractions f; of KY(WO,)a, KGd(WOy4)2, KLu(WO4)s
and KTm(WOy,)s. In a lat.% thulium-doped tungstate such as KY(WOy)a,
with a fraction fy = 0.99 and a fraction fr, = 0.01, the Tm?* concentration
in inverse cubic centimeters is calculated as Nrw = 4frm/ZifiVic, where i
refers to the fractions frn, and fy and Vi ; to the unit cell volumes, respectively.
Analogously, the Tm3* concentration for any composition and doping level can
be calculated. The lat.% Tm?3* doping levels for the (nearly) stoichiometric
compositions, along with the density and mass and volume of a unit cell is given
in table 2.5.

2.2.3 Growth by liquid-phase epitaxy

Bulk monoclinic double tungstate crystals are best grown from a solution using a
technique called top-seeded solution growth (T'SSG), also sometimes called 'mod-
ified Czochralski’ growth. It does not differ much from the standard Czochralski
growth method which employs a stoichiometric melt rather than a solution. The
reason for growing the crystals from a solution is the crystal phase transition
that occurs at a temperature of approximately 1025 °C, which is lower than
the melting point of approximately 1080 °C: any attempt to grow a monocli-
nic, a-KYW crystal directly from a melt will result in an unstable crystal which
disintegrates quickly [99]. Growing the crystals from a solution decreases the
nucleation temperature below the transition point of a-KYW to 8-KYW. The
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Table 2.5 Calculation of thulium dopant concentration in double tungstates.
The dopant concentration is derived from the mass and volume of a

unit cell.
Unit cell Tm?**t concentration
Compound p My Ve Ntm
[g cm™3) [1072! g] [107% cm?] [at. %] (10" cm™3

KY(WO4)2 6.581 4.143 6.294 1 6.356
KGd(WO4)2 7.150 4.597 6.428 1 6.225
KLu(WO4)2 7.657 4.714 6.156 1 6.497
KTm(WO4)2 7.402 4.674 6.210 - -

nucleation temperature is reached when the temperature is low enough such that
supersaturation occurs, which allows nucleates to precipitate and bind onto the
crystal surface.

The different crystal axes discussed in paragraph 2.1.1 exhibit different growth
speeds. The fastest growth speeds are related to unstable crystal faces and growth
along these axes can provoke the formation of macro defects yielding a poor
crystal quality. It has been found that the slowest, and most stable, growth
direction is along the b-axis of the crystal (010 orientation), yielding the best
crystal quality. All crystal layers that were used for the work reported in this
thesis have been grown from b-oriented crystals, cut along this direction from
TSSG-grown bulk crystals.

As a solvent, Ko W07 can be used for the crystal growth, or K5O, with added
WO3 corresponding to KoW207. A major advantage of using the tungsten-
tungstate solvents is the absence of foreign ions which could otherwise signif-
icantly affect the laser performance of such crystals as a result of detrimental
energy-transfer processes. The difference between the KoW5O7 solvent and the
K504 solvent with added WOs3 is that the former solvent has the lower melting
temperature of 619 °C as opposed to 921 °C for the latter solvent [110]. The
crystal growth speed is the highest for the K5O, solvent, but the crystal growth
quality is lower than obtained with the Ko W3O~ solvent. Therefore, the KoWo07
solvent is often used for bulk crystal growth using TSSG, and was also used for
producing the crystal layers for the lasers in this work.

In figure 2.5a, a diagram of the liquid-phase epitaxy (LPE) oven is shown. The
internal oven is clad with Al;O3 ceramic tiles that are able to withstand the high
growth temperatures. A thermocouple, in combination with heating elements
and a thermal controller is responsible for maintaining the correct growth tem-
peratures. A 25-ml-volume platinum cup is placed inside the oven, containing
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Figure 2.5 Diagram of the liquid-phase epitaxy set-up and growth pro-

cess. (a) Cross-section of the liquid-phase epitaxy growth oven. The
potassium double tungstate sample is suspended by a platinum wire
into a platinum cup containing the solvent and solute. The sample
is rotated during the growth process. (b) Photograph of the actual
oven. (c) A sample is slowly lowered into the oven. (d) The platinum
cup with the solvent and solute. (e) A potassium double tungstate
crystal after the growth of a layer. The indents on the top of the
sample are for the purpose of attaching the platinum wire.
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the KoW507 solvent and the potassium tungstate solute with the layer-specific
rare-earth fractions. The solute/solvent ratio was 10.5 — 89.5 mol%. To allow
the solvent and solute to mix fully, the system is heated for several hours to a
temperature well above the saturation temperature at which the formation of nu-
cleates occurs. The system is then cooled to below the saturation temperature to
obtain a supersaturated solution and left to stabilise for several hours more. The
saturation temperature depends on the concentration of solute versus solvent.
The growth temperature for the crystal layers used was between 920 — 923 °C.
As a result of the growth of a crystal layer and the high temperatures, solution
is lost both to increased crystal weight and evaporation. However, since the so-
lute KY 5y .Gd,Lu,RE.(WOy), is significantly less volatile than the solvent
KoWs07, mostly the solvent evaporates. During a growth experiment the loss
of solute is higher than the loss of solvent, which results in a decrease of the
solute concentration and consequently a lower level of super-saturation during
growth. In long growth experiments where a significant crystal weight increase
is required, such as the formation of bulk crystals, the level of super-saturation
is maintained by slowly lowering the temperature during the growth. For the
layer growth experiments which require a layer thickness of only several tens
of micrometers, the oven can be maintained at a constant growth temperature
provided a sufficiently high level of super-saturation is present at the start to
compensate the decreasing level of supersaturation during the growth.

To begin the layer growth, potassium tungstate substrates with a size of 1 x 1
cm? are suspended by a platinum wire, slowly lowered into the pre-heated oven,
and finally dipped inside the platinum crucible once the oven has reached a stable
condition of super-saturation. The oven, depicted in figure 2.5, is equipped with
a stepper motor controlling the height of the substrate, as well as a rotary motor
to rotate the substrate in the platinum cup during the growth to stimulate mixing
of the solution and uniform layer growth. The dipping process is monitored by
a camera. The sample is dipped into the solution to a maximum height of 8 mm
(refer to figure 2.5e), preventing overgrowth of the platinum wires and cracking
of the crystal. A typical growth rate between 15 — 18 pm/h is obtained using
this procedure, resulting in layer thicknesses of several tens of micrometers for
growths up to several hours of duration. After the growth, the sample is raised
10 mm above the liquid surface, and cooled to room temperature with a rate of
25 K/h.

The layer quality has been investigated by GESKUS, using X-ray diffraction
techniques which confirmed the single crystalline nature of these grown layers.
In addition, the concentration of the rare-earth ions in the layer was investigated
using laser-ablation inductively coupled plasma mass spectrometry, indicating
that the layer composition is close to that of the initial solution within 98%
accuracy [44].
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Figure 2.6 Geometry of a buried ridge-type channel waveguide. Pa-
rameters to vary are the thickness H of the doped layer, the channel
width W and etch depth E. During the lithography and etching step,
a slanted sidewall angle with respect to the surface appears, as a re-
sult of scattering of argon ions off the resist layer and the etched
material.

2.3 Waveguide design

In the previous sections, the growth process of co-doped potassium double tung-
states has been discussed and the effect of the concentration of co-dopants in
the crystal layer on the refractive index has been investigated. By using the
measured refractive index and combining this with the constraints on the fabri-
cation process of buried channel waveguides, we will now investigate what the
optimum channel waveguide dimensions should be to arrive at the best possible
laser performance. The main considerations for designing the optimum chan-
nel waveguide dimensions are single transverse-mode operation of the laser and
pump modes and the best possible mutual overlap between these modes and the
gain medium. A good confinement of the pump and laser modes within the gain
medium ensures the best possible energy transfer between the pump and laser
light fields via the active rare-earth ions.

An overview of the channel waveguide geometry is presented in figure 2.6. The
pure KY(WOy), substrate is covered with a (co-)doped potassium tungstate layer
with a height H. A ridge-type channel waveguide with a width W is etched into
the layer to a depth of E. The channels are covered with a pure KY(WOy),
cladding layer to symmetrize the layer and optimise the optical mode overlap.
The channel width, height and etch depth are parameters which influence the
confinement and overlap of the optical modes, as well as the sidewall angle with
respect to the surface that appears during the etching of the channels. The
obtained sidewall angle during the etching of the channels in double tungstate
layers via argon-beam etching is 85 degrees.

Optical mode simulations were performed using a commercial mode solver
I The polarisation-dependent refractive indices used in the
simulation for the pump and laser wavelength are provided in table 2.6. The

software package.

pump wavelengths used in the simulation are 794 nm for TM polarisation, and

PhoeniX FieldDesigner, version 4.6.0 (www.phoenixbv.com)
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802 nm for TE polarisation, since the absorption cross-sections are at a maximum
at these wavelengths for a thulium laser in this double tungstate host. Since
thulium has a very wide emission bandwidth and since the actual laser wavelength
depends on factors such as the channel propagation loss which are not known
beforehand, the optical modes corresponding to the laser were first simulated for
the central line wavelength of 1840 nm, for both TE and TM polarisation. The
layer thickness and channel width were varied between 4 — 16 pm and 4 — 26
pm, respectively. The etch depth was limited to a maximum of 2 pm, which was
found to be a limitation in the etching procedure due to the maximum usable
resist thickness, as will be discussed in the next section.

Figure 2.7 shows the results of the optical mode simulations. The overlap
of the fundamental pump and laser modes with the active layer are calculated,
as well as their mutual overlap. A high overlap of the pump and laser modes
with the active layer promotes high pump power absorption and therefore a high
gain on the laser transition, which is especially important for three-level laser
schemes such as in the used thulium laser. The channel dimensions yielding
the highest overlap exceeding 90% for both the pump and laser modes are for
an active layer thickness beyond 10 pm. The channel width does not influence
much the overlap of the optical modes with the active layer, however, the lateral
confinement of the modes decreases as the channel width is decreased, as a result
of the lowered channel effective index contrast. TM-polarised fundamental modes
have a slightly better confinement than TE-polarised modes, due to the higher
index contrast between the substrate/cladding and the active layer as seen from
table 2.6. The difference however is only a few percent and therefore only the
simulation results for the TE-polarisation are shown in figure 2.7. The gray
and dashed areas in figure 2.7 represent channel waveguide dimensions which
support not only the fundamental optical modes, but also higher order optical
modes for the pump and laser, respectively. The existence of a higher-order laser
mode has an adverse effect on the laser beam quality and therefore usability
in applications which benefit from high-quality laser beams. The existence of

Table 2.6 Polarisation-dependent refractive indices used for optical
mode simulations.

Layer Pump Laser
TE ™ TE ™
802 nm 794 nm 1840 nm 1840 nm
KY(WOu)2 2.01973 1.98053 1.99414 1.95654




Waveguide design

29

Channel height H [pm]|

15
13

11

t

QU%\ \\ R S R T TeTeeearer

Pump - laser mode power overlap

\90%
R
.\ %

Laser mode power overlap with active layer

>90%

80%

Pump mode power overlap with active layer

~>98%

6 8 10 12 14 16 18 20 22 24
Channel width W [pm)]

Figure 2.7 Pump/laser/active region mode power overlap. Calculated

for a channel waveguide etched to a depth of £ = 1.9 pm, and for
TE polarisation. The gray areas on the lower righthand corners of
the graphs designate multi-modal behaviour of the pump (undashed
region) and laser modes (dashed region), whereas the white regions
indicate purely fundamental-mode behaviour for the pump and laser.
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Figure 2.8 Fundamental pump and laser mode profiles. The intensity
profiles were calculated at 794 nm in TM polarisation (pump) and
1840 nm in TM polarisation (laser), for a channel with a width of
W = 25 pm, a height of H = 14.3 pm and an etch depth of £ = 1.9
pm (gray area). The laser fundamental mode is wider than the pump
fundamental mode as indicated by the intensity contours.

a higher-order pump mode in the channel waveguide has potentially an adverse
effect on the extraction of pump power and conversion into laser power by the
laser fundamental mode. Therefore, in the channel waveguides used in this work,
the dimensions are selected with a safety margin such that multi-mode behaviour
is not expected.

The resulting fundamental modes for the laser and pump were calculated for
a channel waveguide with a height of H = 14.3 nm, a channel width of W = 25
pm and etch depth of F = 1.9 nm, and shown in figure 2.8. The intensity
profiles confirm that the fundamental pump mode is tighter confined than the
fundamental laser mode which has a longer wavelength. The 1/e? intensity radii
(horizontal, vertical) for the profiles shown in figure 2.8 are (19.7, 5.4) pm and
(23.3, 6.1) pm for the pump and laser, respectively. The profiles for the TE-
polarised fundamental modes are very similar to the ones in figure 2.8.
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2.4 Waveguide micro-structuring

In sub-section 2.2.3, the growth of potassium double tungstate crystals by liquid-
phase epitaxy has been discussed. The process of waveguide micro-structuring
in double tungstates via argon-beam etching was primarily developed by Dr.
D. Geskus for ytterbium-doped potassium double tungstate layers [98]. In the
next sub-sections, the fabrication of buried, ridge-type channel waveguides for
application for thulium-doped crystal layers will be discussed. The samples are
first cleansed from growth residue, followed by lapping and polishing of a planar
waveguide layer. A photo-lithography process followed by overgrowth and end-
facet dicing and polishing concludes the process.

2.4.1 Lapping and polishing
Surface lapping and polishing

After LPE growth of the active layer onto the substrate, the sample is cooled and
taken out of the oven. At this stage, the sample is still covered with residue as a
result of the solvent-solute vapours that have precipitated onto the sample surface
during the cooling cycle of the oven. This residue can easily be cleaned off the
sample using demineralised water. The surface morphology of the grown layer is
typically uneven: the thickness of the grown layer varies across the sample due to
different growth speeds towards the edges of the sample, with height differences
of over 10 nm. Since an even layer thickness is required for the fabrication of
waveguide lasers, the grown layers have to be levelled to the desired thickness
as calculated in the previous paragraph. The as-grown layer thickness between
20 — 60 pm, provides ample room for lapping (levelling) and polishing of the
sample to the right thickness of typically 5 — 15 pm.

The 1 x 1 cm? samples are overgrown only to a maximum of 85% of the area
(vefer to figure 2.5¢), to prevent the addition of material onto the platinum wires
and cracking, and to facilitate alignment of the sample with respect to the sub-
strate upon which the active layer has been grown. For surface polishing, the
sample is mounted onto a stainless-steel chuck using soft wax with a melting
temperature of around 70 °C, and mounted on the polishing jig (Logitech PP-5),
as shown in figure 2.9a. An autocollimator (Logitech LG2), with a precision of 2
arc-seconds, was used to align the mounted sample with respect to the lapping
disk surface. The sample is then lapped using a pre-conditioned cast-iron lapping
disk on a Logitech PM-5 machine (figure 2.9d). As an abrasive, 3-pm-sized cal-
cined aluminum-oxide particles are used to maintain correct lapping conditions
and reproducible speed. The lapping speed and quality is strongly dependent
on the pressure applied to the sample. For our 1 x 1 cm? samples, the typically
applied weight is 0.2 kg, or a pressure of approximately 2 N/cm?, resulting in a
lapping speed of approximately 3 pm/minute. Because of the high lapping speed,
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this is a critical step in the fabrication of waveguides requiring careful inspection
and measuring of the thickness after each (few) minute(s) of lapping. The thick-
ness of the layer is monitored by using a Michelson interferometric microscope:
by focussing onto the junction region between the active and substrate layers
a fringe pattern is displayed, which is shifted across the junction depending on
the height difference (figure 2.9¢). Therefore, by counting the amount of shift
relative to a ruler pattern, and multiplying by half of the filter wavelength of 550
nm, the active layer thickness can easily be calculated.

After the lapping process, taking roughly an hour, a polishing process is ini-
tiated by replacing the cast-iron lapping disk with a soft polyurethane disk and
by replacing the lapping abrasive with a polishing suspension (Struers OP-U).
The disk is again pre-conditioned to ensure flatness of the disk before the polish-
ing procedure is started (figure 2.9e). The polishing procedure is a slow process
with a polishing speed of 2 pm/hour for an applied pressure of 4 N/cm?. During
a process lasting several hours, at least 3 — 4 pum of layer material is removed.
Meanwhile, the active layer thickness is measured several times to prevent the
removal of too much material. The resulting laser-grade polished, active layer
has a root-mean-square surface roughness of 1.5 nm, which was determined using
atomic force microscopy, and a surface curvature in the order of several meters
[111]. After this polishing process, the sample is removed from the chuck by
melting and cleaning-off of the wax and ready to be micro-structured.

A more elaborate discussion on the intricacies of the lapping and polishing
process is provided by GESKUS, for example that micro-cracks can occur dur-
ing the lapping and polishing processes if too much pressure is applied, due to
chipping-off of crystal parts [111].

End-facet lapping and polishing

After the micro-structuring of channel waveguides into the crystal layer, the
channel waveguides are diced to the required length. The end-facet is diced
at right angles to the structured waveguides using a high precision dicing saw
(LoadPoint Ltd.) equipped with a F1230 diamond blade. This dicing blade,
with a thickness of 30 pm, was used to dice the end-facets to a depth 300 pm
with a relatively smooth finish to provide sufficient reflection during end-facet
alignment prior to the lapping/polishing process. The separating cut was made
with a standard TC300 (Thermocarbon Inc.) dicing blade. After dicing both
end-facets, lapping and polishing is required to allow in-coupling of pump light
and to allow attachment of dielectric mirrors for the laser experiments. The
sample is therefore squeezed between pieces of common soda microscope glass,
cut to roughly the same size as the sample using a diamond-tipped pen. A stack
consisting of the sample holder, two pieces of soda glass, the sample, and another
two pieces of soda glass are glued together using a rigid, transparent phthalate
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Figure 2.9 Lapping and polishing of a double tungstate sample. (a) A

sample is mounted onto a flat chuck using soft wax, prior to surface
polishing. (b) For end-facet polishing, a sample is squeezed and hard-
waxed symmetrically between pieces of soda glass. (c¢) Monitoring
of the planar layer thickness is performed using an interference mi-
croscope at 550 nm. (Adapted from [98]). Lapping and polishing of
samples is performed using a (d) cast-iron disk and aluminum-oxide
particles as an abrasive and (e) a polyurethane disk and a polishing
suspension, respectively.
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wax with a melting temperature of approximately 90 °C. The stack is heated
to the wax melting temperature and cooled down to room temperature while
pressing the stack together with a force of a few hundred grams, to obtain as
thin wax layers as possible between the glass and sample. The sample holder,
containing the glued-in sample/glass stack is subsequently mounted inside the
jig, as displayed in figure 2.9b. Alignment with respect to the lapping/polishing
disk surface is next performed using the reflection off the 300-pm-wide, relatively
smooth, dicing facet, using a 633 nm helium-neon laser (the ’smooth’ end-facet
does not provide sufficient reflection allowing the use of the autocollimator).
After alignment, the layer stack is lapped till the sample and all glass plates have
a rough facet. Beyond this point, another several tens of pm are lapped away
to make sure that any end-facet damage introduced by dicing is removed. The
total amount of end-facet material removed is uncritical, since shortening of the
channels by several tens of pm compared to the total length of the channels of
several mm makes only a small fraction.

After lapping, a polishing process identical to the one described earlier is per-
formed to obtain a laser-grade end-facet quality. Subsequently, the glass/sample
stack is taken apart by re-heating to the wax melting temperature, and the sam-
ple is subsequently cleaned by citric acid (to remove wax traces), acetone and
isopropanol prior to optical experiments.

2.4.2 Lithography and etching

After surface-polishing of the doped layers to laser-grade optical quality, the
sample is ready to be micro-structured. A full description of the process is given
in table 2.7. After cleaning with pure nitric acid and treatment of the surface
using hexamethyldisilazane (HMDS), a layer of positive photoresist (Fujifilm OiR
908/35) is spun onto the prepared surface, yielding a resist layer with a thickness
of up to 4 pm. A mask containing sets of waveguides with a width between
2.5 pm up to 30 pm was used to perform UV-lithography. An automated mask
alignment system (EVG 620) was used for a flood exposure of the photoresist with
a duration of 10 seconds. Since the mask alignment system is tuned to operate
with 4-inch-sized wafers having a rather uniform thickness and since the used
double tungstate samples are sized only 1 x 1 cm? with a nonuniform thickness
(due to the uncontrollable LPE growth speed on the unpolished backside of the
sample), the automated mask alignment function could not be used. Instead,
a double tungstate sample was first put onto a sample holder and supported
by standard cleanroom tissue to allow for some pressure compensation when the
mask is put on top of the sample. Additional cleanroom tissue and pieces of glass
were used to support the mask, which is designed to be in hard contact with the
resist layer to prevent the occurrence of air gaps and consequently a reduction of
resolution. The occurrence of Newton fringes provides a useful aid to verify the
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Table 2.7 Lithography and etching process flow for the fabrication of ridge-type
channel waveguides in co-doped double tungstate crystals.

Step Process description

Preparation

0 Pre-heat oven for step 3.7

Cleaning

1.1 Cleaning in 100% HNO3, 10 minutes

1.2 Quick-dump rinse 4+ blow-drying using N2

Preparing photoresist

2.1 De-hydration bake, 5 minutes, 120 °C

2.2 Spin-coating of HMDS: 20 seconds, 4000 RPM

2.3 Spin-coating of photoresist (OiR 908/35): 20 seconds, 4000 RPM. Minimise
time between applying resist and spinning to reduce edge beat.

2.4 Pre-exposure bake, 2 minutes, 95 °C

2.5 Wait 5 minutes before continuing

Performing the lithography

3.1 Lithography at EV(G620, using flat chuck. Support of the sample and
mask by blue tissues and pieces of glass/wafer. The mask is put in place
manually, and should be in contact with the sample, which is indicated
by the presence of Newton fringes. The N optical axis is identified by
making use of cross-polarizers and should align parallel to the waveguides
on the mask.

3.2 Exposure, 10 seconds, using 'flood exposure’ setting with 5 seconds of delay
3.3 Degassing: 5 minutes

3.4 Post-exposure bake, 1 minute, 120 °C

3.5 Standard development: 30 seconds bath 1, 25 seconds bath 2

3.6 Post-exposure bake: 10 minutes, 120 °C

3.7 Post-exposure bake + reflow in oven: 1 hour, 150 °C

3.8 Optical inspection of developed photoresist mask using microscope

Performing the etching
4.1 Fix samples onto a glass wafer using thermal conductive paste

4.2 Perform argon ion-beam etching using the following settings (for an etch
depth of 1.4 pm). Process time: 8 hours. Acceleration voltage: 350 V.
Beam current: 20 mA. Sample inclination: 30 degrees.

Resist stripping
5.1 Cleaning in 100% HNOs3, 10 minutes
5.2 Quick-dump rinse + blow-drying using Na
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contact between sample and mask. Alignment of the mask with respect to the
sample is achieved by making use of cross-polarisers and a red bicycle light which
does not cross-link the resist prior to exposure. In this way, the channels on the
mask are aligned parallel to the N, optical axis, as discussed in section 2.1.1. The
alignment accuracy of this method is estimated to be within 3°. After exposure
of the resist, standard development suited for the used resist, and several post-
exposure bakes including reflow are performed. The reflow step is performed to
guarantee a very smooth, hemispherical-shaped resist pattern, which reduces the
effect of re-depositioning of etched material onto the channel sidewalls during the
subsequent etching step [112]. The resulting channels defined in photoresist are
visible in figure 2.10a, showing a microscopic top-view of a group of 10 channels
with a width of 10 — 25 pm.

Transfer of the resist pattern into the doped double tungstate planar waveguide
layer is performed using argon-beam etching. Argon ions are accelerated towards
the sample with an acceleration voltage of 350 V. Prior to hitting the target,
the ions are electrically neutralised such that a highly directional, high-energy
neutral argon atom beam is created, which physically etches any material placed
in its path. The sample is mounted on a flat chuck which is tilted at an angle of
20°with respect to the incoming beam, in order to achieve the optimum etching
rate and feature shape [113]. The chuck is rotated about its axis for the duration
of the etching process to decrease sidewall roughness. An etching selectivity of
1:1 between resist and double tungstate material is realised as a result of the non-
chemical process, such that the maximum etch depth into the double tungstate
layer was limited by the thickness of the resist layer. In this work, ridge-type
channel waveguides with an etch depth between 1.5—1.9 nm have been produced.
At first, an old argon-beam etcher of the MESA™ cleanroom facility was used
which had a low etching rate of 3 nm/minute due to having a small beam flux.
Later, the etching process was kindly performed by Dr. Christos Grivas at the
cleanroom facility of the University of Southampton with a modernised argon-
beam etcher, resulting in higher etching speeds.

After etching of the double tungstate layers, the remainder of the photoresist
is removed in a pure nitric acid cleaning step. The final fabrication steps are
the overgrowth of the ridge-type channel waveguides with an undoped, pure
KY(WOy), cladding layer (refer to section 2.2.3), followed by end-facet dicing,
lapping and polishing (refer to section 2.4.1). A microscope image of the realised
buried, ridge-type channel waveguides is shown in figure 2.10b, which displays
channels with a width between 7.5—12.5 nm, etched into a 6.5-pm-thick thulium-
doped double tungstate planar waveguide layer.
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Figure 2.10 Microstructuring of channel waveguides onto doped tung-

state planar layers. (a) Top-view image of channel waveguides
defined in positive photoresist, prior to etching. On this particu-
lar sample groups of 10 channels with a width of 10 — 25 pm were
defined. (b) End-facet view of realised buried, ridge-type channel
waveguides after overgrowth and end-facet dicing, lapping and pol-
ishing. The channels are clearly visible by illumination through the
end-facet opposite to the end-facet focused at.






CHAPTER 3

Theoretical analysis

Apart from having the right materials and equipment at hand, laser theory is
important for the realisation of powerful and efficient lasers. In this chapter,
the theory of three-level lasers is explained, as well as the non-linear processes
that take place as a result of the mutual interaction of thulium ions in doped
media. In chapter 4, we will use this theory to determine various properties of
the waveguide lasers such as the propagation loss and the excited state lifetime,
and to compare the theoretical with the experimental performance in terms of
threshold, power and efficiency.

3.1 Interaction between light and rare-earth-doped
media

3.1.1 Rare-earth elements

The rare-earth elements are a group of 14 lanthanide elements with atomic num-
bers 58 — 71 in the periodic table of elements. Besides these elements, scandium
with atomic number 21, yttrium with atomic number 39 and lanthanum with
atomic number 57 are also considered to be part of the rare-earth elements.
World-wide demand for rare-earth metals has rapidly increased over the past
decades due to the growing electronics industry. The production of rare-earth
metals used to be dominated by China despite of having only 35% of the known
available resources [114]. However, large stockpiles of rare-earth metals have re-
cently been discovered beneath the water surface that may be exploited in the
near future [115]. Rare-earth metals such as neodymium, praseodymium, and
gadolinium are in high demand for high quality magnets in speakers and high-
power electric motors. Yttrium is an element which is frequently encountered
in laser materials, such as yttrium-aluminum-garnet (YAG), ytterium-lithium-
fluoride (YLF), and the material being the subject of this thesis: potassium-
double-tungstates (KRe*t (WO, )s), where 'Re3"’ can be yttrium, gadolinium,
lutetium and thulium.

The electronic transitions of the rare-earth ions usually take place by electrons
in the 4f shell, which are partially shielded from the host lattice by electrons
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Table 3.1 Common absorption and emission wavelengths of
several rare-earth ions. Some of the ions can be used
to create three- of four-level lasers. For example, the
Nd** ion acts as a four-level laser when pumped at 800
nm, and emitting at 1060 nm, while emission at 880 nm
is a three-level scheme.

Rare-earth ion  Absorption wavelength ~ Emission wavelength

prit 450 nm 480, 520, 640 nm
Na3+ 800 nm 880, 1060, 1330 nm
Yb3t 980 nm 1020 nm

Erdt 980, 1480 nm 1550 nm

Tm?t 800 nm 1900 nm

Ho3* 1900 nm 2100 nm

in the higher shells. Consequently, the host material has only a small effect on
the electronic properties of the rare-earth ions, such as the optical transition
wavelengths, and optical absorption and emission cross-sections of the rare-earth
ions. Furthermore, the weak interaction between the host lattice and the electrons
in the 4f shell facilitates long lifetime of the energy levels that are involved in
optical transitions. These favourable electronic and optical properties of the rare-
earth ions when incorporated in a suitable host material make these suitable for
creating optical amplifiers and lasers. Energy conversion from one wavelength
to another is achieved by pumping the ions from the ground-state to a higher
energy state, followed by loss of energy via rapid phonon relaxation to a lower
energy level. Relaxation back to the ground level is facilitated by the emission
of a photon, via spontaneous emission, or, in case of an amplifier or laser, via
stimulated emission. The optical transitions of a large number of doubly and
triply ionised rare-earth elements were summarised by DIEKE [116]. Some of the
common absorption and emission wavelengths spanning the visible to the infrared
range of rare earths are summarised in Table 3.1.

The rare-earth ion thulium

In this thesis, we will focus on the rare-earth element thulium (atomic number 69),
with an emission wavelength of around 1.9 pm. In unbound state, its electronic
configuration is [Xe]4f'36s2. Once incorporated in a host material it is usually
present in a trivalent state Tm3*, with an electronic configuration of [Xe]f'2. The
incompletely filled 4f shell is responsible for its specific absorption and emission
spectrum, which differs only slightly between different host materials due to the
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Figure 3.1 The energy levels of the thulium ion and different energy
transitions. In the figure on the left, the energy of the manifolds
and the wavelengths for some important radiative transitions are in-
dicated. The pump wavelength is around 800 nm, and excites ions
from the ground state into the *H4 manifold, or even higher energy
levels via excited-state absorption as indicated in the left diagram. In
the right diagram, where a dashed arrow indicates dipole-dipole in-
teraction between two thulium ions, two exothermic cross-relaxation
processes Wer and Werse have been indicated, as well as an exother-

mic up-conversion process Wgru.

shielding effect of the completely filled 5s and 5p shells, surrounding the 4f shell.

Each of the free ion energy levels can be described as 2*'L; in the Russell-

Saunders notation, with S, I and J representing the spin angular momentum,

orbital angular momentum, and total angular momentum, respectively. Due to
interaction with the crystal field of the potassium tungstate host material, the
thulium free ion energy levels split into a total of (2J41) Stark sub-levels [117].

Thulium is a complex ion with many energy levels and energy transitions. Figure
3.1 shows the different energy levels of thulium in a KLu(WO,)2 host material,
up to an energy of 30.000 cm ™! corresponding to a wavelength of approximately
330 nm, which is the lower wavelength limit of optical transparancy of the double
tungstate host material. The ground manifold of thulium is the 3Hg level, from
which it is usually pumped at 800 nm into the *Hy excited manifold at around
12.500 cm~!. Possible excited-state absorption at 800 nm occurs from the 3Hs
excited state into the 'G4 excited manifold and from the 3F5 excited manifold into
the 1Dy excited manifold. From the >Hy, excited manifold, a radiative transition
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at 1.4 pm terminates in the 3F, excited manifold. This ?F, manifold is the
origin of fluorescence around 1.9 pm, which terminates in the ground manifold.
Other radiative transitions originate from the 'Dy excited manifold into the 3Fy
manifold at 450 nm, and from the !G4 manifold into the ground manifold at 480
nm. These transitions are responsible for the typical blue fluorescence visible in a
thulium-doped host material. An important process taking place in thulium ions
is cross-relaxation (CR), in which two ions are involved that are in close vicinity;
one ion in the 3Hy excited manifold transfers part of its energy to an adjacent ion
in the 3Hg ground manifold, resulting in both ions ending up in the >F4 manifold.
This process is indicated in Figure 3.1 by Wegr. This process is beneficial for the
development of lasers pumped at 800 nm and operated at 1.9 pm, since each pump
photon at 800 nm is converted to a maximum of two photons at a frequency of 1.9
pm, leading to a quantum efficiency of up to 2. Besides this CR process, another
CR process WcRe is also indicated in Figure 3.1, as well as an energy-transfer
up-conversion (ETU) process Wgry. Besides these three processes which are
exothermic, other CR and ETU processes are mentioned in the literature which
are endothermic [60, 117] and therefore require phonon energy for the transitions
to happen. Besides the 800 nm pump transition, thulium can also be in-band-
pumped directly into the *F4 manifold at 1.8 pm. In either case, thulium acts as
a (quasi) three-level system.

3.1.2 Emission and absorption of light

For an enclosed system in thermal equilibrium at a temperature T, the radiation
density p(v) is defined according to Planck’s law of blackbody radiation:

~ 8anPhu? 1

P(V) - 03 th/kBT - 1 (31)

where p(v) is the radiation density per unit frequency [Js/cm?®|, kp is Boltz-
mann’s constant, ¢ is the vacuum speed of light and n is the refractive index of
the medium. The quantity hv is the energy of a photon with a frequency v, where
h is Planck’s constant. This energy hv equals the energy difference between two
levels Ey and F; when the transition from energy level E; to Ej is accompanied
by the emission of a photon.

When a large collection of ions is considered in a thermal equilibrium, the
population density between two energy states with energy Ey and E7, according
to equation 3.14, is given by

% = exp [(Bo — Ey)/kpT), (3.2)

0o 9o
where N; and Ny are the population densities, [Cm_S], of the ions in energy
states E1 and Ej, with degeneracies g; and gg, respectively. Interaction between
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Figure 3.2 Absorption, spontaneous and stimulated emission in a two-
level system. Absorption of a photon with energy AF = E1 — Ep
excites the ion from the Fy ground state into the F excited state
(left). De-excitation of the ion can take place through spontaneous
emission of a photon with energy AF = E; — Fy in random direction
(centre), or stimulated emission induced by a photon with energy
AFE = E1 — Ey (right). In the latter case, the emitted photon has
the same phase and direction as the stimulating photon.

the ions in thermal equilibrium is possible via electromagnetic radiation, in the
form of absorption, spontaneous emission, and stimulated emission, such that
the population densities N7 and Ny remain unaltered. Figure 3.2 depicts these
three forms of interaction. The absorption of electromagnetic radiation and the
related change per unit time and volume of the population density dNy/dt is
proportional to the population density Ny and the radiation density p(v), and

can be written as: N
T; = —BOlp(V)NO (33)

where By is the Einstein coeflicient of absorption with dimensions of [cm3 / Jsg].

A similar expression can be written for stimulated emission through the pres-
ence of a radiation density p(r), depleting the upper state with a rate (per unit
time and volume):

dN-
71 = —Bigp(v)Ny (3.4)
t
where Bjg is the Einstein coefficient of stimulated emission with dimensions of

[em?/Js?].

The process of spontaneous emission is stimulated by zero-point fluctuations of
the electric field of the vacuum. The rate of spontaneous emission is dependent
only on the population density N and the decay rate constant Ajg:

dNq
— = —A N 3.5
I 104V1 (3.5)
where Aig is a constant with dimensions of [s_l].

Since the system is assumed to be in thermal equilibrium, the population
densities Ny and N7 of the two levels remain unchanged. This means that the
depletion of the lower level caused by absorption of electromagnetic radiation
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equals the combined rate of spontaneous and stimulated emission depleting the
upper level:

BOlp(I/)NO = A10N1 + Blop(l/)Nl (36)

Combining equations 3.2 and 3.6 yields an expression for the radiation density

p(v): /B
B 10/ Bio
PW) = CoaTon) (Bor/ Buo)exp T ks T]) (3.7

where we have used that the energy difference AF = F; — Ej equals the photon
energy hv of an emitted or absorbed photon.

On comparing equation 3.7 to Planck’s equation of blackbody radiation, eqn.
3.1, we arrive at the Einstein relations:

go0Bo1r = ¢1Bio (3.8)
8rn3hy?
A10 = T BlO (39)

If level 1 with energy E; can only decay by radiative emission to level 0 with
energy Fy , then the decay rate constant A( is the Einstein coefficient of spon-
taneous emission, such that 419 = 1/7y.

Effective emission and absorption cross-sections

The Einstein coefficients A1g, Bp1 and Byg can be related to the absorption (o)
and emission (o.) cross-sections [118, 119]:

oa(v) = Bmga(V)ch/l; (3.10)
oe(v) = BlOge<V)Ch/I;a (3.11)

where g,(v) and g.(v) are the absorption and emission spectral line shape dis-
tributions, describing the atomic transitions. Since the absorption and emission
cross-sections are related through the Einstein coefficients, calculation of the ab-
sorption cross-section is possible from the emission cross-section or vice versa.
This procedure is a result from McCumber theory [118]. A relation between
the emission cross-section and the radiative lifetime is detailed in the theory of
Fiichtbauer-Ladenburg [120]. Though these theories are an important result of
the Einstein coefficients, we will not further discuss these theories in this thesis.

The cross-sections defined above have units of meters squared. By multiplying
the absorption cross-section by the population density Ny of the lowest energy
level, an absorption coefficient « is obtained:

a(v) = Noog(v). (3.12)
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The absorption coefficient is used in the Lambert-Beer law of absorption to calcu-
late the absorption of a beam of light with irradiance I (v, z) propagating through
an absorbing medium according to

% = —aW)I(v,z). (3.13)
Similar to the absorption coefficient and the Lambert-Beer law of absorption,
equations for the gain in a material can be derived by replacing the absorption
cross-section by the emission cross-section in the equations.

By measuring the absorption of light in a medium, the absorption coefficient
and therefore the cross-sections can be calculated, if the dopant concentration is
known. A solid-state laser gain medium exhibits Stark level manifolds rather than
isolated optical transitions between a single lower and a single upper energy level
in the simplified view of figure 3.2. Therefore, in a practical measurement, many
electronic sublevels of an energy level may contribute to the optical absorption
and emission, especially because the Stark levels in a manifold are spectrally
broadened by the electric fields inside a host material and have slightly different
energy depending on the local conditions in the host material (such as local
dopant concentration and temperature). Especially in glasses, the contribution
from the different electronic sublevels of a manifold is broadened.

The population fraction across a manifold with multiple Stark levels in thermal
equilibrium can be calculated according to the Boltzmann distribution. The
population fraction is defined as the ratio of the population density in a Stark
level over the total population density in the manifold. The population fraction
fi of a Stark sub-level i with an energy of F; and degeneracy g; is given by the
Boltzmann distribution:

fi = giexp [(Eo — E;) /kpT]
l >, 95exp [(Eo — Ej;)/kpT)’

where Fj is the energy of the lowest Stark sub-level in the manifold, and j is the
total amount of Stark sub-levels in the manifold with degeneracy g;, 1" is the
temperature and kg is Bolzmann’s constant.

(3.14)

A practical measurement of the absorption or emission coefficient is the result
of the different population densities of the different Stark levels in a manifold
and the individual transition cross-sections between these levels. The calculated
absorption or emission cross-section for a certain frequency from the measured
frequency-dependent absorption or emission coefficient is the sum of all transition
cross-sections at this frequency multiplied by the probability of these transitions,
according to:

Oaei(V) = Zfan(V) (3.15)
Oeef(V) = Zfiae(v), (3.16)
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Figure 3.3 Effective absorption cross-sections around 800 nm for
Tm-doped double tungstates. KGd(WO4)2 (red line, [58]),
KLu(WOy4)2 (gray line, [40]) and KY(WOy4)2 (black line, [39]). The
absorption cross-section is highest, and with the narrowest line-
width, for a polarisation of E||Nyp.

and these are called the effective absorption and emission cross-sections, with f;
the transition probability as calculated from the Boltzmann distribution. There-
fore, the effective emission and absorption cross-section are temperature-dependent.
For the absorption of light inside a medium, it follows from equations 3.12, 3.13
and 3.15:

I(v,2) = I(v,0)e~ W% = [(v,0)e~ NoTa.cit(v)z (3.17)

The effective absorption cross-sections around 0.8 pm and 2 pm and emission
cross-sections around 2 pm of thulium in KY(WOy)3 [39], KLu(WOy4)2 [40], and
KGd(WOy)2 [58], are shown in figures 3.3 and 3.4.

The lifetime of an ion in an excited state

An ion excited to a higher energy level can decay radiatively, via a decay path
of spontaneous emission as discussed before, or via a non-radiative decay path
of multi-phonon relaxation. The total decay rate constant is the sum of the
rate constants of the two decay processes: Ao, = Arad. + Anon—rad.- The decay
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Figure 3.4 Effective absorption and emission cross-sections around 2
pm for Tm-doped double tungstates. KGd(WO4)2 (red line,
[58]), KLu(WO4)2 (gray line, [40]) and KY(WO4)2 (black line, [39]).



48

Theoretical analysis

rates are proportional to the population density in the excited level, since the
decay rate is the product of the rate constants and the population density. The
spontaneous decay rate constant A..q. is given by equation 3.5, and the phonon
relaxation rate constant is given by [121]:

1 p
Anon—rad. = C 1 oAl 3.18
on—rad. exp(hwJkpT) — 1 + exp ( )
where w is the phonon angular frequency and p is the number of phonons neces-

sary to bridge the energy gap AE. Both C and « are host-dependent parameters.
Large differences in phonon relaxation rates between different materials can be

a result of the phonon energy and the energy gap. For example, in oxides such
as tungstates, the phonon relaxation rate is stronger than in fluorides because of
the larger phonon energy, requiring fewer phonons to bridge the energy gap AFE.
Typically, if fewer than five phonons are required to bridge the energy gap, the
non-radiative decay becomes the dominant decay mechanism [122].

The sum of the total decay rate, radiative and non-radiative, of a system in
an excited state can be determined via luminescence decay measurements of the
spontaneous emission at a wavelength corresponding to a transition originating
from the level of interest. In the absence of the energy-transfer processes such as
cross-relaxation, the population density as a function of time for an ensemble of
excited ions decaying to the ground state follows an exponential curve. In such
case, the time it takes for the population density of the excited state to decrease
to 1/e = 37% of the original population is defined as the luminescence lifetime
7. The luminescence decay rate constant 1/7 = 1/7aq. + 1/Tmon—rad. is the
sum of the radiative and non-radiative decay rate constants. The luminescence
lifetime equals the radiative lifetime in case no other processes than spontaneous
(radiative) emission are present. In chapter 4, luminescence decay measurements
are performed on thulium-co-doped samples to determine the lifetime of the 3F,
upper laser level. In these experiments, a thulium-doped channel waveguide was
excited via quasi-continuous-wave pumping, and the luminescence intensity was
measured as a function of time. From the slope of the logarithmic intensity-over-
time curves, the luminescence lifetime can be determined.

3.1.3 Energy transfer between rare-earth ions

Besides the emission and absorption of photons by individual ions and multi-
phonon relaxation, energy transfer between rare-earth ions in a doped medium
can also take place through dipole-dipole interactions (and even higher-order
multipole interaction). Dipole-dipole interactions manifest themselves between
two ions and are strongly dependent on the dopant concentration since the inter-
ionic distance determines the dipole-dipole strength. The interaction strength
rapidly decreases with the inverse sixth power of the separation distance between
the ions.
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Figure 3.5 Dipole-dipole energy transfer processes. These transfer pro-
cesses require two ions in sufficient close vicinity as the interaction
strength decreases to the sixth power with increasing distance. En-
ergy migration (left) is a process where one donor ion transfers its
energy to another ion in such a way that their energy states are
swapped. Energy-transfer up-conversion (center) is a process where
the energy of a donor ion is used to excite an excited acceptor ion into
an even higher energy state. Cross-relaxation (right) is an energy-
transfer process where a donor ion in an excited state and an accep-
tor ion in the ground state both end up in some intermediate energy
state.

There are several types of dipole-dipole interaction, which each have different
effects on the excitation state of individual ions and the energy distribution within
a doped medium. Different types of energy transfer are displayed in figure 3.5.
When one ion simply transfers its energy to another ion such that the energy
states of the two ions of the same type are swapped, the dipole-dipole interaction
is called energy migration. In case of energy migration, the amount of ions in
their different energy states are unchanged, but the distribution of energy among
the ions in the crystal is.

Another type of dipole-dipole energy transfer is up-conversion, where a donor
ion in an excited state donates its energy to an acceptor ion. The acceptor ion
is subsequently excited to a higher energy state, whereas the donor ion ends up
in a lower energy state.

A third energy-transfer process is cross-relaxation, where an accepter ion in
the ground state is excited to a higher, intermediate state between the ground
state and the original excitation energy level of the donor ion. The donor ion
will end up in a lower energy state, which is not necessarily the same state as the
acceptor ion is excited into. As figure 3.1 indicates, the thulium ion has a number
of possible cross-relaxation channels [117], as well as several energy-transfer up-
conversion channels [123]. In the thulium system, the cross-relaxation process
has a beneficial effect in the sense that for each pump photon absorbed, two ions
end up in the upper laser level. However, cross-relaxation energy transfer may be
detrimental to the gain in other rare-earth systems in case the upper laser level
is depopulated or the lower laser level is populated.
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In general, dipole-dipole energy-transfer processes can be beneficial or detri-
mental to gain in rare-earth-ion-doped media. Energy migration towards un-
wanted impurities can for example severely decrease the gain, whereas at the same
time the detrimental effects of spatial hole burning can be mitigated by energy
migration, leading to better used gain instead. Energy-transfer up-conversion
can be exploited in up-conversion lasers to obtain laser radiation at a shorter
wavelength than the pump wavelength [124], or to deplete the lower laser level.

Quite a number of macroscopic, as well as microscopic models describing
dipole-dipole interactions in gain media have been developed, but application
of these models to rare-earth systems with varying dopant concentrations, host
materials and ion types to explain energy-transfer rates proves difficult. A theory
that is able to describe energy-transfer processes in rare-earth doped media with
realistic dopant concentrations is the theory by ZUBENKO [125], which combines
the theories of GRANT [126], and ZUSMAN [127], in a single model. However, all
of these models treat all ions equally, which is not generally the case for ions em-
bedded in a host material because of non-homogeneous distribution of active ions.
AcAzz1 has shown that these models tend to break down when modelling a gain
medium where several classes of ions are present, such as strongly quenched ions
due to clustering of impurity ions or due to the absence of neighbouring impurity
ions, in amorphous host such as erbium-doped Al,O3 [26, 128] or thulium-doped
Al503 [129]. In a crystalline host such as described in this thesis, clustering of
ions is not an issue such as in glass materials. However, a class of ions in the
crystal can exist that have a large numbers of impurity neighbouring ions com-
pared to a class of rather isolated impurity ions. The model described by AGAZzzI
can be applied to distinguish between these two classes of ions.

The macroscopic cross-relaxation rate parameter Wegr can be described as
[26, 125]:

2
Wer = 7TE\/ CpaCpp N, (3.19)

where Cpa and Cpp are parameters describing the microscopic donor-acceptor
(cross-relaxation) and donor-donor (energy migration) energy-transfer processes,
respectively, and Ny is the thulium dopant concentration.

3.2 Rare-earth lasers

3.2.1 Types of lasers

Depending on the ion and the configuration of its energy levels, a laser can act as
a four-level, a three-level or a quasi-three-level laser, as indicated in Figure 3.6.
A true four-level laser is operated by pumping the ions from the ground level into
a higher energy manifold. A rapid non-radiative transition then populates the
upper laser level, from which stimulated emission occurs to a lower level, located
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Figure 3.6 Overview of the energy schemes of (quasi-)three-level and
four-level lasers. In a three-level laser scheme (left diagram), the
pump level is pumped directly from the ground level. From the pump
level, rapid multi-phonon relaxation takes place which populates the
upper laser level, from which stimulated emission takes place which
terminates in the ground level. In this type of laser, the highest
pump intensity is required due to the required > 50% population
inversion between the upper laser level and the ground level. In a
four-level laser scheme (center diagram), the lower laser level is an
excited level which is rapidly depopulated to the ground level by
multi-phonon relaxation. The level of inversion needed in a four-
level laser (one more excitation in the upper laser level compared to
the lower laser level) is therefore much easier achieved, which results
in a low pump threshold. In a quasi-three-level laser scheme (right
diagram), the lower laser energy level is a high Stark level of the
ground manifold. Since the population density of a high Stark level
is less than the population density of a low Stark level, due to the
Boltzmann distribution, it is easier to achieve population inversion
between the upper and lower laser level, compared to a true three-
level laser.

above the ground level. The lower laser level is depopulated to the ground level
by another rapid non-radiative transition, which eliminates reabsorption of laser
radiation and reduces the threshold. An example of a four-level laser is an 800-
nm-pumped neodymium laser emitting at 1060 nm.

A three-level laser is operated by pumping from the ground level into a higher
energy manifold which is depopulated by rapid non-radiative transition into the
upper laser level. Laser radiation is generated by stimulated emission from the
upper laser level into the ground level. Significant reabsorption of the laser
radiation increases the pump threshold and required inversion: more than 50%
of the ions need to be excited to reach threshold. Therefore a high pump intensity
is required.

A quasi-three-level laser is similar to a three-level laser but the subtle difference
is that the splitting of the ground manifold allows pumping from the lowest
Stark level of the ground manifold, while stimulated laser radiation terminates
at an elevated Stark level of the ground manifold. This reduces the required
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inversion and therefore the pump threshold, as compared to a true three-level
laser. An example of a quasi-three-level system is an Yb3* laser pumped at 981
nm, while lasing occurs at 1025 nm. However, when pumping this system at
934 nm and generating laser radiation at the central line corresponding to 981
nm, this system its getting closer to a true three-level system since the required
population inversion is almost 50% [51].

For a quasi-three-level laser, temperature is an important parameter that influ-
ences the threshold, since an elevated temperature gives rise to an increase of the
population fraction of the lower laser Stark level, which increases the reabsorption
of laser light and therefore the pump threshold. The population fraction across
a manifold with multiple Stark levels in thermal equilibrium can be calculated
according to the Boltzmann distribution of equation 3.14.

3.2.2 Thulium laser

Figure 3.7 shows various fluorescence, multi-phonon relaxation, cross-relaxation
and energy-transfer up-conversion processes for the thulium system, of which the
rate equations are as follows:

dN3 N3
— = R, —WcrNsNy — — 3.20
7 p crNsNo = — (3.20)
AN, , Ns N,
— = WgrulN —_— - — 3.21
7t ETUNT + B32 P (3.21)
dN
— = 2WerNsNo — 2Weru N
N- N. N
— 2 B =2+ Py — (3.22)
1 T2 T3
3
No = NTm_ZNi (3.23)
i=1

Here, the terms for stimulated emission have been omitted. R, is the pump
rate per unit volume from the ground manifold (0) into level 3. The terms N, /7;
account for the spontaneous decay rate of level 4, and /3;; is the branching ratio of
the spontaneous transition ¢ — j. The terms accounting for the energy transfer
rate, Weor and Wgry, describe the cross-relaxation and up-conversion energy
transfer processes between two ions, respectively. The total population density
Ny, = Z?:o N; equals the sum of the population density of all levels.

When simulating the behaviour of a thulium laser based on a double tungstate
host material, one can significantly simplify the level system of figure 3.7. One
is the elimination of the 3Hs manifold from the equations, and the reason for
this is the lifetime of the Hs manifold, which has a lifetime shorter than 30 ps
[56], leading to rapid de-excitation of the *Hs manifold to the 3F, upper laser
manifold. The cross-relaxation process Wer becomes more dominant as the
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Figure 3.7 Energy levels and optical transitions of a thulium ion. The system
is pumped from the *Hg ground manifold (level 0), into the upper
pumped level, Hy, (level 3). This level is depopulated by an exother-
mic cross-relaxation process Wer into the upper laser level and via
non-radiative decay into level 2. The intermediate level 2 (*H;) is
depopulated rapidly by non-radiative decay. Laser action is taking
place from the *F4 manifold (level 1) back into the ground manifold.
An exothermic energy-transfer up-conversion process Wgru is also
shown.

thulium dopant concentration increases, which ensures rapid population of the
3F4 upper laser level [56, 123]. As a result of the rapid population of the upper
laser level due to cross-relaxation, the pump rate from the ground manifold into
level 3 can be simplified as if it directly populates the upper laser level Nj. As
a result of the cross-relaxation rate, the quantum efficiency 7,4, defined as the
efficiency of the number thulium ions excited into the upper laser level for each
pump photon absorbed, reaches a value of up to 2. In the following sub-section,
this simplified set of rate equations, is used to derive a set of equations that
describe the behaviour of the thulium laser, by taking into account the cross-
relaxation through the quantum efficiency. The energy-transfer up-conversion
process de-excites one ion in the upper laser level to the ground state and excites
another ion to the 3Hjs level. Due to rapid multi-phonon relaxation from the 3Hs
level into the upper laser level, the decrease of excited ions in the upper laser
level is limited to one ion per ETU process.

3.2.3 Steady-state laser behaviour

A set of rate equations describing the laser dynamics of three-level lasers is de-
scribed below, by considering only the upper laser level which is rapidly populated
from the pumped level. A separate equation for the photon balance in the cavity
is needed. The rate equations follow the notation of SVELTO [130].

The population density in the pumped level is considered to decay extremely
fast into the first excited level Ny, such that the pump rate R, can be assumed
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to directly populate the first excited level. This simplification allows to write
only the time-dependent population density N7 and total photon number @ in
the laser cavity:

le Cc N1

— = - = Ny — No)® — — .24
dt Rp V(Ue,eff 1 O q,eff O) 7_1 (3 )
dd c P

O VS (0uet N1 — 0ot No)® — —, 2
7 V, V(U eff N1 — 040 No) - (3.25)

where the total dopant concentration N = N+ Nj is the sum of the population
density of all levels. In these equations, the effective absorption and emission
cross-sections are indicated by o, g and o, g, respectively, and c is the vacuum
speed of light. V' = Vylopi/ler and V, are the mode volume in the entire laser
cavity and in the active medium, respectively. The pump rate,

RP = npnqpp/thAcrlcry (326)

is a function of the pump absorption efficiency 7,, the quantum efficiency 74, the
pump power P, and the energy of a pump photon hv,, the cross-sectional area
Ac, of the active medium and length in the active medium [, over which pump
light is absorbed. It is assumed in this case that the active medium is uniformly
pumped. The pump absorption efficiency is derived from equation 3.17:

Ny = 1— e*ffa,cffNolcr (3.27)

The quantum efficiency 7, is the amount of ions excited into the upper laser level
per each pump photon absorbed. The intrinsic lifetime of the upper laser level is
denoted by 7. The cavity photon lifetime is:

Te = 2lopt/ 6, (3.28)

with lop = lpes +ler(n — 1) the single-pass optical path length in the laser cavity,
lres the total cavity length, and .. and n the length and refractive index of the
active medium. The logarithmic roundtrip loss d§, with the cavity out-coupling
coefficients d; ou¢ and the cavity loss coefficients d; 1o¢s is:

6= Z 6i,out + Z 5j,loss = - <Z ln(Rz) + ln(]- - L)) , (329)

with R; =1 — T} oyt the reflectivity and 7; oy¢ the transmission of mirror i. The
loss due to out-coupling of laser photons is a desired (useful) loss. The intrinsic
cavity roundtrip loss is L = 1 — e$?ler with ¢ the scattering coefficient. Other
loss sources are for example losses introduced by mirror defects or badly attached
mirrors.

In the set of equations 3.24 and 3.25, describing the time-dependent population
density and photon number it is assumed that the population density is space-
independent, so that there is a uniform population density across the entire
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volume V, within the active medium, and a uniform photon density across the
entire mode volume V' in the cavity. In a laser the spontaneous emission of a
photon that is coupled to the laser mode is responsible for the start of laser
emission after threshold has been reached. To include the spontaneous emission
into equation 3.25, one must quantify the fraction f,, Ni/7 of spontaneously
emitted photons coupled to the laser mode. When omitting this term, one can
still calculate the threshold condition for a laser as will follow, but the equations
do not describe the starting of laser emission as a result of the spontaneous
emission. In a numerical simulation this can be solved by assuming that there
are always photons present in a laser cavity to start laser oscillation once the
laser reaches threshold.

Using the substitutions AN = Ny — fNg and fo = 04et/0e e, the equations
3.24 and 3.25 can be written as

dAN (Ue off + 0a eff)c fo Nt + AN

2N R+ f,) — el T aet)Cq AN JoT TR (g
7 Ry(1+ f5) G - (3.30)
dd V0o cic 1
— = (———AN - —)® 31

so that the equations depend only on the population inversion density AN and
the (constant) dopant concentration Ny.

By putting dAN/dt = 0, d®/dt = 0 and ® = 0 in equations 3.30 and 3.31, the
steady-state conditions can be derived at threshold. The population inversion
and pump rate at the threshold of lasing are, respectively:

v

ANy, = ——— 3.32
thr Vaae,effCTc ( )

_ faNT+ANthr.
Ryur = Il (3.33)

By combining the pump rate (equation 3.26) with equation 3.33, the threshold
pump power is obtained:
o + Ua,eHNTlcr % Acr

P = . 3.34
o TIpTq T1 Oeceff T Oqeff ( )

Above threshold, with ® > 0, the steady-state inversion AN also follows from
equation 3.31, and is identical to equation 3.32. This implies that the population
inversion is clamped to its threshold value. The steady-state cavity photon num-
ber above threshold, derived from equation 3.30, with aid from equations 3.32
and 3.33, equals

g

_ A1+ Ba) 7. { P, 1} 7 (3.35)

Oceft T Oaeff T1 Py

. . Nrlep -
where Aj is the cross-sectional area of the laser mode, and B, = U“’e“% is

the ratio of reabsorption loss over the total cavity losses. Equation 3.35 can be
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rewritten by multiplying on both sides by P, and using the expression for B,

to obtain:
Ab Te

A T%anq

The population inversion does not increase for P, > Py, but the cavity photon

Dy = (P, — Puy). (3.36)

number increases as the pump power increases beyond the threshold pump power.
The laser power P,,; out-coupled from the cavity is calculated as the product
of the energy hy; of a laser photon, the exponential decay time due to the out-
coupling of photons by an out-coupling mirror and the photon number of equation
3.36:
OoutC
2lopt
Ab h’/l 50ut
A, T% Tﬂpnq(

Pout = hv

i (3.37)

P, — Piny) (3.38)

The ratio n; = Ap/A., is called the transverse efficiency and gives the fraction
of the active medium cross section used by the laser beam cross section [130].
In equation 3.38, it has a maximum value of unity in case the beam overlaps
the entire excited region A.,.. This overlap of the resonating laser photons in the
laser cavity with the excited ions determines how much energy of the excited ions
(and therefore pump energy) can be converted into laser photons by stimulated
emission: if all the excited ions are accessible to the laser photons, stimulated
emission into the laser mode and adding to the laser photons is most efficient.
The case where the laser mode is larger than the region of excited ions will be
discussed later on.

The slope efficiency of an oscillating laser, 7s, is defined as the ratio of the
increase of out-coupled laser power over the increase of in-coupled (launched),
or absorbed pump power, above threshold. The slope efficiency versus launched
pump power is derived from equation 3.38 and equals:

dPout Ab th 60ut
s = = — 3.39
n dp, Ao hvy 0 NpTq ( )

= MNstNoutpTlq (340)

Similarly, the slope efficiency versus absorbed pump power equals:
dPout - 1 dPout - Ay hvp dout

dPws 1My APy A hu, 6

= MNStNoutNq (3.42)

ns = (3.41)

The Stokes efficiency, ng, = hv;/hv, = X\,/X;, is the ratio of the laser pho-
ton energy over the pump photon energy, where \,, \; are the pump and laser
wavelength, respectively. The out-coupling efficiency is defined as the ratio of
out-coupled laser energy over the total loss of energy by the cavity, calculated by
the ratio of the respective loss coefficients 7ous = dout /-
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Gaussian laser and pump beams in an end-pumped configuration

In the more complex case of an end-pumped configuration where an active medium
is pumped with a Gaussian pump beam with a radius w,, and a spatial distri-
bution of the pump energy according to the distribution of:

2c0 —2r2
r,(r,z) = ex exp(—az 3.43
0(r:5) = e () expl-o2), (3.43)
where « is the pump absorption coefficient, such that 1, = 1 — exp(—al.,) is
the pump absorption efficiency for an end-pumped configuration. The radial
coordinate is defined by r, and the longitudinal coordinate by z. Similarly, the
distribution function for the laser Gaussian beam with radius w; is defined as:

2 —2r2

rz) = ex 3.44
¢0( ) ) ﬂ_wlzlcr P ( wlg ) ( )
Both distribution functions for the pump and laser Gaussian beams are nor-
malised to unity over the volume of the active medium. Without again showing
a derivation of the equations for the threshold pump power and the slope effi-
ciency, these equations by RISk are presented here [131]. The equation for the
threshold pump power for a three-level laser with Gaussian pump and laser beams
is:

8 4 2Ngley hy, TWP + TWS

P = , 3.45
o 477p77q T1 Oe,eff + Oq,eff ( )
and the equation for the slope efficiency of such a laser is:
APyt ds
s pr— = ou 7’ 3;46
n P, NpTqMSt7) Y IR ( )

where dS/dF has the same function as the transversal efficiency 7; of equations
3.40 and 3.42, which is to quantify the efficiency with which absorbed pump
photons are converted into laser photons. dS/dF is also sometimes called the
mode-coupling efficiency, between the pump and laser mode [132]. If dS/dF =1,
every pump photon absorbed beyond the amount required to reach threshold,
causes the emission of 1, laser photons. RISK showed that for a four-level laser,
the ratio of pump beam radius over laser beam radius a = w,/w; should be as
small as possible. This is because the stimulated emission rate depends partly
on the intensity of the stimulating field, which is highest in the centre of the
laser beam so that the pump energy is most efficiency converted to laser pho-
tons. The wings of the four-level laser beam that do not overlap with a region
of pumped ions will not suffer from reabsorption loss. RISk further showed that
when reabsorption increases from zero in a four-level laser to a finite value in
a (quasi-)three-level laser, the ratio of pump beam radius over laser beam ra-
dius @ = wp/w; that results in the best conversion efficiency between pump and
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laser energy, increases toward unity [131]. The reason for this is there being an
optimum between two competing factors: (1) as a = w,/w; gets closer to zero,
a high stimulating laser field over the entire excitation profile ensures optimum
extraction of the pump energy, and (2) as a = w,/w; increases to infinity, the
overlap of the laser beam with lossy, unpumped regions decreases. Further, as
the pump power increases, the region overlapping with the wings of the pump
and laser beams becomes increasingly pumped, so that the ground state becomes
increasingly bleached, and the laser reabsorption loss decreases. Hence, both the
overlap of the pump and laser beams, and the pump power in case of reabsorption,
influence dS/dF.

The quantity dS/dF, not shown here directly, is derived by differentiating
the inverse equation for the calculation of the pump power as a function of the
intra-cavity laser power:

L
1+ 22201+ 9)
F= . 3.47
20 exp [—(a?® + 1)z] (8.47)

J

o 1+ Sexp(—a?z)

A substitution of the radius r by the relation x = 22/ wg was made to simplify
the calculation. The ratio of reabsorption loss to total cavity loss is indicated
by Lyean- F' is a normalised variable proportional to pump power, and S is a
normalised variable proportional to the intra-cavity laser power. These three
variables Licap, F', and S are defined as follows:

QNTUa,cﬁ"lcr

Loy = —Laeter (3.48)
47y TIpTq (Ua eff T 0c eff)
F = : — P 3.49
Thryw?é P (3.49)
2 a,e. e,e
g = 2wt toeet) g (3.50)

2
nrw;l.

Here, ® = 2nl,,. Peay /chyy is the total number of laser photons in the cavity with
P... the intra-cavity laser power traveling in one direction. The calculation is
straightforward by using the intra-cavity laser power P.,, as the input to calculate
® and S, which can be used together with L. to calculate F' in equation 3.47,
which is proportional to the incident pump power P, according to equation 3.49.
This will need to be repeated for a range of powers P, in order to derive an
input-output curve for the laser performance.

3.2.4 Transient laser behaviour

In the rate equation derivation above, steady state operation has been assumed.
However, the coupled interaction between the population inversion and laser radi-
ation within the resonator combined with small fluctuations in the pump power,
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cavity losses and other factors give rise to oscillations of the laser output power.
These oscillations are called relaxation oscillations, and generally take the form
of damped sinusoidal fluctuations of both the population inversion and output
power. Since the frequency of the relaxation oscillation is strongly related to the
characteristics of the ion and the used laser cavity, these relaxation oscillations
are a very useful tool to derive properties such as the losses in the laser cavity,
provided the other parameters are known [133, 134].

A small temporal perturbation of 0N to the steady-state population inversion
and 6@ to the steady-state cavity photon number results in small oscillations
about the steady-state values. This dynamic behaviour can be described analyt-
ically, provided that the perturbations are small compared to the steady state
population density and photon number, such that 0N < ANy and §® < .

By inserting AN(t) = ANy + dN(t) and ®(t) = Py + IP(t) into equations
3.30 and 3.31, and comparing this with the steady-state ({AN/dt = d®/dt = 0)
solutions to these equations, the differential equations describing the dynamic
behaviour of the photon number can be derived:

d(SN(t) _ _(Ua,eﬂ + O'e,eff)c 5N(t)

- = - [NoB®(1) + 2oON(1)] = == (351)
d§(I>(t) _ Vaae,cﬁc

7 = Ty 200N(), (3.52)

where the product terms of dN(¢)0®(t) have been omitted because of their neg-
ligible contribution. These differential equations combine to a single differential
equation, if the latter equation is substituted in the first:

2
VaUe,eH(Ua,eff + O'e,eff)c No®g

25D ) [0} e e,e 1
P00 A0 [0 e | L] 7

dt? dt \%4 Ty
(3.53)
The solution to this second-order differential equation is an exponential function

of the form ®(t) = ®g + Crexp(—yspt)cos(y/(w? — ~?)) [134], where 7 is the

oscillation damping coefficient and w is the oscillation frequency [135]. w? is

given by:
W = — (1 + cou et Nrro/n) { By 1} (3.54)
= Oa,e Te - ’ .
T1Tc et Rp,thr
or: .
W= T8 <1+NT"“°“C> ( p —1). (3.55)
1 Te N Pp,thr

Equation 3.55 is used later on to calculate the intrinsic loss from a channel
waveguide laser.

The relaxation-oscillation frequency is often written as in equation 3.54, using
a ratio of the pump rate over the pump threshold rate. However, as explained by
AGAzz1, this scaling with respect to the threshold pump rate can cause signifi-
cant underestimation of the relaxation-oscillation frequency in case the threshold
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pump rate is affected by quenching effects as a result of energy transfer between
clustered ions, or to co-doped impurities [135]. A proposed better way to use
these equations is to subtract the threshold pump rate from the pump rate above
threshold:

W2 — M(RP — Ryim), (3.56)

The pump rate R, iy used in equations 3.54 and 3.56 is given by:

n 1

Ry the = (14 cogenNrTe/C). (3.57)

CT1Te Oq eff + Oe, eff



CHAPTER 4

Highly efficient lasers

In chapter 2, the design and fabrication steps of ridge-type channel waveguides
in potassium double tungstate layers have been explained. The process steps ex-
plained in that chapter have been used to create several thulium-doped channel
waveguides which have been the subject of study for their lasing performance.
The current chapter discusses the various experiments performed and results ob-
tained on these micro channels fabricated in potassium double tungstate crystals.

4.1 Efficient lasers in low-loss buried channel
waveguides

4.1.1 Fabrication of thulium-co-doped microchannel
waveguides

Using the fabrication steps explained in chapter 2, a co-doped layer of KYq 4-
Gdo.295L1g.29Tmg 015(WO4)2 with a thickness of several tens of micrometers was
grown onto a pure, (010)-orientated, laser-grade polished KYW substrate by
liquid-phase epitaxy in a KoW-O7 solvent at 920 — 923 °C. The relatively low
thulium concentration of 1.5 at.% was selected as a starting point to investi-
gate the concentration dependence of the laser performance of thulium-co-doped
potassium double tungstate crystals. This concentration corresponds to a value
of 0.95 x 102° cm~3, via the method discussed in chapter 2. The layer was lapped
and polished to a thickness of 6.6 pm with laser-grade surface uniformity. A pho-
toresist mask (Fujifilm OiR 908/35) was deposited onto the layer and patterned.
Ar*-beam milling at an acceleration voltage of 350 eV, resulting in an etch rate
of 3 nm/minute, was applied to the sample to produce ridge-type channel waveg-
uides along the N, optical axis with widths of 7.5 —12.5 pm and an etch depth
of 1.5 ym. Afterwards the channel waveguides were overgrown with a pure KYW
cladding layer to prevent, firstly, additional scattering losses at the channel-air
interface and, secondly, detrimental rounding effects at the end facets during end-
face polishing. After overgrowth, the samples were diced and end-face polished
to a length of 8.4 mm.
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4.1.2 Laser experiments on thulium-co-doped microchannel
waveguides

Laser experiments on the Tm3*-doped channel waveguides were carried out using
a titanium-sapphire pump laser tuned alternatively to a wavelength of 794 nm in
transverse-magnetic (TM, E || N,,) polarisation, or 802 nm in transverse-electric
(TE, E || N,,) polarisation. The pump absorption cross-section in these thulium-
doped channels of exceeding 8 x 1072° ¢cm? at 794 nm is the highest, compared
to almost 6 x 1072° ecm? at 802 nm.

The experimental setup for the laser characterisation of the channel waveg-
uides is shown in figure 4.1a. In-coupling of pump light into the channels was
optimized using cylindrical lenses with focal lengths of 40 mm and 10 mm to fo-
cus the pump beam in the horizontal and vertical directions, respectively. In this
way, the mode mismatch between pump beam and the elliptical channel pump
mode (figure 2.8) is minimised by shaping the circular, Gaussian pump beam
into an elliptical pump beam. An overlap efficiency of approximately 95% was
achieved in this way between the incident pump beam and channel pump mode,
determined via imaging of the pump beam and its calculated overlap with the
channel fundamental pump mode using Phoenix FieldDesigner software.

Dielectric mirrors with a reflectivity of R = 99.9 % (highly reflective, HR),
R =98%, and R = 92% at 1900—2100 nm and high transmission of 7" = 99.5% at
790 — 810 nm were butt-coupled to the sample using index-matching, fluorinated
oil (Fluorinert). Mirror combinations of HR and R = 98%, HR and R = 92%,
and twice R = 92% reflectivity were used to assess the laser performance. The
laser output power was out-coupled from the end-facet opposite to the in-coupling
end-facet via a microscope objective with a numerical aperture of NA = 0.25.
A high-pass filter (Schott RG-1000) with a cut-off wavelength of 1000 nm was
placed behind the out-coupling objective to block any residual, unabsorbed pump
power. For the configuration with two 92% out-coupling mirrors, the laser output
power was also measured at the pump in-coupling side by use of a beam splitter
and a high-pass filter. Since the in- and out-coupling optics and the high-pass
filter introduce losses in the setup, the measured pump and laser output power
do not represent the actual power in- and out-coupled from the waveguide. The
transmission coefficients of the used optics have been used to obtain the correct
values.

A spectrometer (Horiba Jobin Yvon ¢iHR550) was used to determine the laser
wavelength. The polarisation of the 2-pm laser was determined by passing the
beam through a polariser with an extinction ratio of 1000:1 at wavelengths of
650 — 2000 nm and its beam quality was analysed with a beam profiler (Coherent
Lasercam-HR). Cavity losses at the laser wavelength were determined by mea-
suring the relaxation-oscillation frequency as a function of pump power via an
InGaAs detector (Thorlabs FGA20) connected to an oscilloscope (HP-Agilent In-
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Figure 4.1 Experimental setup for the assessment of laser perfor-
mance. (a) Laser light from a tuneable titanium-sapphire pump
laser, emitting at a wavelength of around 800 nm, is focussed into
a channel waveguide by two cylindrical lenses with focal lengths of
40 mm (horizontal) and 10 mm (vertical). Dielectric mirrors are
(optionally) attached to the end-facets using index-matching oil. A
microscope lens with a numerical aperture of 0.25 is used for out-
coupling of laser light from the channel waveguide. An RG1000
high-pass filter (cut-off wavelength of 1000 nm) is used to prevent
any residual pump light of reaching the power meter. In some ex-
periments, an additional beam-splitter cube, filter and power meter
were used to measure the amount of laser light emitted from the
pump in-coupling end-facet. (b) Photograph of the actual setup with
a micro-structured thulium-doped crystal pumped by a titanium-
sapphire laser. The cylindrical in-coupling lenses are visible on the
left, and the RG1000 high-pass filter on the right. The blue fluo-
rescent light is typical of thulium-doped media, and originates from
Dy and 'G4 upper manifold de-excitations. Though hardly visible,
in this experiment this particular crystal has had dielectric mirrors
attached to both end-facets using index-matching oil.
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finium). The locking signal to the oscilloscope was provided by a chopper wheel
running at 133 Hz, placed in the pump beam (not shown in figure 4.1).

4.1.3 Experimental results
Output power, efficiency and thresholds

The output power of the laser measured with a variety of dielectric mirror combi-
nations of increasing out-coupling transmission T, = 1 — Ry R, and for different
pump in-coupling frequency and polarisation are plotted in figure 4.2. Figures
4.2a,b show the data measured at a pump wavelength of 802 nm, in TE polarisa-
tion, while figures 4.2¢,d show the data measured at a pump wavelength of 794 nm
in TM polarisation. The measured data are indicated by the dots, while a linear
fit through the data indicates the slope efficiency, which are visualised by solid
lines. Due to the low pump absorption of < 50% in these micro channels with
this thulium dopant concentration of 1.5at.%, the laser output power has been
plotted versus launched pump power and absorbed pump power. The maximum
measured output power for this laser amounted to 149 mW, and was obtained
while pumping at 794 nm in TM polarisation and with mirrors of R = 92%
reflectivity butt-coupled to both end-facets, yielding a combined out-coupling
transmission of Ty, = 1 — 0.922 =~ 15%. The measured output power and pump
power relates to a maximum slope efficiency of 11.1% (versus launched pump
power), or 31.5% (versus absorbed pump power). The laser performance when
pumping at 802 nm in TE polarisation and the same out-coupling transmission
was significantly lower with 76 mW of output power and 17% of slope efficiency
versus absorbed pump power. BOLANOS, however, demonstrated his best laser
performance in TE polarisation on a buried micro channel, mirror-less laser with
a thulium concentration twice as high as discussed here [53]. The different results
between the two polarisations, and the opposite conclusion between the results
demonstrated here and obtained by BOLANOS could indicate that in-coupling of
pump light was not optimized in case of the measured inferior laser results of
this work and the work of BoLANOS. The threshold of the laser of figure 4.2 was
as low as 7 mW when out-coupling with Tpyy = 2% and pumped in 794 nm in
TM polarisation. As expected, the threshold increases for higher out-coupling
efficiencies with a maximum threshold of 15 mW for an out-coupling transmis-
sion of Toyy = 15%. The measured threshold values are significantly lower than
previously reported results in planar and mirror-less lasers [53, 69]. This is a
result of the better horizontal confinement in the channel compared to a planar
waveguide and a lower output coupling transmission compared to the mirror-less
laser and better vertical confinement compared to both previous results.
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Figure 4.2 Laser output power versus launched and absorbed pump
power for a 1.5at.%-doped thulium laser. The laser was
pumped at 802 nm in TE polarisation (a,b), and 794 nm in TM
polarisation (c,d). The output power was plotted as a function of
launched pump power (a,c) and absorbed pump power (b,d). Ap-
proximately one-third of the launched pump power was absorbed in
the waveguides with a length of 8.4 mm, which results in a much
larger slope efficiency versus absorbed pump power (max. 31.5%)
compared to launched power (max. 11%). By increasing the dopant
concentration, the pumping efficiency and cross-relaxation efficiency
can likely dramatically be increased.
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Table 4.1 Laser parameters used for the calculation of the
waveguide propagation losses.

Parameter Value Reference
Reflectivity of mirrors, Ry, Ro 0.99, 0.92 Manufacturer
Optical resonator length, 2/, 33.9 mm Calculated
3F4 upper laser level lifetime, 7 1.4 ms Measured
Tm?*+ dopant concentration, Ny 0.935 x 102° cm™  Calculated
Eff. refractive index of laser mode, n 2.006 Calculated

Eff. absorption cross-section (1934 nm), o,  6.68 x 10722 cm?  [39]

Multi-wavelength operation by selection of the output coupler

As a result of the increased out-coupling transmission and related increased cavity
losses, the laser operating wavelength was found to shift significantly as displayed
in figure 4.3. The laser was found to operate at wavelengths around 1930 nm,
when a low out-coupling transmission of T,y = 2% was used. With different mir-
ror configurations and their related out-coupling transmission of Ty = 8% and
Tous = 15%, a shift to shorter wavelengths of 1906 nm and 1846 nm, respectively,
was measured. The higher losses due to the higher out-coupling transmission
increase the threshold inversion and cause the laser to shift toward shorter wave-
lengths where the maximum gain is higher [39, 51]. The shape and line width of
the laser emission peaks indicate that the laser operates on multiple longitudinal
modes.

Determining the losses of the waveguide

The propagation losses of the waveguide were determined by measuring the
relaxation-oscillation frequency as a function of the pump power over the pump
threshold. The relaxation-oscillations, measured for the 1.5 at.% thulium-doped
laser with 80 mW of launched pump power which is approximately ten times
above threshold, are displayed in figure 4.4a. The pump energy supplied to the
channel waveguide is modulated on/off by a chopper wheel rotating at 133 Hz.
The strong spiking behaviour is the result of the population inversion and pho-
ton number relaxation about their threshold value, switching the laser on and
off. Continuous-wave operation of the laser is reached after approximately 40 ps.
The relation-oscillation frequency as a function of the pump power is shown in
figure 4.4b, measured to approximately five times above threshold for a laser with
out-coupling mirrors of HR and 92%. The threshold was approximately 7 mW of
absorbed pump power. A linear fit through the measured data, combined with
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parameters of the laser indicated in table 4.1 and equation 3.54, yields a value
for the waveguide propagation loss of 0.1 +0.03 dB/cm (or approximately 4% of
round-trip losses). Compared to other lasers realised in double tungstate channel
waveguides, for example a Gd?>T-Lu3T-Yb3*-co-doped KYW channel waveguide
laser with a waveguide propagation loss of 0.34 dB/cm [49], this value is lower.
Our result can be partially explained by the longer operating wavelength (~2 pm
in Tm3", compared to ~1 pm in Yb3*t) which results in lower scattering losses.
Potential losses introduced by imperfect butt-coupling of the dielectric mirrors
also contribute to the measured losses, and are likely less wavelength-dependent
than scattering losses.

Verification of the single-mode behaviour of the channel waveguide

In order to get a sense of the transverse-mode behaviour of the waveguide, the
near-field output profile has been measured with a beam-profiler camera, and
displayed in figure 4.5. The waveguide has been designed to support only the
fundamental transverse mode profiles for both pump and laser wavelength, to
maximise the pump/laser intensity overlap and therefore the overall efficiency of
the laser. In a channel waveguide, it is generally difficult to find a balance between
forced fundamental-mode behaviour and overlap between the modal intensities
and the active medium, especially when the difference between pump wavelength
and laser wavelength is large. It is usually the shorter wavelengths that run
into higher-transverse-mode behaviour even when longer wavelengths still have a
fundamental-transverse-mode character. Therefore, if the single-transverse-mode
character of the pump mode can be proven, this almost certainly means that
the laser mode is also of fundamental-transverse-mode nature. The measured
mode profile of the pump mode exiting the channel waveguide, measured by a
beam profiler camera, is displayed in figure 4.5. The 1/e? intensity radii of the
slightly elliptical mode profile were 6.1 x 3.5 ym?. The expected quasi-TE laser
polarisation was measured by using a polariser and revealed a 12:1 power ratio
in favour of TE polarisation.
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Figure 4.3 Laser operating wavelength as a function of out-coupling
transmission. The operating frequency of the 1.5 at.% thulium-
doped waveguides was dependent on the out-coupling transmission.
The laser operating wavelength and out-coupling transmission com-
binations are (a) 1930 nm for 2% of out-coupling, (b) 1906 nm for
8% of out-coupling, and (c) 1846 nm for 2 x 8% of out-coupling.
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Figure 4.4 Relaxation-oscillation frequency measured in a the 1.5at.%-

doped thulium laser. (a) Strong spiking behaviour of the laser
output during starting-up, when the laser is pumped approximately
10 times above threshold at 80 mW of launched pump power. (b)
Plot of the measured relaxation-oscillation frequency w?, as a func-
tion of P/ Py, according to equation 3.54. From a linear fit through
the measured data, with the waveguide propagation loss as a free pa-
rameter, a value of 0.1 + 0.03 dB/cm for the propagation loss was
calculated. The error bars represent the standard deviation of the
recorded frequency by the oscilloscope.



70  Highly efficient lasers

6.1 pm

Figure 4.5 Mode profile of the pump mode exiting from the channel
waveguide. The profile was measured with a beam profiler camera
and the 1/e? Caussian fit results in intensity radii of 6.1 x 3.5 pm?.
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4.2 Laser efficiencies - toward the theoretical limit

In the previous paragraph, the results of a 1.5at.%-doped thulium laser were
presented. This laser exhibited a very low propagation loss, a reasonably high
slope efficiency versus absorbed pump power, and low thresholds. However, the
pump absorption coefficient was rather low, resulting in a poor use of the available
pump power and therefore a rather low slope efficiency versus launched pump
power.

There are different methods to improve the slope efficiency of the laser, which
include the use of a longer channel waveguide, multi-pass pumping schemes, and
employing higher dopant concentrations. Since the channel waveguide length of
the laser presented in the previous paragraph is 8.45 mm, and the maximum
size of the crystals grown in our facility is 1 x 1 cm?, the option of using longer
channel waveguides is ruled out. The use of a multi-pass pumping scheme would
require a different set of dielectric mirrors and the expected improvement of the
slope efficiency is presumably limited (less than double the absorption compared
to the previous paragraph) as a result of the intrinsically low pump absorption
in channel waveguides with this low dopant concentration and length.

A straightforward way to improve the optical-to-optical efficiency and internal
slope efficiency of the laser is therefore to increase of the dopant concentration.
As discussed in chapter 3, this will expectedly also increase the efficiency of the
cross-relaxation effect, which is a very beneficial process in thulium lasers pumped
at the wavelengths around 800 nm.

4.2.1 Fabrication

Following the fabrication steps of chapter 2, co-doped layers of KY( 4Gdg.29-

Lug.28Tmo.03(WO4)2, KY.4Gdg.29Lug.26 Tmo.05(WO4)2, KY(.4Gdg.29Lug 23 Tmg os-

(WO4)2, KGdg.4sLug 40Tmg.12(WOy)2, and KGdg.47Lug.33Tmg.20(WOy4)2 were
grown onto pure KY(WOy,)s substrates by liquid-phase epitaxy. The Tm3*
dopant concentration of the 3at.%, 5at.%, 8at.%, 12at.% and 20at.%-doped sam-
ples are 1.91 x 1020 em™3, 3.18 x 10%2° cm ™3, 5.09 x 10?° ecm—3, 7.63 x 10%°
cm ™3 and 12.7 x 10%2° ecm 3, respectively, calculated via the method out-lined in
chapter 2. These layers were lapped and polished to a thickness of, respectively,
6.6 pm, 7.7 pm, 14.3 pm, 8.8 pm, and 8.8 pm, and were of laser-grade qual-
ity. Micro-fabrication of channel waveguides was performed, realising ridge-type
channels with a width of 10 — 25 pm on the samples, and etched, respectively,
to a depth of 1.5 pm for the 3at.% and 5at.% doped samples, 1.9 pm for the
8at.% doped sample, and 1.8 pm for the 12at.% and 20at.%-doped sample by
Art-beam milling. As with the 1.5at.%-doped sample of paragraph 4.1, the
channel waveguides were also oriented along the N optical axis. These samples
were subsequently overgrown with a pure KY(WOy)s cladding layer firstly to
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Table 4.2 Fluorescence lifetimes of the >Fy multiplet found in the liter-
ature. Lifetimes (71) and measurement methods for the three relevant
compositions have been summarized.

Composition Tm3" ! Method Ref.
(at.%)  (ms)

KY(WO4)2:Tm?*" 15 1.47 meas., backscattered lum. decay [56]

KY(WO4)2:Tm*T 0.1 1.11 meas., lum. decay of tungstate [39]
powder concentration range in sus-
pension

KGd(WO4)2:Tm?*" 0.1-10 1.53—1.76 meas., lum. decay on bulk samples  [136]

KGd(WO4)2:Tm*" 5 0.90 meas., lum. decay using pinhole [40]

KLu(WO4)2:Tm?*" 3 1.34 meas., lum. decay using pinhole [40]

KLu(WO4)2:Tm?*t 5 0.90 meas., lum. decay using pinhole [40]

symmetrise the channel refractive index contrast in vertical direction, secondly
to protect the channel waveguides and to ease further sample processing, and
thirdly to allow better butt-coupling of the dielectric mirrors. After overgrowth,
the samples were diced to lengths of 7.3, 6.7, 4.2, 2.8 and 2.8 mm, respectively,
and end-face lapped and polished. Experiments to determine the fluorescence
lifetime and laser performance were then performed on these samples.

4.2.2 Fluorescence lifetimes of thulium-co-doped layers
Fluorescence lifetimes of the *F, upper laser level

Excited-state lifetimes for the 3F, multiplet can be found in the literature for
thulium-doped KY(WO,)2, KLu(WO,)s and KGd(WOy)s, and these are shown
in table 4.2. Lifetimes for the 3F4 multiplet between 0.90 — 1.76 ms are re-
ported for the different thulium-doped compositions, with KGd(WOQy)s having
the longest lifetimes and KLu(WOQOy), the shortest. Since, in this work, we are
using thulium-yttrium-gadolinium-lutetium-co-doped double tungstates with a
range of fractions for the different rare-earth ions, the lifetimes will also vary as
a function of the dopant fractions. Therefore, the 3F4 fluorescence lifetimes 7, of
the 1.5at.%, 3at.%, 5at.% and 8at.% thulium-doped compositions mentioned in
the previous paragraph were determined via luminescence decay measurements.

The setup for the luminescence decay measurements is shown in figure 4.6.
A Ti:Sapphire laser tuned to 794 nm in transverse-magnetic polarisation (TM,
E||N},) is used as a pump source to excite the thulium-doped samples. In-coupling
of pump light is done via two cylindrical lenses with focal lengths of 40 mm
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Figure 4.6 Experimental setup for measuring excited-state lumines-
cence decay times. Laser light from a tuneable titanium-sapphire
pump laser, emitting at a wavelength of around 800 nm, is focussed
into a channel waveguide by two cylindrical lenses with focal lengths
of 40 mm (horizontal) and 10 mm (vertical). The pump light is
chopped at a frequency w. Fluorescent light emitted by the excited
thulium ions in the channel waveguide is collected via a top-mounted
fibre and focussed into a monochromator to select the wavelength
corresponding to the energy of the radiative transition of interest.
The filtered light is focussed onto a photodiode which generates an
electrical signal which is then amplified and recorded by an oscillo-
scope. The oscilloscope is triggered by the chopper signal.

(horizontal) and 10 mm (vertical). The cw pump light was modulated (quasi-
cw) via a chopper wheel with 50% duty cycle, which chopper signal was also used
as a trigger for the oscilloscope. Luminescence originating from the *F, manifold
upon radiative de-excitation to the 3Hg ground manifold was collected via a
standard 9-pm fibre into a monochromator tuned to the wavelength of 1840 nm
where the highest intensity was obtained and focussed onto an InGaAs detector
connected to the oscilloscope. The fibre was placed at the beginning of the sample
to collect luminescence from regions where the excitation was highest, in order
to reduce the effects of lifetime elongation as a result of radiation trapping. The
fibre acts as a natural pinhole to reduce in-coupling of luminescence originating
from weakly-pumped regions beside the waveguide.

The data of the luminescence decay measurements, averaged over several thou-
sands of traces to reduce noise, were analysed and plotted on a (natural) loga-
rithmic scale as a function of time in figure 4.7. The lifetime 77 is equal to the
inverse, negative slope of the linear fit through the data. From the slopes, life-
times of 7 = 1.40,1.30,1.21,1.15 ms for the 1.5at.%, 3at.%, Hat.% and 8at.%
thulium-doped samples, respectively, have been determined. These values for the
fluorescence lifetime of the *F, manifold agree well with the data presented in
table 4.2; it is expected that for the compositions used in this work, the fluores-
cence lifetime is approximately a linear combination of the fluorescence lifetimes
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Figure 4.7 Luminescence lifetimes of the 3F, level in thulium-co-doped
channel waveguides. The lifetimes 71, obtained via luminescence
decay measurements are 1.40, 1.30, 1.21 and 1.15 ms, for 1.5at%,
3at.%, bat.% and 8at.% thulium-doped samples, respectively (bot-
tom figure). These lifetimes have been obtained from a linear fit
through the logarithmic intensity-over-time data (top figure).

of the fractions of (nearly) stoichiometric compounds.

Fluorescence lifetimes of the *H, upper pump level and the cross-relaxation
rate

Data on the luminescence lifetimes of the thulium 3Hy level which is used as the
upper pump level in our laser, can be found in the literature for thulium-doped
KGd(WOy)s [136] and KLu(WO4)2[137], but not for KY(WOy)s. The data from
this literature is plotted in figure 4.8c, as a function of thulium concentration. The
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Figure 4.8 Luminescence lifetimes of the 3H, manifold in thulium-
doped KGd(WO,), and KLu(WO,);, decay rate and pump
quantum efficiency a) cross-relaxation parameter, b) intrinsic and
cross-relaxation decay rate constants, c) luminescence lifetimes of the
3H, manifold in thulium-doped KGd(WO4)2 and KLu(WO,)2, and
calculated effective lifetime, d) pump quantum efficiency. All data
as function of thulium concentration.

observed concentration quenching is attributed to the cross-relaxation process
shown in figure 3.7 of chapter 3 [138]: in the absence of inter-ionic processes
the lifetime is close to 250 ps, whereas the lifetime decreases to under 10 ps for
thulium concentrations exceeding 3 x 102 cm=3.

The population density in the 3H, manifold decreases via intrinsic decay and

via cross-relaxation. This decay is approximately exponential. If short-pulse
excitation from the ground manifold into level Hy is assumed, with a low enough
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intensity not to bleach the ground manifold, the 3H, population density decay
rate R3 per unit volume and time (cm™ s7!) is given by:

1

T3 eff

Rs = — (:3 + WCRN()> N3 = — Ns. (41)
In the absence of cross-relaxation, the 3H, population density decay rate R
is equal to the intrinsic decay rate constant 1/73 multiplied by the population
density of N3. The intrinsic, concentration-independent, decay rate constant is
indicated by the gray line in figure 4.8b.

The macroscopic cross-relaxation rate constant, Weg, is derived from the mi-
croscopic parameters Cpp (donor-donor) and Cpa (donor-acceptor) energy mi-
gration and cross-relaxation, respectively [26]:

2
™
WCR = E\/mNd = OCRNda (42)

and is linearly dependent on the thulium doping concentration Ngz. While the
values of the parameters Cpp and Cpa remain unknown, a plot of the cross-
relaxation parameter is shown in figure 4.8a after derivation of the value of Cocr =
2.5 x 10737 from the lifetime data and the thulium concentration, as explained
below.

The cross-relaxation rate constant multiplied by the ground-state population
Ny , defines the 3H, population density decay rate constant due to cross-relaxation.
This decay rate constant, plotted in figure 4.8b by the dashed line, is quadrati-
cally dependent on the thulium dopant concentration since it is assumed that the
ground state population Ny is not bleached as a result of short pulse excitation,
such that the ground state population density Ny = Nrp.

By assuming a value for the concentration-independent parameter Cor = 2.5 X
10737 cm® s~! and by assuming an intrinsic lifetime of 73 = 242 ps, the effective
lifetime 73 o can be calculated from equation 4.1. The result yields a good fit of
the 3Hy literature data, as is visible in figure 4.8c by the solid, gray line.

The pump quantum efficiency 7y, defined as the number of excitations of the
3F, upper laser level resulting from one pump excitation of the 3Hy level is given
by
_ WorNo
1/73 +WerNo

For the given parameter values, and in the absence of ground-state bleaching,
figure 4.8d shows the relation of the pump quantum efficiency on the thulium
concentration. With increasing ground-state bleaching, 1, decreases from this
value.

ng =1+ (4.3)
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4.2.3 Laser performance

The performance of the channel waveguides was investigated similar to the proce-
dure explained in sub-section 4.1.2, by pumping the channels with a continuous-
wave Ti:sapphire laser at a wavelength of 794 nm with TM polarisation, or 802 nm
with TE polarisation. Sets of dielectric mirrors with an out-coupling transmission
of Toue = 2%, 8%, 16% and 89% were used, and an out-coupling transmission
of Tyt =1 — RiRy =1 —0.11% = 99 % was achieved when using no dielectric
mirrors at all. The crystal-air interface of an end-facet provides a Fresnel reflec-
tivity of R = 1 — 4nyna/(ny + n2)? ~ 11%, where ny,ny are the wavelength-
and polarisation-dependent effective refractive index of the laser mode propagat-
ing in the channel, and the refractive index of air, respectively. As a result of
this Fresnel reflection, the pump in-coupling efficiency was also reduced by the
same amount in case no dielectric mirror was attached to the pump in-coupling
end-facet, since these dielectric mirrors are provided with an anti-reflection coat-
ing at the pump wavelength. The Fresnel reflectivity of ~ 11% at one or both
bare waveguide end-facets provided sufficient feedback for laser oscillation of the
thulium-doped lasers with a thulium concentration higher than 1.5at.%, con-
trary to the 1.5at.% thulium doped laser which could not be operated at this
high out-coupling transmission because of too low gain to reach the threshold.

The calculation of the pump power launched into the channels equals P, =
1 Pr, where Pr and P, are the incident and launched pump power, and 7y, is
the in-coupling efficiency of the external pump beam into the channel pump
mode. The non-coupled fraction 1 — 77, partly propagates through the undoped
part of the sample and is detected as non-absorbed pump power, and is partly
lost due to scattering, reflection, and absorption in the planar waveguide region
adjacent to the channel waveguide. During the experiments on the 8at.%-doped
thulium laser, it was measured that approximately 10% of the incident pump
power is detected as non-absorbed pump power, despite the fact that the sample
length is long compared to the absorption length of the pump in the absence
of ground-state bleaching, and despite the fact that we calculated a coupling
efficiency of 1y, = 95% for this laser. This indicates that a maximum of 90% of
the incident pump power is actually coupled to the pump mode in the channel
and absorbed. Since the absorbed pump power is calculated by subtracting the
measured residual pump power from the incident pump power, we do not risk the
laser slope efficiency to be overestimated, because only a part of the non-coupled
pump power fraction 1 — 7y, is detected by the power meter.

Laser performance of 5, 8, 12 and 20at.% thulium-doped waveguides for
comparable pump powers

The results of the 5at.%, 8at.%, 12at.% and 20at.%-doped channel waveguide
lasers are presented in figures 4.9 through 4.12. All data have been plotted both
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as a function of launched and absorbed pump power, and for the two pump
wavelengths and polarisations. Contrary to the previous results for the 1.5at.%-
doped thulium laser, which, owing to unknown reasons exhibited significantly
less efficient operation when pumped at 802 nm in TE polarisation, the results
for the other thulium-doped samples show good agreement within a few percent
of efficiency, for both pumping wavelengths and polarisations.

For the 5at.%-doped lasers, the highest slope efficiency obtained was 53% ver-
sus absorbed pump power in case the laser was pumped at 794 nm in TM po-
larisation and with 89% of out-coupling efficiency. A lower, but similar result
of a slope efficiency of 50% was obtained when pumping at 802 nm in TE po-
larisation and the same out-coupling configuration. When out-coupling Ty, =
15%, 8% and 2%, the laser slope efficiency versus absorbed pump power dropped
to approximately 31%, 20% and 10%, respectively. The measured thresholds for
the different out-coupling combinations varied slightly because of variations in
the butt-coupling of the dielectric mirrors, resulting in varying amounts of loss.
However, the thresholds amounted to approximately 20 mW of absorbed power
for the lowest value for the out-coupling transmission, and increased to a value of
approximately 40 mW of absorbed power for the highest (T, = 89% and 99%)
values of out-coupling transmission.

For the 8at.%-doped lasers combined with the highest out-coupling efficiency of
Tout = 89% and 99%, a slope efficiency versus absorbed pump power was obtained
between 68% and 70%, regardless of the pumping wavelength and polarisation,
with a maximum of 300 mW of output power. Between the different pumping
wavelengths and polarisations, very similar results in terms of the output power
and slope efficiency were obtained, with a slope efficiency versus absorbed pump
power of just over 30% for T,,; = 2%, and 44 — 48% for T,,; = 8%. The very
high pump absorption efficiency of over 90% in single pass results in only a small
difference between the slope efficiency versus launched pump power or versus
absorbed pump power. Compared to the 5at.%-doped laser, the threshold at the
low out-coupling of Ty = 2% increased to from 20 mW to 25 mW, whereas a
threshold of 85 mW of absorbed pump power was measured in case no dielectric
mirrors were butt-coupled to the end-facets.

The results of the 12at.% and 20at.%-doped lasers yield slightly lower slope
efficiency than the 8at.%-doped waveguide lasers. The highest measured slope
efficiency was 62% in case of Toyy = 89% of out-coupling, for the 20at.%-doped
channels. The lower efficiency could be the result of a lesser channel waveguide
quality, which introduce loss, or the result of quenching processes owing to the
higher thulium dopant concentration. The quantum efficiency n, = 1.94 as a
result of cross-relaxation cannot increase much more as the maximum value for
714 equals 2. It is expected that up-conversion processes that bleach the upper
laser level become increasingly efficient as the thulium concentration increases
beyond 8at.%, which results in a lower slope efficiency.



Laser efficiencies - toward the theoretical limit

79

Similar to the 1.5at.%-doped laser, a shift in operating wavelength as a function
of the used out-coupling transmission was also measured for the 5at.% and 8at.%
thulium-doped channel waveguide lasers. Only the results of the 8.at%-doped
laser are presented in figure 4.13, because it demonstrated the longest operating
wavelength. The longest operating wavelength, and clearly multi-longitudinal-
mode operation of the laser because of the multiple wavelengths being present
simultaneously, was found when using T, = 2% of out-coupling. In this config-
uration, the laser was oscillating at a frequency very close to 2 pm, with at least
one longitudinal mode oscillating at a wavelength of 2037 nm. When selecting an
out-coupling transmission of Toys = 8%, the laser shifted towards 1940 nm, and
further to around 1840 nm in case a high out-coupling transmission of T, = 89%
or 99% was used. The longer operating wavelength of this 8at.%-doped laser com-
pared to the 1.5at.%-doped laser can be explained by the fact that the ratio of
internal gain over the cavity losses of the former laser is favourable compared
to the latter. It was noted that in case a low out-coupling transmission of 2%
and 8% was used, the laser operating wavelength was shifting by several tens of
nanometers because of the thermal and mechanical vibrations in the setup, in
combination with the flat gain cross-section of thulium in double tungstate in
this wavelength region.
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Laser results for 5at.% thulium-doped channel waveguides
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Figure 4.9 Laser output power versus launched and absorbed pump
power for a 5at.%-doped thulium laser. The laser was pumped
at 802 nm in TE polarisation (a,b), and 794 nm in TM polarisation
(c,d). The output power is plotted as a function of launched pump
power (a,c) and absorbed pump power (b,d). A maximum slope

efficiency of 53% versus absorbed pump power was achieved for a

high out-coupling efficiency of 89%.
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Laser results for 8at.% thulium-doped channel waveguides
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Figure 4.10 Laser output power versus launched and absorbed pump

power for a 8at.%-doped thulium laser.

The laser was

pumped at 802 nm in TE polarisation (a,b), and 794 nm in TM

polarisation (c,d). The output power is plotted as a function of

launched pump power (a,c) and absorbed pump power (b,d). In

the waveguides with a length of 4.3 mm, approximately 90% of

the launched pump power was absorbed. A maximum slope effi-

ciency of 70% versus absorbed pump power was achieved for a high

out-coupling transmission of Tout = 89% and 99%.
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Laser results for 12at.% thulium-doped channel waveguides
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Figure 4.11 Laser output power versus launched and absorbed pump

power for a 12at.%-doped thulium laser. The laser was

pumped at 802 nm in TE polarisation (a,b), and 794 nm in TM

polarisation (c,d). The output power is plotted as a function of

launched pump power (a,c) and absorbed pump power (b,d). A

maximum slope efficiency of 60% versus absorbed pump power was

achieved for a high out-coupling transmission of Tpus = 99%.
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Figure 4.12 Laser output power versus launched and absorbed pump
power for a 20at.%-doped thulium laser. The laser was
pumped at 802 nm in TE polarisation (a,b), and 794 nm in TM
polarisation (c,d). The output power is plotted as a function of
launched pump power (a,c) and absorbed pump power (b,d). A
maximum slope efficiency of 62% versus absorbed pump power was
achieved for a high out-coupling transmission of Tpus = 89%.
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Figure 4.13 Measured laser operating wavelength for a 8at.%-doped
thulium laser. The measured laser wavelength was dependent
on the out-coupling transmission. The laser operating wavelength
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Power-scaling of 8at.% thulium-doped channel waveguide lasers

The highest measured slope efficiencies as a function of the dopant concentra-
tion of the five laser samples discussed in paragraph 4.1 and in this paragraph
are shown in figure 4.14. From equation 3.46, it is known that the slope effi-
ciency of a laser depends on many factors, such as the pump efficiency 7,, the
quantum efficiency 7,, the Stokes efficiency 7s;., the efficiency with which pump
photons are converted to laser photons dF'/dS, and the out-coupling efficiency
Nout- Between the different lasers measured, 7, has changed because of the dopant
concentration and the different channel lengths, and 7,,; has been varied by us-
ing different out-coupling mirror configurations. By plotting the slope efficiency
versus absorbed pump power for the different laser samples and out-coupling
configurations measured in figure 4.14, a comparison between the different lasers
becomes independent of the factor 7, (refer to eqn. 3.41). Despite the fact that
dS/dF and ng;. are each nearly identical between the different measured lasers,
a large increase of the maximum measured slope efficiency is demonstrated as
the Tm?*t concentration increases until 8at.%, upon comparing the lasers with
identical out-coupling mirror configurations. This can only be explained by an
increase of the internal efficiency of the laser, such as the increase of the quantum
efficiency, 74, resulting from an increase of the ion-ion cross-relaxation efficiency.
The slope efficiency obtains its peak value of 70% (or 80% at higher pump pow-
ers as explained later), at thulium dopant concentrations of 8at.%, whereas it is
lowered for even increased thulium dopant concentrations towards 12at.% and
20at.%. Quenching effects such as up-conversion or detrimental cross-relaxation
into other levels than the 3F4 upper laser level could be the reason for this de-
crease in slope efficiency, since less ions are available for the gain on the laser
transition.

Whereas the demonstrated slope efficiency of 70% of the 8at.%-doped thulium
laser was a very good result, the output power of this laser was only several
hundreds of milliwatts. However, after again reviewing the 1.5at.%-doped laser
results, it was realised that these lasers had already been tested with over 1
Watt of pump power, resulting in no damage to the laser end-facets. For that
reason, and since our used Ti:Sapphire laser produces up to 3 Watts of power
at 800 nm, the aim was to investigate the maximum obtainable output of the
best-performing 8at.%-doped laser.

Two separate measurements have been performed and the results are shown
in figure 4.15. These measurements have been obtained when using only a pump
wavelength of 794 nm and TM polarisation, since the pumping wavelength and
polarisation does not have a significant influence of the performance of this laser,
according to the previously measured results of figure 4.10. Due to the high
out-coupling transmission of Ty,,; = 89%, the laser was operating at the central
line of 1840 nm, which is the transition from the lowest to lowest crystal-field
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Figure 4.14 Highest measured slope efficiency as a function of the
Tm?>" dopant concentration and out-coupling mirror con-
figurations The ’other conditions’ refer to the used 15% out-
coupling transmission and launched pump powers beyond 1 Watt
for the 1.5at.%-doped laser, and 89% of out-coupling and pump
powers up to 3 Watts (power-scaled) for the 8at.%-doped lasers.
The measured higher slope efficiency for increasing Tm?* concen-
tration until 8at.% (compared between identical mirror configura-
tions) is a result of the higher dopant concentration and related
cross-relaxation efficiency.

level of the electronic multiplets. The input-output curves of the measurements
displayed in figure 4.15 at lower pump powers up to 600 mW are identical to
the results of the other, independent measurements shown in figure 4.10. The
maximum measured output power was approximately 1.6 W for an absorbed
pump power of approximately 2.3 W, with a threshold of just over 50 mW of
absorbed pump power. A linear fit of the measured data resulted in a maximum
slope efficiency of 75 &+ 3% and 81 + 3% for measurements 1 and 2, respectively,
obtained for pump powers beyond approximately 0.8 W. At 300 — 800 mW of
absorbed pump power, where the input-output curve is rounded, a linear fit yields
a slope efficiency of 72% and 75% for measurements 1 and 2, respectively. The
difference in laser performance between these two measurements is likely because
of small differences in the butt-coupling of the mirror to the waveguide end-facet
and/or the coupling of pump light to the pump waveguide mode. During the
measurements, the output power from the used Ti:Sapphire laser was found to
fluctuate by +£1%. While this is not a large fluctuation, a significantly larger
error accumulates in the calculation of absorbed pump power and laser output
power, which are indicated by the error bars in figure 4.15.
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Figure 4.15 Laser output power versus absorbed pump power for a
8at.%-doped thulium laser. The results of two separate mea-
surements have been displayed, yielding a slope efficiency of 754+3%
and 81 + 3% for the two measurements. The error bars stem from
the fluctuations of the pump laser.

The measured efficiency in relation to the maximum theoretical slope
efficiency of thulium-doped lasers

The theoretical limit of the slope efficiency depends, partly, on the pump quantum
efficiency 7, that is influenced by the cross-relaxation process from (*H4,*Hg) to
(3F4,%F4). In paragraph 4.2.2, a value for the cross-relaxation rate parameter of
Wer = 1.27x 10716 em? s7! was derived for the thulium dopant concentration of
8at.% (=5.07 x 1020 cm~3) of the best-performing channel waveguide laser. The
quantum efficiency n, as a result of pumping at 794 nm, defined as the number
of ions excited into the upper laser level (°F4) per one pump photon absorbed,
was defined in equation 4.3:

WerNg

e 1/73 + WerNog

(4.4)
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The maximum quantum efficiency equals 1, = 1.94 for Wer = 1.27 x 10716 cm?

s~! in case ground-state bleaching is absent (Ny = Ng). For increasing ground-
state bleaching, the maximum quantum efficiency decreases from this value.
The maximum slope efficiency versus absorbed pump power of the 8at.%
thulium-doped laser according to equation 3.46 is calculated as the product of
the Stokes efficiency of sy = A\p/A = 794nm/ 1840nm = 0.432, the quantum

efficiency of 1, = 1.94, and the output-coupling efficiency:

5out
MNout = K (45)
- hl(l — Tout)
= W[ L)1 1] 46)
B In(1 - 0.89)
~ In[(1—0.89)(1 — 0.04)] (47)
= 0.99 (4.8)

In the calculation of the out-coupling efficiency, a value for the roundtrip loss
of L = 0.04 (4%) is assumed, as measured in sub-section 4.1.3. The maximum
slope efficiency as calculated using these values is 82.2%, in case the geometry of
the waveguide is such that the maximum efficiency of conversion between pump
photons to laser photons is reached, such that all excited ions are accessible to the
oscillating photons at the laser wavelength (dF/dS = 1). It can be seen in figure
2.7 that according to simulations for the best-performing 8at.% thulium-doped
waveguide with waveguide dimensions of 14.3 x 25 pm?, the pump mode overlap
with the active medium exceeds 98%, the laser mode overlap with the active
medium exceeds 90% and the pump/laser mode overlap exceeds 90%. In figure
2.8 where these pump and laser modes have been plotted, it can be seen that for
this waveguide the entire pumped region is accessible to the laser photons. It is
therefore expected that the value of dF'/dS for our laser is indeed close to unity.
The measured slope efficiency of 81 +3% and 75 4+ 3% is only slightly lower than
the calculated theoretical limit of 82.2%.

The results of the high-power laser experiments for 8at.% doping have been
plotted once more in figures 4.16a—d, with the blue and red dots representing the
data of the results with 81 + 3% and 75 + 3% slope efficiency, respectively, along
with the predicted input-output curves (dashed, black lines) of equation 3.47,
based on the theory by RiIsk. The theoretical curves were calculated with the
geometrical, cavity, and dopant parameters corresponding to the measured wave-
guide laser, and a quantum efficiency of n, = 1.94. In figures 4.16a (zoom-in b),
the roundtrip loss (excluding mirror out-coupling 'losses’) amounts to L = 4%,
which is similar to the derived round-trip loss for the 1.5at.%-doped thulium
laser discussed in paragraph 4.1.3. The calculated slope efficiency (black, dashed
curve), is 81.7%, which is close to the maximum measured slope efficiency of
81 + 3%. However, whereas the maximum slope efficiency during the experiment
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Figure 4.16 Theoretical and experimental input-output curves of a
8at.%-doped thulium channel waveguide laser. Shown are
the results of the experiments yielding a slope efficiency of 81 £ 3%
(blue dots) and 75+3% (red dots), along with the theoretical input-
output curve (dashed, black line). The theoretical curves have been
calculated using a value for the quantum efficiency of n, = 1.94 and
a value for the round-trip losses of a,b) L = 4%, yielding a maxi-
mum slope efficiency of 81% and ¢,d) L = 20%, yielding a maximum
slope efficiency of 75%.
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is reached for pump powers beyond 1 Watt, the theory predicts that this slope
efficiency is reached before 500 mW of pump power is absorbed. The laser thresh-
old predicted by theory is approximately 30 mW, whereas in the experiment a
value of over 50 mW was found.

In figures 4.16¢,d, the results of the experiment have been plotted together with
the calculated slope efficiency, based on a roundtrip loss of L = 20%, while keep-
ing all of the other parameters equal to the calculation of figures a,b. A higher
round-trip loss could be the result of worse butt-coupling of the mirrors to the
end-facets: for example as a result of the evaporation of index-matching fluid or
the application of too much fluid. A maximum slope efficiency of 75.7% is calcu-
lated using these parameters, which is similar to the results of the measurement
with a slope efficiency of 75 & 3%, depicted by the red dots.

From the graphs it is clear that the laser threshold is underestimated and that
the slope efficiency at low pump powers are overestimated, which results in a
horizontal offset between the calculated and experimental curves at higher pump
powers (> 1 W), where the experimental slope efficiency matches the predicted
slope efficiency.

The deviation between the theory and the experiment lies only in the ramp-up
region, where the efficiency predicted by theory is higher than measured. Ac-
cording to equation 3.46, the increasing slope efficiency with increasing absorbed
pump power during the experiment can only take place as a result of a better
Stokes efficiency 7g¢, an increased ratio of useful loss over total loss 7out, an in-
creased quantum efficiency 7y, or a better conversion efficiency dF/dS of pump
photon energy to laser photon energy, which is influenced by the pump and laser
mode overlap and the amount of laser reabsorption.

The laser spectra measured during the experiment with large out-coupling de-
gree showed several peaks at an operating wavelength between 1839 nm and 1846
nm, as shown in figure 4.13c. However, the effect of this frequency bandwidth on
the Stokes efficiency is negligible, since the difference of operating wavelength of
the laser between 1839 to 1846 nm during the experiment, represents a change

= 7nm ’(1;%% ~ 0.2%. Dur-

ing the experiment, the ratio of 7., has not changed: no other mirrors have
been attached, and the intrinsic roundtrip loss is a fixed value determined by
scattering loss inside the channel waveguide. This rules out the possibility of an
increased slope efficiency as a result of an increase of the Stokes efficiency or a
better out-coupling efficiency.

of the Stokes efficiency of only Ang: = A\, %

As explained in subsection 3.2.3, dF'/dS changes as a function of the overlap of
the pump and laser modes, and the pump power since thulium is a quasi-three-
level laser which exhibits reabsorption on the laser transition. During pumping
of the laser, heat is generated because of several effects: the first is that due to
the quantum defect, defined as the difference in energy between a pump photon
and a laser photon, heat is generated when as a result of multi-phonon decay an
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ion de-excites from the pump level into the upper laser level. Another possibility
for the generation of heat is that in the thulium laser, the dominant exother-
mic cross-relaxation process Weg takes place, which also generates phonons and
therefore heat. As a result of the generated heat and the resulting higher temper-
ature of waveguide, the refractive index of the waveguide changes. In table 1.1 is
shown that potassium double tungstates exhibit a negative dn/dT on the order
of 107® K~! depending on the wavelength, the composition of the crystal and
the polarisation [31]. For the 8at.% thulium-doped waveguide, with the compo-
sition used of KYq 4Gdg.29Lug.23Tmg s, a refractive index change as a function
of temperature of approximately dn/dT = —15 x 1076 K~ for the pump mode
at 794 in TM polarisation and approximately dn/dT = —10 x 1076 K~ for the
laser at 1840 nm in TE polarisation was calculated, by plugging-in the values of
dn/dT (obtained from [31]) for the pure compounds in equation 2.2. The refrac-
tive index contrast of the thulium-doped core with the substrate and the cladding
is approximately 1.1 x 1072 at the pump wavelength of 794 nm and TM polari-
sation, and approximately 0.6 x 1072 at the laser wavelength of 1840 nm in TE
polarisation. In case it is assumed that the temperature increase within the chan-
nel waveguide is 100 K compared to the cladding and substrate, the refractive
index of the core layer, and therefore the refractive index contrast of the channel
waveguide for the pump mode is lowered by —1.5 x 1072 or —1.5/11 = —14%,
and for the laser mode by —1 x 1072 or —1/6 = —17%. This means that both
the pump and laser mode will expand by approximately the same amount, which
does not significantly affect their beam overlap ratio wy,/w; and therefore dS/dF.
As a result of the increased pump and laser beam ratio, however, the threshold
is increased. While the calculated decrease of the refractive index contrast for
the pump and laser modes is based on a 100 K ’step-function’ temperature in-
crease, in reality the heat diffuses radially outward, so that both the core layer,
as well as the substrate and cladding layer become heated, and the change of
refractive-index contrast is lower than in the calculation.

According to equation 3.46, the final parameter that could influence the slope
efficiency is the quantum efficiency 7,. In graph 4.16, a fixed quantum efficiency
of ny = 1.94 as a result of cross-relaxation in the laser is used. Consequently,
this fixed quantum efficiency 7, cannot help to explain the rounded input-output
curve in graph 4.16, where the threshold is underestimated by theory, and the
slope efficiency at threshold is overestimated by theory.

Several attempts have been made to simulate the long ramp-up section in the
measured laser results. According to RUSTAD and STENERSEN, the effect of up-
conversion, will shift the threshold of a laser to a higher value, since effectively the
quantum efficiency 7, is reduced. This can in part explain the higher threshold
seen in the measured data in figures 4.16b,d, but not the higher slope efficiency
as the absorbed pump power increases [123]. In fact, as a result of higher up-
conversion, the slope efficiency is reduced, which is also expected to be the case
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for the thulium-doped lasers with a dopant concentration higher than 8at.%, in
this work.

As explained above, the temperature of the waveguide with increasing pump
power increases as a result of the quantum defect that is bridged by multi-phonon
decay, or alternatively via an exothermic cross-relaxation process which also gen-
erates phonons. When simulating an increased pump and laser beam radius as a
result of this, the pump threshold increases, as expected, but the slope efficiency,
as expected, does not increase for higher pump powers.

A possibility for the increasing slope efficiency as a function of absorbed pump
power could be a temperature-dependent cross-relaxation rate, and therefore a
temperature-dependent quantum efficiency, which increases as the temperature
increases. To test this hypothesis, a quantification of the cross-relaxation process
for different temperatures is required through the measurement of luminescence
decay curves from the pump level to determine if the pump level is increasingly
quenched as the temperature increases.
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4.3 Tunable lasers via an extended cavity in Littrow
configuration

In the previous sections, lasers have been demonstrated which exhibited different
operating wavelengths depending on the out-coupling mirror configuration. In
this way, once the mirrors are fixed to the end-facets, the laser wavelength is
also fixed. Therefore, an experiment was conducted in an attempt to create a
continuously tuned laser by means of an external blazed grating in Littrow con-
figuration. For this experiment the 8at.% thulium-doped sample of the previous
section was used.

The usual setup for assessing the laser performance of a channel waveguide
was modified and shown in figure 4.17. The laser beam was out-coupled from
the waveguide and collimated using an out-coupling microscope objective with
a NA= 0.25, and reflected back by a blazed diffraction grating consisting of 450
grooves per millimeter, a blaze wavelength of 3.1 pm, and a reflection efficiency
for the first-order diffraction close to 85% for perpendicular polarisation at 2 pm
(Thorlabs GR1325). A beam-splitter cube in combination with an out-coupling
mirror of Toyy = 2% placed at the pump-incoupling end facet and an optical
spectrometer was used to determine the laser wavelength. Experiments have
been performed with and without dielectric mirrors butt-coupled to the other
end-facet. The same pump and in-coupling optics were used as for the previous
laser experiments.

The results of the experiment are shown in figure 4.18. During the experiment
with only a mirror with T,,; = 2% placed at the pump-incoupling end facet and
no mirror placed at the other end-facet, sufficient feedback from the blazed grat-
ing could be obtained to perform continuous tuning of the operating wavelength
between 1810 — 1950 nm, by rotating the blazed grating. The laser was operating
at multiple longitudinal modes during the tuning experiment, indicated by the
fact that in addition to the dominant modes at 1810 nm, 1860 nm and 1900 nm
up to 1950 nm, weaker optical intensity was (often) recorded between 1840 — 1850
nm. An explanation for this could be the high gain of the laser, indicated by
highly efficient operation of the laser even without dielectric mirrors as shown
in the previous paragraph, in combination with spatial hole burning effects that
allow simultaneous operation of the 1840 — 1850 nm modes and other modes.

An attempt to tune the laser to longer operating wavelengths was made by
butt-coupling a second dielectric mirror with T,,; = 2% to the other end-facet.
The operating wavelength of the laser shifted to beyond 2000 nm and up to
2040 nm, but no significant, if any, effect as a result of rotating the external
blazed grating could be measured. The feedback of the external blazed grating
is strongly mitigated by reflection of the intensity off the dielectric mirror.
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Figure 4.17 Experimental setup for a tuneable laser via an external

cavity in a Littrow configuration. Laser light from a tuneable
titanium-sapphire pump laser, emitting at a wavelength of around
800 nm, is focussed into a channel waveguide by two cylindrical
lenses with focal lengths of 40 mm (horizontal) and 10 mm (verti-
cal). A dielectric mirror with a reflectivity of R = 99.9% is attached
to the pump in-coupling end-facet only, such that most of the gener-
ated laser light is exiting the channel from the other end-facet, and
collimated using an out-coupling microscope lens with a numerical
aperture of 0.25. An external, blazed, diffraction grating operating
on the first diffraction order is used to force the laser to operate at
the wavelength selected between 1800 — 2050 nm, by reflecting this
light back into the waveguide. Laser light out-coupled at the front
is focussed into an optical fibre connected to a spectrometer which
is used to record the wavelength the laser is operated on.
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Figure 4.18 Tuned wavelength of a thulium laser by using an external

blazed diffraction grating. The 8at.% thulium-doped sample
was placed in an extended cavity with a blazed diffraction grat-
ing and a Tout = 2% dielectric out-coupling mirror at the pump
in-coupling waveguide end-facet. By rotating the external blazed
grating, the laser operating wavelength could be tuned between
1810 — 1950 nm (black spectra). By attaching a second dielectric
mirror of Tpyr = 2% to the other waveguide end-facet, a maximum
operating wavelength of 2040 nm was obtained (gray spectra). The
laser operated on multiple longitudinal modes, probably as a result
of feedback from the Fresnel reflection of the end-facet in combina-
tion with high gain and spatial hole burning.






CHAPTER 5

Summary and Outlook

5.1 Summary

This thesis concerns the development of a high-power 2-pm buried channel wave-
guide laser in a potassium double tungstate host material. This particular host
material has been selected because of its high transition cross-sections and ability
for high dopant concentrations of rare-earth ions. When co-doping with gadolin-
ium and lutetium, a relatively high refractive index contrast is obtained which
allows the fabrication of small form factor, micro-channel waveguide lasers.

At the Integrated Optics and MicroSystems group, growth of thulium-doped
yttrium-gadolinium-lutetium-co-doped layers onto a pure KY(WO,)s substrate
by liquid-phase epitaxy was performed by Dr Aravazhi. These layers are lapped
and polished to the right thickness and afterwards argon-beam milled, using a
process developed by Dr. Geskus, after photo-definition of channel waveguides,
and overgrown with a pure KY(WO,)s cladding layer. The concentration of
the co-dopants and the dimensions of the buried channel waveguide are chosen
such that the overlap between pump and laser optical modes is maximised, whilst
preventing lattice stress and cracking of the layers and ensuring single-transverse-
mode operation at both the pump and laser frequency. For this, the refractive
indices of a variety of crystal compositions have been measured and simulations
regarding the optical distribution as a function of waveguide dimensions have
been performed and presented in chapter 2. The channels fabricated in this work
have a width of 7.5 — 25 pm and a width of 6 — 14 um, based on a maximum
refractive-index contrast of 1.2 x 1072, and have been measured to exhibit a
maximum propagation loss of 0.1 4+ 0.03 dB/cm near 2 pm.

The efficiency of thulium-doped lasers hinges on the efficiency of non-linear two-
ion processes, in case the laser is pumped at 800 into the *Hy manifold. In chapter
3 processes which influence the slope efficiency of a thulium laser are explained,
such as dopant-concentration-dependent cross-relaxation and up-conversion, and
geometrical factors such a pump and laser optical mode overlap which is very
important in these three-level lasers because of their reabsorption on the laser
transition. Based on this theory, predictions for the threshold and efficiency
of the designed lasers could be made, using literature data such as absorption
and emission cross-sections, and measured data such as lifetimes. In addition,
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the theory was used to derive parameters such as the waveguide propagation
loss based on relaxation-oscillation measurements, and the cross-relaxation rate
parameter from concentration-dependent fluorescence lifetime data.

A variety of buried, channel waveguides with thulium dopant concentrations of
1.5, 5, 8, 12 and 20at.% have been fabricated and laser experiments performed,
using a Ti:sapphire laser near 800 nm. All channel waveguides were tested us-
ing butt-coupled dielectric mirrors with a combined out-coupling transmission
up to 89%. Due to the high gain in these channel waveguides, lasing has also
been achieved for channels with thulium concentrations higher than 1.5at.% if no
mirrors were attached, resulting in an out-coupling transmission of 99%. Laser
operation has been achieved for the 1.5at.%-doped channels with a maximum
value for the slope efficiency of 31.5% and a maximum output power of 149 mW
if an out-coupling transmission of 16% was used. These lasers exhibited a pump
power threshold as low as 7 mW, due to the small transverse cross-section, rela-
tively low dopant concentration, low propagation loss, and a relatively low degree
of out-coupling transmission.

For the channel waveguide with 5at.% of thulium, a maximum slope efficiency
of 53% has been found. The best results obtained with the 8at.%-doped channel
waveguide laser in two separate measurements were a slope efficiency 75 + 3%
and 81 + 3% and a maximum continuous-wave output power of 1.6 W for 2.3
W of absorbed pump power. These channels, with lateral dimensions of 14 x 25
nm?, exhibited low threshold absorbed pump powers of just over 50 mW. To the
best of our knowledge, these results represent the most efficient 2-pm channel
waveguide laser to date. For the channel waveguide lasers doped with 12at.%
and 20at.% of thulium, the best results were slope efficiencies of around 60% and
several hundreds of milliwatts of output power.

The higher slope efficiency as the concentration is increased for the thulium
lasers until 8at.% of thulium concentration in this work is a result of a higher
cross-relaxation efficiency due to a shorter thulium ion-ion distance. The max-
imum value for the theoretical cross-relaxation rate parameter of 1.27 x 10716
cm? 571 was derived from fluorescence decay measurement data, and results in
a maximum quantum efficiency of 1, = 1.94 for the laser with 8at.% thulium
dopant concentration. The experimentally found slope efficiency is close to the
theoretical maximum of the slope efficiency of 83%, calculated using this quan-
tum efficiency. For the thulium lasers with even higher dopant concentration, the
quantum efficiency 1, = 1.94 as a result of cross-relaxation cannot increase much
more as the maximum value for n, equals 2. It is expected that up-conversion
processes that bleach the upper laser level become increasingly efficient as the
thulium concentration increases beyond 8at.%, which results in a lower slope
efficiency.

Depending on the out-coupling transmission selectable by the dielectric mir-
rors, the laser output wavelength was found to shift between 1840 nm and 2037
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nm, as a result of the varied threshold inversion. By using a blazed diffraction
grating in Littrow configuration, tuning of the laser output wavelength between
1810 — 1950 nm has been achieved.

5.2 Qutlook

The buried channel waveguide lasers presented in this work demonstrate excellent
efficiency and output power from a device with a size of several millimeters. These
lasers operated on multiple longitudinal modes and the wavelength was found to
shift as a function of the out-coupling efficiency. The waveguide lasers were
tested with butt-coupled dielectric mirrors using index-matching fluid, which is
a short-term solution as the fluid tends to evaporate.

A step forward toward on-chip, monolithic lasers is the integration of mirrors
on the chip itself, which allows for a more permanent and durable solution. In
addition, using on-chip mirrors in the form on distributed-feedback, or distributed
Bragg reflector gratings has the advantage that operation of the laser is reduced
to a single longitudinal mode, with very narrow line-width and excellent stability
[12, 21].

Figure 5.1 shows details of corrugated, strip-loaded silicon-nitride (SiN) chan-
nel waveguides on a planar double tungstate thulium-doped layer. The SiN strip-
loaded channel acts as a corrugated cladding, which can confine the pump and
laser modes and can provide optical feedback to support only a single longitudinal
laser mode with a frequency that depends on the periodicity of the corrugation.
In figure 5.1a a corrugated channel with a periodicity of 500 nm is shown, which,
together with the effective refractive index of the guided mode, provides optical
feedback at 2000 nm. In figure 5.1b a corrugated, third-order channel waveguide
with a periodicity of 1.18 pm is shown, which is designed to provide feedback at
1550 nm. In figure 5.1c, a full chip with multiple corrugated, strip-loaded SiN
channels is shown.

While the chip of figure 5.1 provided some feedback at 1550 nm, the response
was ultimately too weak to provide sufficient feedback for lasing, or losses in-
troduced by the strip-loaded grating were too high to reach threshold for lasing.
Nevertheless, the integration of on-chip mirrors is a necessary step for monolith-
ically integrated on-chip lasers on double tungstates and would open up possi-
bilities to combine high output and efficiency from double tungstate lasers with
narrow linewidth, and stability.
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Figure 5.1 Double tungstate chip with on-chip resonant structures in
SiN fabricated by electron-beam lithography. Detail of a cor-
rugated, strip-loaded channel waveguide structure with a periodicity
of (a) 500 nm, and (b) 1.18 pm. (c) Chip with several on-chip cor-
rugated waveguides fabricated in SiN by electron-beam lithography
and subsequent etching.




Abstract

The subject of this thesis is the development of 2-pm rare-earth lasers in thulium-
doped yttrium-gadolinium-lutetium-co-doped potassium double tungstate film
layers. These thulium-doped layers were grown onto undoped potassium yt-
trium double tungstates by liquid-phase epitaxy and were lapped and polished
afterwards, prior to a photo-lithographic process to define channel waveguides.
Channels were subsequently obtained by argon-beam milling of the samples, re-
sulting in ridge-type channel waveguides. During another liquid-phase epitaxy
growth these channels were overgrown with a double tungstate cladding to obtain
buried channel waveguides. The concentration of the co-dopants and the dimen-
sions of the buried channel waveguide are chosen such that the overlap between
pump and laser optical modes is maximised, whilst preventing lattice stress and
cracking of the layers and ensuring single-transverse-mode operation at both the
pump and laser frequency. The fabricated channels on multiple samples have a
width of 7.5 — 25 pm and a height of 6.6 — 14.3 num, and have thulium dopant
concentrations of 1.5 — 20at.%.

Laser experiments on the channel waveguides were performed by using a Ti:-
sapphire laser near 800 nm as the pumping source. The channel waveguides were
tested with different out-coupling transmission of up to 89%, provided by various
combinations of butt-coupled dielectric mirrors, or an out-coupling transmission
of up to 99% in case no mirrors were used. For a 1.5% thulium-doped channel
waveguide, a threshold of 7 mW, a slope efficiency of 31.5%, and an output power
of 149 mW were measured and a value for the propagation loss of 0.1 + 0.03
dB/cm at the lasing wavelength of 2 pm were derived from relaxation-oscillation
measurements. Laser experiments on channel waveguides with a higher thulium
dopant concentration of 5at.% yielded a maximum slope efficiency of 53%. The
optimum thulium dopant concentration was 8at.% which yielded a maximum
slope efficiency of 81 4 3%, which is close to the theoretical maximum for this
laser of 83%. An output power of 1.6 W was obtained from this laser for 2.3
W of absorbed pump power. The high efficiency is a result of cross-relaxation
which increases the maximum quantum efficiency for this laser to 7, = 1.94.
For higher thulium concentrations of 12at.% and 20at.%, the maximum obtained
slope efficiency was 60%.

Depending on the out-coupling transmission selectable by the dielectric mir-
rors, the laser output wavelength was found to shift between 1840 nm and 2037
nm, as a result of the varied threshold inversion. By using a blazed diffraction
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grating in Littrow configuration, tuning of the laser output wavelength between
1810 — 1950 nm has been achieved.



Nederlandse samenvatting

Het onderwerp van dit proefschrift betreft de ontwikkeling van zeldzame-aarde
lasers in laagjes van thulium-gedoteerd yttrium-gadolinium-lutetium co-gedoteerd
kalium-wolfraam-oxide. Deze thulium-gedoteerde lagen worden ’gegroeid’ door-
middel van een laag-voor-laag kristalgroei proces waarbij een kristal in vaste
vorm wordt ondergedompeld in een bad van gesmolten kristal met de gewenste
samenstelling (in het Engels: liquid-phase epitaxy). Na het groeiproces wor-
den de kristallen langzaam gekoeld en de nog ruwe lagen worden vervolgens tot
de gewenste dikte geschuurd, en vervolgens gepolijst. Op deze gepolijste lagen
wordt vervolgens een laagje van een licht-gevoelig materiaal (masker) aangebracht
waarin patronen gemaakt kunnen worden doormiddel van licht; op plekken waar
licht het masker raakt wordt het masker zo van samenstelling veranderd dat
het oplosbaar wordt in vloeistof. Het niet-belichte, en daardoor niet in vloeistof
opgeloste, gedeelte van het masker beschermt het onderliggende kristal tijdens
het etsen. Het etsproces bestaat uit een ionen bombardement waarmee heel
uniform een gedeelte van het kristal 'uitgegraven’ wordt. Met dit proces zijn
rechte kanalen gemaakt waarin het laserlicht kan geleiden. Deze kanalen worden
vervolgens nog eenmaal overgroeid met ongedoteerd kristal, om de kanalen te
beschermen en de optische eigenschappen van de kanalen te verbeteren. De dus-
danig verkregen kanalen zijn 7.5 — 25 pm breed, 6.6 — 14.3 pm hoog, en hebben
een thulium concentratie van 1.5 — 20at.% (at.% betekent: als percentage van de
totale hoeveelheid vervangbare atomen).

Laser experimenten op de verschillende kristallen zijn uitgevoerd met gebruik-
making van een titaan-saffier laser als de energiebron (pomp-bron), welke was
afgesteld op een golflengte rond 800 nm. Verschillende types spiegels zijn ge-
bruikt, waarbij een transmissie van laserlicht uit de kanalen tot wel 89% bereikt
werd. Deze spiegels werden met behulp van een vloeistof tegen de uiteinden
van de kanalen geplakt. De lasers konden zelfs getest worden zonder spiegels
wat de hoge optische versterkingsfactor van het gebruikte kristal onderstreept.
Kanalen met een thulium concentratie van 1.5at.% resulteerden in een laser met
een efficiéntie van 31.5%, een vermogen van 149 mW en een drempelvermogen
van 7 mW voor de pomp. De verliezen tengevolge van propagatie door de ka-
naalgolfgeleider zijn bepaald op 0.1 £+ 0.03 dB/cm tijdens dit experiment. Laser
experimenten met een kanaalgolfgeleider gedoteerd met 5at.% leverden een max-
imale efficiéntie op van 53%. Het beste resultaat werd verkregen met een 8at.%
thulium-gedoteerde kkanaalgolfgeleider: een maximaal vermogen van 1.6 W met
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een efficiéntie van 81% werd gemeten. Dit resultaat ligt zeer nabij de maximaal
theoretische efficiéntie van 83% voor een thulium laser. Tevens is dit de meest
efficiénte 2-pm kanaalgolfgeleider laser ooit gemeten. Deze hoge efficiéntie is het
resultaat van een concentratie-athankelijke ion-ion interactie die ’cross-relaxatie’
wordt genoemd; een door een pomp photon aangeslagen thulium ion draagt en-
ergie over aan een nabijgelegen thulium ion zodanig dat beide ionen bijdragen
aan de optische versterking op de lasergolflengte. De kanaalgolfgeleider lasers
met een hogere thulium concentratie van 12at.% en 20at.% bereikten tijdens
de experimenten een maximale efficiéntie van 60%. Deze lagere efficiéntie van
thulium lasers bij een hogere concentratie dan 8at.% is vermoedelijk het gevolg
van ‘up-conversion’ (excitatie naar een hoger energieniveau van een thulium ion
tengevolge van overdracht van energie door een nabijgelegen thulium ion dat een
lager energieniveau bereikt).

Afhankelijk van de mate van reflectie van de gebruikte spiegels was de laser
golflengte tijdens de experimenten te variéren. Het bleek mogelijk de golflengte
te controleren tussen de 1840 — 2037 nm, als een direct resultaat van de wis-
selende drempelinversie van de thulium ionen. Door van het gebruik van een
diffractierooster in Littrow configuratie kon de golflengte van de laser gevarieerd
worden tussen de 1810 — 1950 nm.
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