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Abstract

In this thesis, the research work concerning high ytterbium concentration potassium
double tungstate waveguides catered for optical amplification purpose is presented. The
scope of the research work includes the investigation of spectroscopic and optical gain
properties in epitaxy layers with concentration of trivalent ytterbium (Yb**) up to
76 at.%, which is equivalent to Yb** density of ~5 x 10%! cm™,

In order to obtain accurate luminescence lifetime value in epitaxy layers with high
Yb3* concentration, a novel confocal measurement setup is proposed to mitigate the
radiation trapping effect which eclongates the measured lifetime. By performing
measurement on samples with various Yb*" concentrations under low launched pump
power, it is shown that the lifetime values obtain from the proposed setup are close to
the consensus values in the literature measured using other more involved procedures.
Besides, it is confirmed that concentration dependent lifetime quenching on high Yb3*
concentration potassium double tungstate epitaxial layers is rather weak. The lifetime
measured from sample with highest Yb®" concentration of 76 at.% is 222 us as
compared to the lifetime of 245 ps obtained from sample with only 1.2 at.% Yb**
concentration. In addition, it is found that the measured power dependent luminescence
decay curves exhibit non-exponential decay. Such behavior is associated with energy
transfer upconversion (ETU) process and an ETU coefficient of 1.3 x 10-'® cm’/s is
quantified based on the measured decay curves.

As the epitaxy layers exhibit unusually high amount of Yb**, determination of
transition cross-sections in these media is not trivial. Systematic studies have been
performed to investigate the impact of two factors, namely the polarization
disorientation and the stray light in the measurement system, on measured absorption.
The results reveal that these factors may contribute to under-estimation of peak
transition cross-sections. Carefully evaluated transition cross-sections in epitaxial layers
with 57 at.% and 76 at.% Yb*" are found to be comparable to those of bulk Yb3*-
activated potassium double tungstate crystals. The peak absorption and emission cross-
sections for both samples are ~1.3 x 107'° cm? and ~1.6 x 107" cm?, respectively, at the
central transition line close to 981 nm wavelength.

The temperature dependence of luminescence lifetime and transition cross-
sections on sample with 57 at.% Yb*" is investigated in this work. It is believed that this
is the first experimental report on the temperature dependence of spectroscopic
properties in Yb3*-activated potassium double tungstates. The measurement results
show negligible dependency of lifetime to the temperature. On the other hand, the
cross-section spectra change drastically with the increase of temperature. A reduction of
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peak absorption cross-section at ~981 nm wavelength by 52% has been observed when
the temperature rises from 20 °C to 170 °C. Such a strong temperature dependence
prompted further investigation on the temperature dependence of the absorption peaks
at ~932 nm and ~981 nm, which correspond to the pump and signal wavelengths of the
amplifiers concerned in this work. It is found that the temperature dependence of these
absorption peaks is caused by two reasons: the fractional population at the starting Stark
level and the linewidth of the respective transition at the given temperature. A simple
expression which relates these two factors to the observe temperature dependence of
absorption peaks is derived based on a fundamental theoretical analysis. The results
calculated from this expression are in good agreement with the experimental
observation.

The pump absorption and optical gain in epitaxial layer with 57 at.% Yb3* are
studied by launching pump and signal beams perpendicularly to the layers. Besides, a
numerical model which includes pump-induced heating effects, ETU process, and
quenched ions is established. Comparison of experimental and modeled pump
absorption results shows that the pump absorption is not saturated even after accounting
for ETU process. The nonsaturable pump absorption is possibly due to presence of
rapidly quenched ions which are not detected under typical spectroscopic
measurements. Numerical calculations are performed to investigate the influence of
ETU process and quenched ions on pump absorption, heating of pumped region, and
signal gain. Both effects are found to lead to increase absorption of pump power, higher
heat generation within the pump region, and lower signal gain. By incorporating both
ETU process and quenched ions in the numerical model, experimental results of pump
absorption and pump-probe signal gain can be explained. Net gain value of 2.62 dB
(817 dB/cm) is achieved in 32 um thick epitaxial layer without any thermal
management. It is shown that localized heating and non-ideal inversion condition
limited the experimentally observed gain. The luminescence spectra within both near
infrared and visible wavelength range show broadened emission peaks with increase of
launched pump power, hence confirming that significant amount of heat could be
generated within the pump region.

In overall, the work described in this thesis provide advances in understanding the
characteristics of high Yb*" concentration potassium double tungstate waveguide layers.
The experimental results show that favorable spectroscopic properties are retained in
the epitaxial layers. Nevertheless, additional effects such as ETU process, quenched
ions, and localized heating within the pumped region have also been discovered and
analyzed. Particularly, elevated temperature on the gain medium would severely affect
the absorption and emission behavior. The investigation of optical gain and
luminescence spectra shows that the thermal effects play a role in high active ion
concentration and intensely pumped amplifier.

v



Chapter 1 Introduction

1.1 Motivation

Rare-earth-ion-doped fiber amplifier is a key enabling device for modern
telecommunication systems. It allows all-optical amplification in fiber network without
electrical-to-optical or optical-to-electrical signal conversion, hence greatly eases the
transmission speed bottleneck introduced by conventional electrical amplifier. Due to
its many favorable properties, such as high saturation output power, high gain over
broad wavelength range, and high bit rate signal amplification, the fiber amplifier has
become an indispensable device for long haul communication systems.

With the ever increasing demand on data transmission rate, the use of optical
interconnects is no longer restricted to long distance communication network.
Metropolitan scale fiber network is commonly available now. Optical interconnects are
also widely adopted for short reach rack-to-rack communication links within data
centers. With the advent of board scale polymer waveguide [1, 2], high modulation
bandwidth vertical cavity surface emitting laser (VCSEL) [3-5] and compact CMOS
transceiver module [6], board level optical interconnect is now a viable option for data
centers and high performance computer systems [7]. Recent advancements on
propagation loss reduction in InP-based passive waveguide [8] as well as hybrid
integration schemes used to combine amplifier, laser, photodiode, or nonlinear material
with passive waveguide [9-12] are paving way for advanced photonics integrated
circuits (PIC) with increasing complexity.

Over the years, chip scale rare-earth-ion-doped amplifier, which is known as rare-
earth-ion-doped waveguide amplifier, with device length significantly shorter than fiber
amplifier has been developed. Rare-earth-ion-doped waveguide amplifier is promising
for emerging board level optical interconnects and PICs with limited device footprint.
Besides, it offers many advantages as compared to fiber amplifier. For instance,
existing lithography equipment and infrastructure used in microelectronics industry can
be applied to fabricate and process a large number of rare-earth-ion-doped waveguide
amplifiers on the same chip. Rare-earth-ion-doped waveguide amplifier can be
integrated with passive photonic circuit using monolithic scheme [13] or hybrid flip-
chip bonding scheme [14, 15]. These integration schemes significantly reduce the
production cost in comparison to conventional butt coupling approach which requires
end-face polishing and active alignment. Integrated rare-earth-ion-doped waveguide
amplifier can be used to boost weak signal within PIC and to compensate optical loss in
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1-to-N splitter [16], non-linear waveguide [17], or plasmonic waveguide [18]. That said,
the signal output power and gain of rare-earth-ion-doped waveguide amplifier are
lagging behind its fiber counterpart [19] and typical device length of rare-earth-ion-
doped waveguide amplifier is longer than that of semiconductor amplifier (~10’s cm vs
~few mm), hence further development on waveguide amplifier is still needed.

In this thesis, high ytterbium concentration potassium double tungstate waveguide
layers are investigated in order to realize small footprint and high gain waveguide
amplifier. Prior to this work, waveguide amplifier based on 47.5 at.% trivalent
ytterbium (Yb*") potassium double tungstates with ~17 dB net gain (i.e. signal
enhancement deducted by total losses experienced by the signal in the material) had
been reported [20]. With a device length as short as 180 pum, the corresponding net gain
per unit length for the potassium double tungstate waveguide amplifier is 935 dB/cm
[20], which is at least an order of magnitude higher than any other rare-earth-ion-doped
materials and comparable to the modal gain of semiconductor amplifier [9, 21]. The
focus of this work is to examine the spectroscopic and gain properties of potassium
double tungstates epitaxial layers with Yb*" concentration exceeding 50 at.%.

1.2 Rare-earth-ion-doped gain materials

The incorporation of rare-earth ions in dielectric material allows absorption and
emission of photons with certain wavelengths. The term ‘doped’ is commonly used as
the amount of rare-earth ions included in the material is usually small. The optical
response on the rare-earth-ion-doped material is depending on the type of active ion
included and the host material itself. Figure 1.1 shows the simplified energy level
diagrams of several rare-earth ions commonly used for optical amplification. The
arrows in the figure show the relevant transitions labeled with indicative pump and
signal wavelengths for the respective rare-earth-ion-doped material.
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Figure 1.1 Simplified energy level diagrams of trivalent (a) praseodymium, (b) neodymium, (c)
erbium, (d) thulium, and (e) ytterbium. The arrows indicate commonly used pump and signal
transitions. The actual transition wavelengths are depending on host material and operating
condition. Higher energy levels of praseodymium, neodymium, erbium, and thulium within the 4f
shell are not shown in the figure.
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1.2 Rare-earth-ion-doped gain materials

The transition of erbium ion (Er**) at ~1530 nm wavelength coincides with low
optical attenuation wavelength range in silica fiber, hence it is widely used for
telecommunication purpose. Materials doped with trivalent neodymium (Nd3*)
produces luminescence at about 880 nm, 1060 nm, and 1330 nm [22]. The emission
wavelengths at ~880 nm and ~1330 nm are near to the first and second fiber
communication windows, respectively. However, amplification at these wavelengths is
challenging as the strongest luminescence occurs at 1060 nm. The gain spectrum of
praseodymium-doped material has a peak at ~1300 nm wavelength and covers the
wavelength range of 1290-1330 nm [23], therefore praseodymium-doped material is a
more favorable candidate than Nd*"-doped material for amplification at the second fiber
communication window. Yb*" possesses simple electronic level structure with only an
excited state and a ground state. Both Yb*" and Nd** emit at ~1000 nm wavelength,
hence they are suitable for novel short-reach interconnects used in large scale
computing systems [6, 24]. The emission of thulium at ~1470 nm is useful for signal
amplification in the S-band (1460-1530 nm) [25]. Amplification at ~2 um wavelength
using thulium-doped fiber [26] has also received considerable attention lately as this
wavelength region may be used to further extend the fiber communication window.

Consider a simplified two energy levels system for the rare-earth-ion-doped
material, for instance Yb**-doped material, the optical gain achievable in the material is
governed by the gain coefficient,

8 =o—em]vl _O—ab,yNO . (11)

The effective emission cross-section o., and the effective absorption cross-section gups
represent the probability of the material in emitting and absorbing photons at certain
wavelength. N; and N, represent the density of active ion at the excited state and ground
state, respectively, and the sum of N; and N is the total density of active ions in the
medium Ny Therefore, the upper limit of the gain in rare-earth-ion-doped material can
be extended by using host material which provides high transition cross-sections or by
incorporating higher density of active ions in the material.

The transition linewidth in rare-earth-ion-doped material is affected by
homogeneous and inhomogeneous broadening mechanisms. Homogeneous broadening
is applicable to both crystalline and amorphous materials and it is caused by lifetime
broadening which is dominated by rapid phonon-induced transitions between the Stark
components within a given multiplet [23]. Inhomogeneous broadening, on the other
hand, originates from local site-to-site variation of the surrounding crystal field which
results in a distribution of energies for a given Stark component [23]. Rare-earth-ion-
doped amorphous host materials, such as silica glass, phosphate glass, and aluminum
oxide, exhibit both homogeneous and inhomogeneous broadening mechanisms.
Therefore, the absorption and emission spectra in these materials are smoother and
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broader than the rare-earth-ion-doped crystalline materials. Consequently, the transition
cross-sections in crystalline hosts are usually higher than amorphous materials.

The increase of active ion concentration in the medium could lead to
concentration quenching effect which causes shortening of excited state lifetime. The
reduction of lifetime with higher active ion concentration can arise from the increased
probability of energy transfer towards impurities, voids, defects, or other quenching
centers [27]. The amount of active ions in certain amorphous materials such as glass
fiber is limited to a rather low level to prevent the formation of microscopic clusters.
This is because the clustering of active ions may lead to undesirable energy transfer
between the ions, hence degrading the gain and power efficiency. Apart from that, the
increase of active ion concentration could increase the magnitude of interionic
processes such as energy transfer upconversion and cross-relaxation, which in turn
impose a limit to the gain achievable in the material [22, 28].

1.3 State-of-the-art waveguide amplifiers

Waveguide amplifiers can be categorized into semiconductor optical amplifier (SOA)
and rare-earth-ion-doped waveguide amplifier. The SOA can be pumped electrically as
compared to the rare-earth-ion-doped waveguide amplifier which requires optical
pumping. Besides, SOA possesses modal gain exceeding 1000 dB/cm [9, 21], which is
significantly higher than most of the rare-earth-ion-doped materials.

The rare-earth-ion-doped waveguide amplifier is a better candidate for
applications requiring high data rate amplification, such as short range optical
interconnects which are currently operating at 10-25 Gbps [6, 7, 29] and progressing
towards > 40 Gbps [30-33]. Thanks to the long excited state lifetime up to ~7.5 ms [28],
high bit rate amplification at 170 Gbps had been demonstrated in erbium-doped
waveguide amplifier without significant gain modulation [34]. On the other hand, high
bit rate signal amplification (e.g. > 10 Gbps) using SOA working in saturation region
may lead to intersymbol interference because the short carrier lifetime in SOA (in the
order of ~100 ps) is comparable to the signal’s bit rate [19].

Apart from that, rare-earth-ion-doped amplifier generally exhibits higher gain
bandwidth and better noise figure than SOA. High gain bandwidth is desirable to
accommodate more signal channels in a wavelength multiplexed system. The noise
figure represents the degradation of the signal-to-noise ratio of the signal beam after
passing through the amplifier. Till date, gain bandwidth of 55-80 nm [35, 36] and noise
figure of 3.75 dB [37] had been demonstrated in rare-earth-ion-doped waveguide
amplifiers, while typical gain bandwidth and noise figure for the SOAs are ~30-50 nm
and 5-12 dB [38, 39], respectively. Moreover, active cooling is essential for SOA
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especially when it is bonded onto passive waveguide [9, 40] whereas 15-20 dB of net
gain can be achieved in rare-earth-ion-doped waveguide amplifiers without any thermal
management measure [20, 22, 37, 41].

The mainstream of the development on rare-carth-ion-doped waveguide
amplifiers is concentrating on Er**-doped material. Nonetheless, a number of high
performance waveguide amplifiers have also been reported on Nd**- and Yb*'-doped
materials. Figure 1.2 displays an overview of the net gain per unit length (dB/cm)
versus net gain (dB) data for various types of waveguide amplifiers reported since
1990. A higher net gain per unit length is desirable for amplifiers as it infers that shorter
device length can be used to achieve a given amount of total gain. However, this figure
of merit alone does not provide a complete picture because the actual total gain realized
could be rather low. Therefore, the knowledge on the total net gain achieved is also
important. Two reference points for erbium-doped fiber amplifiers (EDFA) [42, 43] are
included in Figure 1.2 (red squares at the bottom right corner) for benchmarking
purpose. Efficient operation is typically obtained in conventional EDFA with ~10'®
Er’* ions/cm® [42, 43] as further increasing the Er’* concentration would lead to
microscopic clustering and undesirable ion-ion interactions in the material [23].
Therefore, fiber lengths longer than a few meters are needed to deliver net gain
> 20 dB, resulting in low net gain per unit length figures for the EDFAs.
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Figure 1.2 Comparison of key internal net gain (dB) and internal net gain per unit length
(dB/cm) results obtained from various types of waveguide amplifiers. Markers used to represent
the host materials are: triangle (silica), asterisk (phosphate), circle (Al,0;), diamond (tellurium
dioxide), inverted triangle (silicate), pentagon (polymer), cross (YAG), hexagon [KRE(WOy),],
and square (fiber). The color represents the operating wavelength region of the given waveguide
amplifiers. The data points and the corresponding references can be found in Appendix.
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The development of rare-earth-ion-doped waveguide amplifiers was started on
silica glasses. Er’**-doped waveguide amplifiers (EDWA) based on silica (red triangles
in Figure 1.2) with net gain as high as 13.7 dB had been reported in early 90s [44].
However, limited refractive index contrast in silica glass leads to large optical mode. As
a result, high pump power is required to achieve net gain. The net gain per unit length
of EDWA remained low (<0.7dB/cm) [45-47] until the introduction of
multicomponent phosphate glass waveguide amplifier with net gain per unit length of
4.1 dB/cm (red asterisk) [48]. EDWA fabricated from Al,O3 (red circles) was reported
in 1996 [47]. Later development had led to 12.9 cm long ALO;:Er’*" waveguide
amplifiers with record high 20 dB net gain [37]. In addition, high bit-rate amplification
at 170 Gb/s [34], gain bandwidth over 80 nm [35] in the C-band, and peak gain per unit
length of ~2.0 dB/cm [35] had been reported in Al,O3:Er*". Monolithic integration of
AlO3:Er** amplifier on silicon-on-insulator platform had also been demonstrated [13].
Apart from that, EDWA based on tellurium dioxide (TeO,) with 2.8 dB/cm net gain per
unit length (see red diamond in Figure 1.2) had been demonstrated [49]. Net gain of
14 dB was achieved using 5 cm long TeO»:Er*" waveguides by pumping at 1480 nm
[49]. Similar gain figure was also obtained by pumping at 980 nm wavelength, but the
gain achievable in TeO,:Er*" could be higher since the gain measurement at higher
pump power was limited by the onset of lasing [50]. Recently, crystalline Er**-doped
potassium rare-earth double tungstates, KRE(WOu),:Er*" waveguide with net gain per
unit length of 13 dB/cm had been reported (red hexagon). Photonics crystal slot
waveguide based on silicates (Ero4Y16Si0s) exhibiting net gain per unit length as high
as 30 dB/cm (red inverted triangle) was also reported [51].

Co-doping with Yb3* effectively enhances the pump absorption in EDWAs as
Yb** generally exhibits high absorption band at ~980 nm. The transfer of energy from
Yb*" to Er*" allows similar magnitude of pump absorption over a waveguide length
shorter than those of singly Er’*-doped waveguides. The EDWAs co-doped with Yb3*
are shown in green color in Figure 1.2 in order to distinguish them from the singly Er**-
doped amplifiers which are shown in red. In the case of phosphate glass, co-doping with
Yb3" significantly raises the net gain to 15 dB [41] and net gain per unit length to
13.67 dB/cm [52] (green asterisks). Nevertheless, non-unity energy transfer efficiency
from Yb*" ions to Er** ions [53], fraction of Yb3' ions not contributing to energy
exchange with Er*" ions [54], as well as waste of pump energy due to cumulative-
transfer process which leads to further excitation of Er** ions to upper energy levels [53,
541 will result in lower gain in Er¥*~Yb*" co-doped amplifiers as compared to singly
Er**-doped amplifiers given the same amount of absorbed pump power.

Waveguide amplifiers operating at other wavelength regions had also been

developed. For instance, waveguide amplifiers made of Nd*'-doped Al,O; [22] and
Nd3*-doped polymer (pentagons in Figure 1.2) [55-57] can operate at ~880 nm,



1.4 Ytterbium-activated potassium double tungstate amplifiers

1064 nm, and 1330 nm wavelengths. Integration of these amplifiers with optical
backplane at ~880 nm operating wavelength was demonstrated [57]. The reported best
gain figures for Nd**-doped Al,O3; waveguides are 14.4 dB and 6.3 dB/cm at 1064 nm
wavelength [22] (blue pentagons), while they are 8 dB and 5.7 dB/cm for Nd**-doped
polymer waveguides [56] (blue circle). A number of remarkable gain per unit length
results had been reported at ~1000 nm wavelength region lately. Gain per unit length of
26.3 dB/cm was reported on ceramic YAG:Nd>* waveguide amplifier (blue cross) [58].
Besides, based on the spectroscopic findings, a theoretical gain of 78 dB/cm was
anticipated on Yb*'-doped tantalum pentoxide [59] (not shown). A breakthrough gain
figure of 935 dB/cm was measured from Yb*'-doped potassium rare-earth double
tungstates, KRE(WOa)2:Yb**, at 981 nm wavelength [20] (blue hexagon), which is
about two orders of magnitude higher than most of the singly-doped waveguide
amplifiers. The KRE(WO4),:Yb3* amplifier which was as short as 180 um produced a
high total net gain of 16.83 dB.

1.4 Ytterbium-activated potassium double
tungstate amplifiers

The research work presented in this thesis is based on crystalline potassium rare-earth
double tungstate waveguide layers activated with Yb**, i.e. KRE(WOQ4)2:Yb*". These
layers are grown on undoped potassium double tungstate substrate using cost-effective
liquid phase epitaxy technique [60-63]. By co-doping the Yb3'-activated layer with
optically inert trivalent gadolinium (Gd**) and/or lutetium (Lu*"), the refractive index
contrast of the layer with respect to the substrate can be enhanced for waveguiding
purpose [64, 65]. Epitaxial layers grown using this technique had been used to
demonstrate continuous wave (CW) planar waveguide laser with slope efficiency as
high as 82.3% [66] as well as channel waveguide laser with 71% slope efficiency and
high CW output power of 418 mW [67]. Besides, the growth technique had been
applied to grow thulium-doped epitaxial layers for the realization of channel waveguide
laser emitting at 2 pm wavelength with record high slope efficiency of ~80% and 1.6 W
output power [68].

The epitaxial layer growth technique and waveguide structuring technique had
also been used to realize high gain Yb*'-activated [20] and Er’**-activated [69]
waveguide amplifiers. The KRE(WO4):Yb** amplifier with 935 dB/cm net gain per
unit length [20] mentioned in previous section consists of KGdo 447110078 Ybo.475(WO4)2
layer grown on undoped potassium yttrium double tungstate, i.e. KY(WOs),, substrate.
The 47.5 at.% Yb*" in the layer corresponds to an active ion density of 3 x 10?' cm™.
The outstandingly high gain per unit length of KRE(WQ4),:Yb*" waveguide amplifier is
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a result of thorough consideration on multiple important aspects. Firstly, active media
doped with Yb*" exhibit a simple energy-level scheme consisting of only 2Fs; excited
state and 2F7, ground state. Consequently, parasitic processes, such as energy-transfer
upconversion, cross-relaxation, and excited-state absorption, which limit the population
inversion are absent in principle. Secondly, the material gain of KRE(WQO4):Yb*" is
inherently higher due to its high transition cross-sections which are superior to many
other Yb*"-doped materials [59, 70-74]. Thirdly, the use of co-doped Gd*" and Lu*" in
the layer allows the growth of high Yb*' concentration layer with refractive index
contrast of ~0.01-0.02 with respect to the substrate [65]. Furthermore, with appropriate
micro-structuring of the highly Yb*'-doped KRE(WOu), layer, the resulting channel
waveguide allow for high optical intensity to be maintained over a rather long
interaction length, hence greatly enhances the light-matter interaction within a limited
physical device length. Following the successful work shown in [20], it is worthwhile to
examine if the gain could be further extended by using epitaxial layer with higher Yb**
concentration.

In this thesis, the use of KRE(WO,), epitaxial layers with more than 50 at.% Yb3*
concentration for optical amplification purpose is investigated. The attention of this
work is put on the operation scheme with ~932 nm pump wavelength and ~981 nm
signal wavelength. Figure 1.3 shows the representative absorption cross-section and
emission cross-section spectra in KRE(WO4):Yb**. The broad absorption band at
~932 nm (see blue curve in Figure 1.3) allows the eventual device to be pumped using
high wall-plug efficiency InGaAs lasers [75]. In the absent of optical pumping, the
material is highly absorbing at ~981 nm wavelength. The application of optical pump
promotes the Yb*" ions to excited state, hence reduces the absorption accordingly. The
increase of pump power will lead to higher Yb*" population at the excited state. Under
intense pumping condition, a maximum population inversion can be achieved and gain
cross-section spectrum represented by the black dotted curve in Figure 1.3 is obtained.
Therefore, by intensely pumping at ~932 nm wavelength, a peak gain can be obtained at
~981 nm and a broadband gain bandwidth of 55 nm is attainable within the wavelength
range of 977-1032 nm [36]. The high gain at the central line near 981 nm may be
exploited for potential signal amplification in short reach optical interconnects
operating near 980 nm [6] or in any other application where amplification is desired.
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Figure 1.3 Absorption and emission cross-section spectra in bulk crystal of KY(WO,),:Yb*".
The arrows indicate the operation wavelengths of interest in this work. The black dotted curve
shows the calculated gain cross-section under theoretical maximum population inversion
condition (Eqgs. 5.34 and 5.35). The absorption cross-section spectrum is obtained from the
work of Kuleshov et al. [71] while the emission cross-section is calculated using reciprocity
method. Further information about the calculation can be found in Sections 2.3.4 and 4.3.4.

1.5 Outline of this thesis

This thesis focuses on the experimental and theoretical investigations on optical
properties of high Yb*" concentration waveguide layers which are catered for optical
amplification purpose.

In the subsequent chapter, relevant theories necessary for the understanding of the
ytterbium-activated waveguide amplifiers will be outlined. The chapter begins with a
brief introduction of the properties of rare-earth elements. Subsequently, the basis of the
spectroscopy and optical gain/loss will be discussed. A brief summary on the reported
optical waveguides based on potassium double tungstates is also given in this chapter.

Chapter 3 covers an analysis of the material properties of bulk potassium double
tungstate crystals and the details about the preparation of epitaxial layers used in this
thesis. Two methods used to grow high Yb*" concentration epitaxial layers for optical
amplification purpose are explained. This chapter also includes the information about
the liquid phase epitaxy growth procedure as well as several processing and
characterization methods which are applicable to most of the samples.

The spectroscopic properties of the high Yb3' concentration epitaxial layers are
reported in Chapter 4. These include the results of luminescence lifetime measurement
on samples with various Yb*" concentrations. The transition cross-sections of the

9
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epitaxial layers with 57 at.% and 76 at.% Yb*" are reported. Moreover, the temperature
dependence of these spectroscopic properties are investigated in this chapter.

Next, the pump absorption and signal gain in epitaxial layer with 57 at.% Yb*" are
examined in Chapter 5. A numerical model which takes into account the pump-induced
heating at the focused spot is established. The experimental and numerical results are
discussed and analyzed.

Finally, the conclusions on the work performed in this thesis can be found in
Chapter 6. An outlook of the future work will be presented before the end of this thesis.

10



Chapter 2

Theoretical background

2.1 Overview

This chapter introduces the fundamentals of ytterbium-doped waveguide amplifiers.
Ytterbium belongs to the rare-earth elements which share some common characteristics.
The light and matter interaction processes in rare-earth activated material are elaborated
in a general context. Important optical transition parameters are defined and explained
to provide a foundation for the spectroscopic and optical gain experiments in later
chapters. Apart from that, the methods used to realize optical waveguides on potassium
double tungstates will be discussed.

2.2 Rare-earth elements

Ytterbium (Yb) is grouped in the periodic table as one of the lanthanides, which include
elements with atomic numbers ranging from Z= 57 (lanthanum) to Z= 71 (lutetium).
Scandium (Sc) and yttrium (Y) exhibit chemical properties similar to the lanthanides
and they tend to reside in the same ore, hence they are often associated with the rare-
earth elements. These elements are indicated in the periodic table shown in Figure 2.1.
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Figure 2.1 Periodic table indicating the rare-earth elements [76]. The elements particularly
relevant to this work are yttrium (Y), gadolinium (Gd), ytterbium (Yb), and lutetium (Lu).
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The lanthanides are associated with the filling of 4f shell. Since the 4f shell of the
lanthanides is partially shielded by the outer shells, the 4f energy levels and the
transitions within the 4f shell for these elements are only slightly different from one
host to the other. The neutral lanthanides have common electronic configuration
[Xe]4f"5d™6s?, where [Xe] represents a Xenon core. With the increasing atomic
number, the number of electrons in the 4f shell increases from lanthanum (n = 0) to
lutetium (n = 14), which exhibits an electronic configuration [Xe]df'*5d'6s2. The 5d
shell for lanthanum (La), cerium (Ce), gadolinium (Gd), and lutetium (Lu) is
characterized by 1 electron (m = 1) whereas the other lanthanides have no electron in
their 5d shell (m = 0). When the lanthanides are included in a host, they typically exist
in trivalent charge state, giving up two loosely bound 6s electrons and one electron
from either 5d or 4f shell. Consequently, La*" and Lu*" ions do not interact with optical
radiation as their 4f'shell is either empty or completely filled.

The trivalent ytterbium ion (Yb*) with 13 electrons in its 4f shell has a simple
energy level scheme. The energy levels can be represented by Russell-Saunders
notation 2S*'L;, where S is the total spin, L is the total orbital angular momentum, and J
is the total angular momentum [23]. The spin-orbit coupling in Yb*" produces only two
manifolds, i.e. ?Fs, upper state and the 2F7, ground state manifolds, which are separated
by ~10 000 cm’'. These manifolds contain three and four Starks levels, respectively.
Due to its simple energy level scheme, parasitic processes which are usually detrimental
for amplification and lasing, such as energy-transfer upconversion, cross-relaxation, and
excited-state absorption, are in principle absent in Yb**-activated media. Unfortunately,
traces of impurities such as Nd**, Er’*, or Tm?" are often found in Yb**-activated media
[77]. The presence of these ions may introduce undesirable energy transfer processes
which deplete the excited population from the 2Fs, upper state in Yb**, resulting in
deteriorated device performance. Besides, cooperative upconversion from pairs of Yb**
ions [78], in which the de-excitation of two Yb3* ions produces emission of photon in
visible wavelength, could also occur.

Apart from Yb**, the present work also involves other trivalent rare-earth ions
such as gadolinium (Gd*"), lutetium (Lu**), and yttrium (Y3*). As the first upper state in
Gd** is ~36 000 cm’! from the ground state [79], direct energy transfer process between
the energy levels in Yb*" and the energy levels in Gd** is not probable. Lu*" is not
optically active as its 41 shell is completely filled. Yttrium has been traditionally used as
the host for Yb**-doped crystals, such as Yttria (Y203), YAG (yttrium aluminum garnet
- Y3Al5012), and YAP (YAIO3) as it does not interact with the radiations at the working
wavelengths of Yb*'. Therefore, Gd**, Lu** and Y3" are considered as optically inert co-
dopant in Yb*'-activated media. This serves as the basis of the lattice engineering
approach used to fabricate high Yb*" concentration epitaxial layer in this work, which
will be further elaborated in the subsequent chapter.

12
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2.3 Interaction of light and matter

The fundamental interactions between a radiation field and an atomic system can be
categorized into stimulated absorption, spontaneous emission and stimulated emission
[80]. These interactions, which are defined using the Einstein coefficients, are discussed
in this section using a simplified case involving only two atomic energy levels.
Nevertheless, the energy level scheme of the rare-earth ions is more complex than such
simple two-level scheme. Even for the case of Yb3*, which exhibits only a ?Fs, upper
state and a 2F7, ground state manifolds, the existence of Stark levels leads to a
statistical distribution of total populations within the manifolds. These sub-levels also
allow a combination of transitions which may spectrally overlap with each other. The
relevant spectroscopic parameters which take into account the Stark split levels are
introduced. In addition, typical theories used for spectroscopic study on rare-earth ions,
particularly in the context of host materials doped with Yb**, will be reviewed.

2.3.1 Absorption, spontaneous emission, and stimulated
emission

Consider an atomic system having only a lower energy level Ey and a higher energy
level E| as shown in Figure 2.2. The difference between the energy levels yields Av,
where 4 is Plank’s constant and v is the frequency of the radiation. The atoms per unit
volume residing on these energy levels are denoted by Ny and N, respectively, which
can be determined based on the Boltzmann distribution [81]

N, E -FE
_lzéexp[__l oj, (2.1)
N, & kyT

where g is degeneracy parameter of the energy level, k3 is Boltzmann constant, and T is

temperature. Therefore, given an energy gap much larger than the thermal energy, i.e.
Ei - Eo > ksT, most of the atoms will stay at the ground state with energy Ej.

(a) Absorption (b) Spontaneous emission (c) Stimulated emission
g1, N1 Ej g1, Ny
hv
AN
9o, No Eo do, No
Bo1p(v) B1op(v)

Figure 2.2 Schematic of the light and matter interaction processes in a two-level system:
(a) absorption, (b) spontaneous emission, and (c) stimulated emission.
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Absorption

An atom residing at the ground state may absorb a photon with energy Av. As a result,
the atom is promoted to the excited state with energy E; as indicated in Figure 2.2(a).
The interaction process can be expressed by

dN,

Tto =-B, p(v)N,, (2.2)
where By represents the coefficient of stimulated absorption and p(v) is the spectral
energy density of the radiation per unit frequency v.

Spontaneous emission

An atom previously promoted to the excited state may relax spontaneously to the
ground state and emits a photon without excitation from external causes, as depicted in
Figure 2.2(b). Such emission is known as spontaneous emission. The probability per
unit time that the atoms decay spontaneously is defined by

dN,
d_t] =—A,N,, (2.3)

where Ao represents the coefficient of spontaneous decay.

Stimulated emission

Stimulated emission occurs when the atom at the excited state are irradiated with
photon of energy Av. The impinging photon stimulates a relaxation of atom from the
excited state to the ground state as illustrated in Figure 2.2(c). The relaxation of energy
produces another photon with frequency, polarization, and direction of propagation
identical to the photon stimulating the process. The process of stimulated emission can
be described with

dN,
Ttl =-B,p(V)N,, (2.4)
where By is the coefficient of stimulated emission.

Relationship between the Einstein coefficients

The Boi, Ao, and Bjo are collectively known as the Einstein coefficients. Under
equilibrium condition, there is no net change in the density of atoms at both £y and £,
energy levels. Consequently, the absorption process which promotes the atoms to the E;
level is balanced by the spontaneous and stimulated emission processes which deplete
the atoms from the same level,

B, p(v)N, = AN, + B, p(v)N,. (2.5

14
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Substituting Eq. 2.1 into Eq. 2.5 yields

A
p(v)=—r - : (2.6)
By, <> exp(hv/k,T)-B,,

1

By comparing the above expression to Plank’s law

_ 8zhv’ 1

p(v)=—7

¢ exp(hv/k,T)-B,

2.7)

the relationship between the Einstein coefficients By, 410 and Bjo can be determined

3
Ay _S7hv (2.8)
B, c
and
B
Zo_So 2.9)
By, &

Equations 2.8 and 2.9 show that the absorption, the spontaneous emission, and the
stimulated emission are closely related to each other. Given a steady-state system,
knowing one of the Einstein coefficients allows the calculation of the remaining two
coefficients.

2.3.2 Lifetime and effective cross-sections

As the manifolds of rare-earth ions contain Stark split levels, an extension of the simple
two-level scheme is needed to represent the spectroscopic properties observed in the
measurements. Figure 2.3 shows the extended energy level scheme taking into account
the Stark splitting, where the lower state with energy Ej is split into m-levels and the
upper state with energy E; is split into n-levels. Due to the Stark splitting, a
combination of m x n transitions may occur. Besides, the total population within each
manifold will be distributed among the Stark levels. Assuming that rapid thermalisation
takes place within the manifold, the fractional population at the i-th Stark level within
the lower state can be deduced with the Boltzmann distribution

exp| —(Ey, — Eyo )/k5T ] |

gexp[—(Eop -E, )/kBT]

fo(T) = (2.10)
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n Stark levels vy Eyj

Ez Oatom, ij(V) Uatom,jf(v)

¥ Eoi
Eqo

m Stark levels

Oatom,ij(V) = Oatom,ji(V)

Figure 2.3 Diagram illustrating the general case of two manifolds with a
number of Stark levels. The Yb*" possesses three Stark levels at the *Fs;, upper
state (n = 3) and four Stark levels at the *F; ground state (m = 4).

Similarly, the fractional population at the j-th Stark level within the upper state can be
calculated using

exp| ~(E,, ~ B, ) /kyT |

i gexp[—(Elp ~E,)/k,T | |

For both equations, E,, represents the energy level of the y-th Stark component of the

fU(T) (2.11)

given state with energy E..

Lifetime

If the ions at the upper state shown in Figure 2.3 decays only by emission of photons,
the relaxation rate of the upper state is the sum of the rates of all possible transitions to
the lower state. The corresponding coefficient of spontaneous decay Ao is equal to the
reciprocal of the upper state’s luminescent lifetime which is denoted by 710 [23],

Ay=—. (2.12)

The 710 can be determined by measuring the rate of luminescence decay. It is defined as
the time needed for the excited ions at a given energy level to decrease to the fraction
1/e of the original number of excited ions.

As the energy gap of the Fs;, upper state and the 2F7, ground state manifolds in
Yb3" is ~10 000 cm™!, non-radiative relaxation from the upper state is not probable.
Therefore, it is often assumed that the measured luminescent lifetime represents the
radiative lifetime 7..¢ [82, 83]. There are, however, a number of experimental results
[77] indicating that small amount of non-radiative relaxation may occur in Yb**-doped
media.
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Atomic cross-section

The atomic transition cross-section uom, Which represents the strength of transition, in
a two-level system can be modeled using the expression [22,23]

Cuon (V) =S7(v), (2.13)

where v is the frequency. The term p(v) represents the spectral line-shape function. In
the case of crystalline material, homogeneous broadening would dominate and y(v) is
described by the Lorentzian function

1 Av/2

V)=— s 2.14
7v) ”(V—VO)2+(AV/2)2 (.19

with

[r(v)yav=1, (2.15)

where vy is the center frequency and Av is the full width at half maximum (FWHM).
Both parameters are temperature dependent due to the ion-host interactions [84]. A
small frequency shift of vy with temperature is anticipated while Av is strongly
temperature dependent.

S=[0,(V)dv=]0,,.(v, )%Av y(V)dv=0,,, (v, )%Av (2.16)

is the integral transition cross-section [23], in units of m?/s, which is independent of
frequency and also independent of temperature [23]. Consequently, Av and ouom(vo)
depend in opposite ways on temperature.

Effective cross-sections

The presence of Stark levels in the manifolds of rare-earth-ion-doped materials permits
a combination of inter-band transitions which results in spectrally overlapped response.
Consequently, the absorption cross-section o4 and the emission cross-section ge, can
be considered as the convolution of all possible transitions in the system [84, 85]

O (A T) = 2 S (1) O (AT 2.17)

Gt’m(/l’T) = ZJII_/(T)O-atonz,ji()l’9T) s (218)

where fo; and fy; are the relevant fractional populations defined by Egs. 2.10 and 2.11.

The 6uss and oen given in Egs. 2.17 and 2.18 are the effective cross-sections taking
into account the fractional population at a given temperature and they will be used
throughout this thesis.
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Temperature dependence of peak effective cross-sections

Since the effective cross-sections are temperature dependent, the change of operating
temperature could affect the performance of rare-earth-ion-doped devices. The
knowledge on the influence of temperature on local peak values of the effective cross-
section spectrum is particularly important because they are usually chosen as pump or
signal wavelength.

Consider the case of effective absorption cross-section o, in which the local
peak absorption occurs at the central wavelength of the peak with a corresponding
frequency v = vy. The magnitude of the line-shape at v = vy is

1(aY 2Y) 2
7()= ;(TJ(EJ o @19

Consequently, the atomic cross-section is given by

2
Cuom (Vo) =8 ——. (2.20)
on(V2) A
Assuming that the observed absorption has negligible contribution from other
transitions, the peak o.s can be described using only a single transition instead of the
summation of all transitions,

2
G (A T) = fy(T) G (A:T) = fol.(T)SﬂAV , 2.21)

The strongest absorption usually corresponds to the transition starting from the
lowest Stark level of the ground state, i.e. i = 0, as the fractional population of this Stark
level is the highest among all Stark levels. In this case, Eq. 2.21 can be written as

ou(T)= AO(T)S#(T) , or (2.22)
s (T) o foo(T)/AV(T). (2:23)

Hence, once the peak o, at a reference temperature 7p (e.g. room temperature) is
known, the peak o at arbitrary temperature can be approximated by

0. (1) = (1) 2L 2D (2.24)
Joo(Ty) ANAT)

Equation 2.24 signifies that the peak o, changes with temperature according to
the temperature dependence of (i) the Boltzmann factor of the starting Stark level, and
(i1) the transition linewidth. Similar argument also holds for the peak oe., where its
temperature dependence can be derived using the abovementioned procedure.
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2.3.3 Gain and loss in optically active media

A light beam traversing in an optically active medium in z-direction may be partially
absorbed or amplified by the medium. The change of intensity / of the light beam per
unit length follows the Lambert-Beer law,

dl(ﬂ,,z)

i g(A.T)I(4,z2), (2.25)

where g(4, T) is the small-signal gain coefficient in cm! at wavelength / and
temperature 7. g(A, T) is usually a spatially dependent parameter and it is related to the
effective transition cross-section, ouss and ., via

g(AT)=0, (LT)N,~c

abs

(4.T)N,, and (2.26)
Ny+N,=N,, (227

where o, is the effective emission cross-section and o is the effective absorption
cross-section as defined in previous sub-section. N, represents the number of active ions
per unit volume in the medium.

Based on the above expression, it is apparent that an active medium under the
condition of g <0 would induce an optical loss — the intensity of the light beam will
decrease as it propagates along the medium. In order to achieve optical amplification, a
net gain at the signal wavelength is necessary (i.e. g >0). This can be achieved by
careful design of amplifier to ensure that the condition 6..Ni> ouwsNo applies
throughout a large part of the amplifier.

2.3.4 Theories for determining effective cross-sections

In order to determine the effective absorption cross-section guss, Eqs. 2.25-2.27 can be
simplified by considering a low beam intensity during the absorption loss measurement.
Hence, the approximation Ny = Ny applies, leading to

dld—(ZZ)z[_aabs(ﬂ’T)Nd]'l(z)za(ﬂ’T)l(Z), (2.28)

where the absorption coefficient a can be determined from the measured loss and the
sample’s thickness. Hence, based on the measured a and Ny, the effective absorption
cross-section o, can be calculated with

(A4 T)=a(A,T)/N, . (2.29)

The emission cross-section, on the other hand, can be determined with two
methods, namely the reciprocity theory and the Fiichtbauer-Ladenburg equation or from
a gain measurement by use of Egs. 2.25 and 2.26.
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Reciprocity theory

The reciprocity theory, also known as the McCumber theory [86], is based on principle
of detailed balance using the equality cusom, (V) = 0 aom, ji(v), as shown in Figure 2.3. The
theory indicates that the effective cross-sections of an optical center in thermal
equilibrium are related to each other at every single frequency. With the knowledge of
electronic structure of the active ion in question, the emission cross-section oem
spectrum can be deduced from the absorption cross-section ou Spectrum using
reciprocity method, or vice versa, based on the following expression [87],

Z, E —hc/A
o, (AT)=0, (1,T)=Lexp| —2t—L=|, 2.30
em ( ) abs ( ) Zl p[ kB T j ( )
where c is the speed of light. £.; is the energy at the so called zero-phonon line at
wavelength denoted by A; and it is the energy difference between the lowest Stark
levels of the ground state and the excited state, as labeled in Figure 2.3. Zy and Z; are
the respective partition function for the ground state and the excited state defined by

Zy = iexp[—(EO,. —Ey)/ksT ]. (2.31)

Z, = iexp[—(El s~ Fo) [T |. (2.32)
J

Fiichtbauer-Ladenburg theory

The Fiichtbauer-Ladenburg theory [88-91] provides a relationship between the radiative
lifetime 7,44 of the active ion to its emission cross-section, which is derived from the
relationship between the Einstein coefficients (Eq. 2.8). The Fiichtbauer-Ladenburg
equation can be written in the either frequency or wavelength domain
1 8zn’
—= 7z2n jvzaem (v,T)dv= 87rn2cJ‘

de ¢

o, (/1, T )

14

da, (2.33)

where 7 is the refractive index of the medium. Assuming that the wavelength range is
not too broad, a mean wavelength can be used as the wavelength term in the
denominator of the integral in Eq. 2.33. As the luminescent intensity /(1) is proportional
to the emission cross-section, the same equation can be written as

4

2 1(A,T)

A,T)= .
O‘em( ) 87rnzcrmd J-[(/?.,T)d/l

(2.34)
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Applicability of the reciprocity and Fiichtbauer-Ladenburg theories for Yb*
activated media

Calculation of emission cross-section using the reciprocity theory relies on the
absorption cross-section data which is based on experimental absorption data. Most of
the time, the long-wavelength tail of the measured absorption is inevitably low. Hence,
the data collected within this region would exhibit signal-to-noise ratio lower than the
other spectral region. As the equation of the reciprocity method has an exponential
dependency to the wavelength, the noise in the absorption data at the long-wavelength
region will be magnified in the calculated emission data. Hence, the accuracy of the
calculated emission cross-section at this region could be compromised.

The Fiichtbauer-Ladenburg (F-L) equation, on the other hand, deduce the
emission cross-section by relying on the knowledge of radiative lifetime and emission
spectral response. An important underlying assumption of the theory is that the
reabsorption of radiation can be neglected. Unfortunately, the Yb** activated media
exhibit strong spectral overlap of luminescent and ground state absorption which causes
severe reabsorption effect [92, 93]. As a result, the measured luminescent lifetime is
elongated and deviates from the intrinsic lifetime value [92, 93]. In addition, the
measured emission response at the strongest transition line may be underestimated [94]
as the reabsorption effect is enhanced with the higher transition cross-section. Data
collection with complete suppression of reabsorption effect remains a great challenge
till date. Attempt had been made to deduce the emission cross-section in YAG:Yb**
using F-L equation by correcting for the reabsorption effect [94], but the resulting
emission cross-section was still ~20% different from the result determined using
reciprocity method despite the rather involved measurement procedure.

In certain applications, it is important to determine the cross-section at both short-
wavelength and long-wavelength regions as accurate as possible. For instance, for a
quasi-four level laser, the pump typically operates near the short-wavelength region
whereas the lasing wavelength lies at the long-wavelength region. In this case, the
results from the reciprocity method and the F-L method can be combined [95]. An
example is shown in Figure 2.4, where the results from the reciprocity method at the
short-wavelength region and the results from the F-L method at the long-wavelength
region are stitched together to provide reliable emission cross-section data over the
entire wavelength range of concern.

Since the signal wavelength for the current work is located at the central
absorption line and the pump wavelength is much shorter than the signal wavelength, it
is suffix to use only the reciprocity method to determine the emission cross-sections. It
should be noted that the emission cross-section deduced in this work at the long-
wavelength region is associated with measurement uncertainty. Therefore, the data is
not suitable for applications such as lasers operating at wavelength > 1030 nm.
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Figure 2.4 Emission cross-section results in LuAG:Yb* and YAG:Yb*" obtained from
combined results of the reciprocity method and the Fiichtbauer-Ladenburg method (figure is
reproduced from [95]). The calculated results from reciprocity method typically exhibit noise
at the long-wavelength region as the noise from the absorption data is amplified by the
exponential term in the equation. The measured emission data from Yb*'-doped material
typically suffer from reabsorption effect, leading to underestimated cross-section value at the
strongest transition line. In this figure, the emission data of both methods are stitched together
to provide reliable emission cross-section data over the entire wavelength range. This is
typically done by calibrating the two curves at certain wavelength region where both results
are deemed reliable.

2.4 Optical waveguiding

An optical waveguide is a dielectric structure capable of confining electromagnetic
wave within optical spectrum in one or more dimensions. It allows the optical beam to
propagate with a fixed, and usually small, beam size. The benefit of waveguiding for
rare-earth-ion-doped devices is illustrated in Figure 2.5. In the case of bulk crystal, high
pump intensity is typically achieved by focusing the pump beam. However, a tightly
focused beam would also diverge quickly, leading to non-ideal pumping condition in
parts of the crystal. This imposes a bottom limit on the focused beam size in order to
obtain optimal performance. Contrarily, waveguide structuring allows confinement of
focused beam in lateral and transverse directions. Hence, high pump intensity can be
maintained over a longer distance, which is limited by the length and the quality of the
waveguide.

In what follows, the techniques used to fabricate optical waveguides in potassium
double tungstates are discussed. The characteristics and the performance of different
types of waveguide realized on potassium double tungstates will also be summarized.
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|

(a) rare-earth-doped bulk crystal (b) rare-earth-doped waveguide

Figure 2.5 Visualization of a tightly focused optical pump beam propagating in (a) bulk crystal,
and (b) optical waveguide. The former shows the beam diverges rapidly with propagation
direction after the minimum beam waist while the later shows that the small focused beam size
can be maintained over a relatively long distance.

2.4.1 Waveguides based on potassium double tungstates

The concept of rare-earth-ion-doped waveguide devices had been conceived for a long
time. In fact, devices based on materials such as silica [44], ALO; [47], yttrium
aluminum garnet (YAG) [96] had already been reported in the early 90s. Since the
potassium double tungstate crystals began to receive considerable interest in the late 90s
[71], waveguide devices based on this material were only reported in the noughties.

The first waveguiding effect based on potassium double tungstates was reported
by Romanyuk ez al. in 2004 [61] in which guided luminescent out-coupled from a
2.5 um thick KY(WO4)2:Tb**(10 at. %) epitaxial layer was demonstrated. The use of
planar waveguide for lasing purpose using KY(WOu),:Yb*" epitaxial layer* was
reported in 2006 [62]. The results in [62] is reproduced in Figure 2.6, where a
waveguiding effect in the layer was clearly shown.

(b)

overlay

Figure 2.6 Demonstration of waveguiding effect on planar waveguide structure based on
22 um thick KY(WO,),:Yb*" epitaxial layer (figure is reproduced from [62]): (a)
micrograph of the polished end surface, (b) guided Yb*" luminescent and pump light in
the planar waveguide and intensity distribution.

* The use of KY(WO,),:Yb** epitaxial layer for lasing purpose had been reported by Aznar et al. in 2004 [60],
but the cavity arrangement was such that the optical beams were propagating through the surface of the
epitaxial layer, hence the laser demonstrated resembles a micro-chip laser rather than a waveguide laser.
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Improved performance on the active device can be achieved by imposing wave
confinement in both vertical and horizontal directions which are transverse to the
propagation direction. The reported potassium double tungstate waveguide structures
which provide two dimensional wave confinement are shown in Figure 2.7. For the ease
of discussion they will be referred based on the fabrication method: (a) ultra-fast laser
writing [97, 98], (b) micro-structured epitaxy layer [99], and (c) epitaxial growth on
micro-structured substrate [100].

The method (a) employs an ultrafast laser tightly focused into the material to
induce a change of refractive index due to material strain. The method was introduced
by Davis ef al. [101] and it had been applied on a wide range of materials. Channel
waveguide produced by this method on KGd(WO4)2:Yb*" [97] and KY(WO4):Yb*"
[97, 98] had been reported. A double track writing is required as the process itself
induces a reduction of index of refraction on the written track in potassium double
tungstates. Figure 2.7(a) shows the cross-sectional view of a waveguide fabricated by
ultrafast laser writing [97]. The bright circular beam spot shows a guided beam with
reported spot size of 27 um x 30 um between two laser written tracks. This method has
an advantage that waveguides can be written on doped crystals available off the shelf.

Method (b) is similar to typical waveguide fabrication approach, where an epitaxy
layer with index of refraction higher than that of the substrate is grown. The polished
epitaxy layer is then micro-structured using lithography technique to form ridge
structure, as shown in Figure 2.7(b). The benefit of this approach is that both the
thickness of the epitaxial layer and the width of the ridge can be rather well controlled.
Hence, spot size of the mode profile as small as 2.1 pm x 4.8 pm can be achieved [99].

The method (c) [100] is similar to method (b), except on the layer selected for
micro-structuring. The fabrication steps begin by micro-structuring of the substrate,
which is followed by epitaxy growth of the waveguiding layer. The epitaxy layer is then
planarized and an additional overgrown layer is added for a symmetrical refractive
index profile. The resulting waveguide has an inverted triangular shape, as shown in
Figure 2.7(c), resulting in an elliptical spot size of § um x 47 um.

50 pm

Figure 2.7 Cross-section view of waveguides based on potassium double tungstates
fabricated by (a) ultrafast laser writing [97], (b) micro-structured epitaxy layer [99], and
(c) epitaxial growth on micro-structured substrate [100].

24



2.5 Summary

A summary of the refractive index contrast with respect to the substrate and the

spot size of the mode profile achieved with these methods can be found in Table 2.1.

Table 2.1 Comparison of the properties of waveguides based on potassium double

tungstates fabricated using different methods.

Method contrast | (um x o)
(a) Ultrafast laser writing [97, 102] ~1 x 107 27 x 30
(b) Micro-structured epitaxy layer [99] ~1 x 107 2.1 x4.8
(c) Epitaxial growth on micro-structured substrate [100] ~5x 107 8 x 47

2.5 Summary

The characteristics of rare-earth elements, particularly those of Yb3' ion, have been

introduced in this chapter. Moreover, the theoretical background of the interaction of

light and atomic system has been established. As the rare-earth ions exhibit Stark

splitting in the manifolds, it is important to consider all possible inter-Stark interactions

during the analysis of measurement results. Apart from defining the cross-sections for

the transitions, relevant theories necessary for spectroscopic and optical gain

investigations have been discussed. In addition, waveguide fabrication methods which

had been applied on potassium double tungstates as well as the characteristics of the

resulting waveguides have been reviewed.
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Chapter 3
Yb3*-activated potassium double

tungstates

3.1 Overview

The Yb**-activated potassium double tungstates possess many qualities desirable for
amplification and lasing applications. In this chapter, the characteristics of potassium
double tungstates, including the crystallographic, optical, and thermal properties will be
presented. Thereafter, the growth procedure used to produce the epitaxial layers used in
this work will be introduced. Relevant measurement and processing methods applicable
for all samples investigated in this thesis will be explained. Characterization results of
the key samples used throughout this work will also be shown.

3.2 Properties of Yb’'-doped potassium double
tungstate bulk crystals

Potassium rare-earth double tungstates KRE(WOs), (where RE = Gd, Lu, Y, or Yb)
incorporating trivalent ytterbium (Yb*") is known as an excellent gain medium due to
its many favorable properties. The KRE(WOQs), has a wide transparency window
between ~350 nm and ~5000 nm [103-105]. The peak transition cross-sections in
KRE(WO4)2:YD*" is ~15 times higher than those of Yb3*-doped yttrium aluminum
garnet, YAG:Yb*" [70, 106]. Besides, high-quality KRE(WOQO,), with Yb’" up to
100 at.%, i.e. KYb(WO4),, can also be realized [104]. Many reports had shown that
concentration dependent lifetime quenching on these high Yb** concentration crystals is
very limited [65, 106, 107]. In addition, the KRE(WQ4),:Yb*" has absorption band at
~932 nm and ~981 nm, hence permitting the use of high brightness, high wall-plug
efficiency InGaAs pump lasers [75]. From the mechanical point of view, the hardness
of KRE(WO,), is 4—5 on the Mohs scale, hence the crystal is sufficiently robust. The
main disadvantage of KRE(WO,); is its rather modest thermal conductivity. The heat
conduction in KRE(WO,), is about three times better than in silica fiber. However, it is
inferior to those of the other popular laser crystals such as YAG and lutetium
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sesquioxide (LuO,) [83]. Hence, KRE(WO,), is less suitable for high-average power
systems [108].

Crystallographic, optical, and thermal axes

In order to maximize the potential gain of the material, it is important to distinguish the
crystallographic, optical, and thermal axes in KRE(WOs),, see Figure 3.1. The
crystallographic axes of KRE(WOj), are represented by a, b, and c. The optical axes
which are orthogonal to each other are known as Ny, N,, and N,. The principle thermal
axes are labeled as X1, X», and X3 and they are also orthogonal to each other. The b,
N,, and X", are parallel to each other. In the coming sub-sections, relevant material
properties will be discussed in further detail with reference to Figure 3.1.

#*

a a

>
A

b=-b"

(a) Crystallographic (b) Optical (c) Thermal

Figure 3.1 Overview of the relation between the crystallographic (black), optical (blue), and thermal
(red) axes in KRE(WOy),: (a) The relationship between the basis vectors of the unit cell parameters in
monoclinic KRE(WO,), expressed in the C2/c space group (a, b, ¢), and 12/c space group (a’,-b", ¢*)
settings [65, 103], (b) optical indicatrix (N, Nm, Ng) and its relation with the basis vectors of C2/c,

(¢) principle thermal axes (X’1, X”, X’;) and its orientation with respect to the crystallographic axes.

The b and —b" (crystallographic), N, (optical), and X’; (thermal) share a common axis which is
perpendicular to the figure plane and directed towards the observer. The relative angles between the
axes are taken from KY(WO,), [103, 109, 110]. These angles are dependent on the type of RE and on
the temperature.

3.2.1 Crystallographic properties

The focus of this study is on low-temperature phase of KRE(WOQs),, also known as
o-KRE(WO4),, which has a monoclinic crystallographic structure and a high degree of
anisotropy. The unit cell parameters of a-KRE(WO4), can be expressed in either C2/c
or I2/c space group, both belong to the centrosymmetric 2/m point group [65, 103]. The
relationship between the unit vectors of C2/c (a, b, ¢) and I2/c (a*, b", ¢*) space groups
is shown in Figure 3.1(a). The lattice parameters for the unit cell of KRE(WOs),
expressed in C2/c space group is summarized in Table 3.1. The unit cell parameters are
important consideration for the growth of high Yb3* concentration epitaxial layers. A
proper choice of the composition epitaxial layer or the substrate will ensure that the
lattice matching condition between the layer and the substrate is fulfilled. This will be
further discussed in Section 3.3.
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3.2 Properties of Yb3+-doped potassium double tungstate bulk crystals

Table 3.1 Unit cell parameters of monoclinic KGd(WO,),, KLu(WO,);, KY(WO,), and
KYb(WO,), expressed in C2/c space group.

Crystal a(A) b(A) c(A) B Reference
KGA(WO,), 10.652(4) 10.374(6) 7.582(2) 130.80(2) [111]
KLu(WO,), 10.576(7) 10.214(7) 7.487(2) 130.68(4) [112]
KY(WO,), 10.64 10.35 7.54 130.5 [103]
KY(WO,), 10.6313(4) | 103452(6) | 7.5547(3) | 130.752(2) [109]
KYb(WO,), 10.590(4) 10.290(6) 7.478(2) 130.70(2) [104]

3.2.2 Energy levels of Yb**

The KGd(WO4)2:Yb*, KLu(WO4)2:Yb*, KY(WO4)2:Yb*", and KYb(WO4), have very
similar energy levels [71, 73, 74, 104], with a characteristic total splitting of ~550 cm’!
within the manifolds, as shown in Figure 3.2. Since the energy gap in between the split
Stark levels within the manifolds are comparable to the thermal energy at room
temperature (kT = 200 cm"), the total population of the ions within a given manifold is
distributed in accordance to the Boltzmann distribution (Eqgs 2.10 and 2.11), represented
by the blue horizontal thick bars in Figure 3.2.

The transitions of concern in this work is the upward transition Eqo — E\2 and the
downward transition E1p — Ego corresponding to the pump wavelength of ~932 nm and
signal wavelength of ~981 nm. It shall be noted that a finite amount of population will
reside at the Stark level with energy E\» at and beyond 300 K. This imposes a physical
limit on the maximum population inversion achievable in the system. In other words,
100% population inversion will not occur regardless of the amount of pump power
supplied to the system.

KY(WOa)z:Yba* KGd(WO 4)2:vb3" KLu(woa)z:Yb“ KYb(WO,),
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Figure 3.2 Energy-level diagram for Yb’* in various potassium rare-earth double tungstates
[71, 73, 74, 104]. The thick horizontal bars in blue represent the estimated fractional
populations within the upper (2F5/2) and lower (*F7;) manifolds at 300 K, calculated using the
level energies of KY(WO,),:Yb*" [71]. E represents the energy level and f, denotes the
fractional population of the manifold at the Stark level with energy E.,.
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3.2.3 Optical indicatrix

KRE(WO,); is biaxial crystal with three principle refractive index axes orthogonal to
each other which are defined as N,, N, and N,, whereby the corresponding refractive
index values exhibit the trend of n, < n, < ng *. N, is in parallel to b crystallographic
axis, whereas N,—N, is at the same plane as a—c crystallographic plane, see Figure
3.1(b). The orientation between sets of crystallographic and optical axes can be defined
by the angle between crystallographic ¢ and optical N, axes, which is denoted here by
Oce. The reported 6., value for the respective KRE(WOy), is given in Table 3.2. In
overall, the 6., is within the range of 17.5°-21.5".

The refractive index values for KY(WOs4); at N,, Ni, and N, axes obtained from
[103] are shown in Figure 3.3(a). The dispersion curves in the same figure are plotted
based on the Sellmeier equation fitted to the data [103]. The data in the figure shows a
distinct trend of n, < n, < ng. Among these axes, the N,, corresponds to the polarization
where the transition cross-sections are highest. Therefore, it is used more often for
amplifiers and lasers in comparison to both N, and N, axes. The dispersion curves at N,
for KGA(WOs4); [113], KLu(WO4), [112], KY(WO4): [103], and KYb(WO4), [104] are
depicted in Figure 3.3(b). Among these double tungstate crystals, the KY(WO4),
exhibits the lowest refractive index value while the KYb(WO4), has the highest value,
with two of them differ by ~0.029 at 1000 nm wavelength. With a proper choice of
material composition, KY1.r,.GdLu,Yb.(WO4), epitaxial layers with Yb>"
concentration up to 47.5 at.% grown on KY(WQ,), substrate can result in refractive
index contrast of ~0.012 at N,, [65] which permits optical waveguiding in the layer.
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Figure 3.3 Dispersion curves for (a) KY(WOy); at N, Nu, and NN, optical axes [103] (the squares are
measurement points and the lines are plotted based on fitted Sellmeier equation), and
(b) KGd(WOy); [113], KLu(WOy), [112], KY(WOy), [103], and KYb(WO,), at N, optical axis.

* g represents ‘grand’, m represents ‘medium’, whereas p represents ‘petit’.
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Table 3.2 Orientation between crystallographic and principle
refractive axes in KRE(WO,),.

Crystal 0 ()" Reference
KGA(WO,), 215+1.0 [73, 113]
KGA(WO,), 19.3 [114]
KLu(WO,), 18.5 [112]
KY(WO,), 17.5+0.5 [103]
KY(WO,), 18.5 [105]
KYb(WO,), 19 [104]

" 0.4 represents the angle from ¢ crystallographic axis to N,
optical axis in clockwise direction.

3.2.4 Thermal properties

The thermal conductivity in KRE(WOs), is also anisotropic, as in the case of the optical
indicatrix, since its crystal structure has low symmetry. The thermal axes in
KRE(WO,); is characterized by mutually orthogonal X", X, and X3, where the lowest
thermal conductivity lies on the X", axis. As indicated in Figure 3.1(c), X" is in parallel
with the crystallographic axis b and the optical axis N,, whereas X’; and X’ are in the
same plane as the a-c or Ng-N,, plane. The orientation of the X3 is ~8.5—13.5° counter-
clockwise from c¢. The respective angle between the ¢ and X’s axes, which is denoted as
@c3, for different types of double tungstates is listed in Table 3.3. It should be noted that
the orientation of the thermal ellipsoid deviates slightly with the change of temperature
[115, 116].

The density of the material p, the specific heat capacity C,, and the thermal
conductivity k are often required for thermal analysis using heat equation. The values of
these parameters in KRE(WO4), are collected and tabulated in Table 3.3. Generally, a
high thermal conductivity is desired to efficiently dissipate the heat generated in the
pumped region to the remaining body of the gain medium. The thermal conductivity in
KRE(WO4), is ~3 Wm'K'!, which is higher than those of phosphate glass
(0.8 Wm'K-") [117] and silica fibers but lower than those of crystalline Yb*" hosts,
such as YLF (5.3 Wm'K™!), LuAG (8.3 Wm'K™!), and YAG (11.2 Wm'K) [118].

The thermal conductivity in YAG was shown to decrease from 11.2 Wm'K! to
6.7 Wm'K"! with the change of Yb*" concentration from an undoped YAG up to
15 at.% Yb*"-doped YAG [118]. Similar trend had also been observed in YAIO; [118].
The decrease of thermal conductivity with increasing Yb*" concentration could be due
to the change of lattice vibration modes which arises from different crystal symmetry
[119]. A separate study on YAG:Yb>" shows that the thermal conductivity decreases
with the increase of Yb*" doping up to 50 at.% but the thermal conductivity of
stoichiometric YbAG (i.e. 100% Yb*") is higher than heavily doped samples and is
comparable to YAG:Yb*'(15 at.%) [120]. Comparison of the data between undoped
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KLu(WO4), [115] and Yb3*-doped KLu(WO4), [116] (see Table 3.3) seems to suggest
that incorporating Yb3" increases the thermal conductivity. Nevertheless, it is probable
that the thermal conductivity values of the high Yb*" concentration KRE(WOs),
samples used in this work would be lower than the thermal conductivity of low Yb**
concentration KLu(WOy); [116] shown in Table 3.3.

Table 3.3 Orientation angle ¢, material density p, specific heat capacity C,, thermal
conductivity k, and the temperature at which the data is collected 7 for KRE(WOy,),.

Crystal 03(C) | pelem®) | C,Jg'K") | k(Wm'K") | T(K) | Reference
KGd(WO,) 12 7.11 0.363 ky=2.6 298 [111,118]
13.51 7.686 0.324 k=295 300 [112, 115]
KLu(WOs), k=236
ks =4.06
- 7.637 0.365 ki =3.09 298.15 [116]
KLu(WO,),:Yb** (363.15K) | k=255
k3 =4.40
KY(WO,), 8.5 6.57 0397 k=27 298 | [110,118]
KYb(WO4), 12 7.610 0.324 - 298 | [104,115]

" . represents the angle from ¢ axis to X’; thermal axis in counter-clockwise direction.

** k1, k2, and k3 are the thermal conductivity values for X, X°,, and X5 axes, respectively.

3.3 Yb*"-activated potassium double tungstate
epitaxial layers

In order to realized high Yb3" concentration epitaxial layer of high quality, it is
important to account for all the aspects which would affect the growth. Based on the
knowledge on the crystallographic, optical, and thermal properties of bulk KRE(WO4),
crystals, several key considerations for the growth of high Yb3* concentration epitaxial
layers are listed as follows:

Growth consideration. From the epitaxial growth point of view, the b-orientation of
KRE(WOs), has the slowest growth rate as compared to other crystallographic
orientations, hence it is the most favorable orientation to achieve a stable growth on the
crystal face. Therefore, all substrates used in this work were diced and polished such
that they exhibit largest surface perpendicular to the b-crystallographic direction.

Waveguiding consideration. In order to provide a condition for waveguiding, the
epitaxial layer must possess a refractive index higher than its surrounding media. The
stoichiometric KYb(WOs), crystal has the highest index of refraction among the double
tungstates, as shown in Figure 3.3(b). Therefore, incorporation of Yb*" in KGd(WOa).,
KLu(WOs),, or KY(WO,), is likely to increase refractive index in the epitaxial layer.
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3.3 Yb3+-activated potassium double tungstate epitaxial layers

Assuming a linear dependency of the increase of refractive index to the amount of Yb**,
the highest refractive index contrast would be achievable using KY(WOy), substrate,
whereas the lowest refractive index contrast is expected if KLu(WOs), substrate was
used.

Thermal consideration. The choice of substrate material is not expected to severely
affect the device performance because different types of KRE(WOs), exhibit rather
similar thermal conductivity (see Table 3.3) and the limiting factor for thermal build-up
in the gain medium is often due to efficiency of heat extraction from the crystal instead.
Having said that, the thermal expansion of the unit cells should be taken into account
during the growth process as the process takes place at temperature > 900 °C. In order
to avoid thermal shock, the furnace is usually cooled down in a very slow rate after the
epitaxial growth before removing the sample.

Taking into account the above considerations, two approaches shown in Figure
3.4 were adopted to grow high Yb*" concentration epitaxial layer. The first one employs
a lattice engineering approach to grow KY.x,.-Gd:Lu, Yb(WO,); epitaxial layer lattice
matched to the undoped KY(WOs), substrate [64, 65]. In order to accommodate high
amount of Yb*", the lattice parameters of the epitaxial layer were optimized by co-
doping with optically inert Gd*" and Lu*" ions to minimize the lattice mismatch in @ and
c crystallographic directions. The second approach uses KLu(WOQs), as substrate and
the high Yb*'-containing layer is grown by substituting the Lu** with Yb** [107]. This
approach exploits the closely matched unit cell parameters between KLu(WO4), and
KYb(WOs), to produce thick and high Yb** concentration epitaxial layers [121].
However, the refractive index contrast of epitaxial layers grown with this approach is in
the order of 1 x 1073 at N,, polarization [121], hence it is less favorable for waveguide
amplifier purpose.
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Figure 3.4 Two configurations of high Yb*" concentration epitaxial film mvestlgated in this work:
(a) KY4y.Gd.Luy,Yb,(WQy), epitaxial layer grown on undoped KY(WO,), substrate, and
(b) KLu,Yb1«(WOy,); epitaxial layer grown on undoped KLu(WOQOy), substrate.
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3.3.1 Growth of epitaxial layer

The epitaxial layers used in this thesis were grown by Dr. Shanmugam Aravazhi in
Integrated Optical MicroSystems group at University of Twente unless mentioned
otherwise. KY.ry--GdiLu, YbA(WO,), layers were grown onto commercially available
1-mm-thick, b-oriented, and polished KY(WOs), substrates (Altechna) by liquid phase
epitaxy (LPE) using a K,W,07 solvent contained within a 25-ml-volume platinum
crucible at 920—925 °C [65]. The solute/solvent ratio was 10.5-89.5 mol%. An in-house
developed LPE-growth system with the growth temperature controlled within + 0.1 °C
shown in Figure 3.5 was used. It consists of a resistance-heated oven (Carbolite) with a
single-zone vertical temperature profile at ambient atmosphere. All samples were
grown using SN raw materials (Alfa Aesar). The samples which exhibit the highest
Yb3* concentration have a nominal composition of KGdo 425 Ybo s75(WOa4)a.

The KLu,Yb1..(WOs), layer with a nominal Yb3* concentration of 75 at.% grown
onto a 2-mm-thick KLu(WOs), substrate was supplied by Dr. Joan J. Carvajal from
Universitat Rovira i Virgili (URV), Tarragona. The b-oriented substrate was home-
grown by top-seeded solution growth [107]. A solution with a solute:solvent ratio of
7:93 mol% was used to grow the epitaxial layer [122]. The KLu(WO,), substrate was
partially immersed into the solution at saturation temperature by vertical dipping.
Immediately after immersion, the temperature of the solution was decreased by 3 K
below the saturation temperature and the epitaxial growth process was undertaken at
this temperature for 3 hours. Finally, the substrate was removed from the solution and
the furnace was cooled to room temperature at 15 K/hour to prevent cracking of the
structures.
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Figure 3.5 (a) Schematic diagram of the liquid phase epitaxy (LPE) system used to grow the high Yb*"
concentration layers on KY(WOy), [63]. (b) Photograph of the LPE system. A mirror is mounted at 45°
for the ease of observation while introducing sample into the oven or removing sample out of oven. (c)
Close up view of the LPE system prior to an actual growth experiment. The sample was hooked to the
platinum wire and was about to be translated down into the oven. The reflection from the monitoring
mirror mounted at 45° shows the platinum crucible containing the growth solution.
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3.3 Yb3+-activated potassium double tungstate epitaxial layers

3.3.2 Lapping and polishing process

Lapping and polishing steps needed to produce epitaxial layers with uniform thickness
were done mechanically using a polishing equipment (Logitech PM-5) shown in Figure
3.6(a). Prior to each polishing trial, the sample was mounted on a chuck using quartz
wax as displayed in Figure 3.6(b). The chuck was screwed onto a polishing jig, and an
autocollimator (Logitech LG1/LG2) was used to check the orientation of the sample’s
surface. Since the substrate was not fully dipped into the solution during the growth
process, the remaining area of the substrate with no epitaxial layer was used as
reference surface. The planarity control knobs on the jig were adjusted to ensure that
the polished surface was parallel to the substrate’s surface.

Sample lapping was performed on a cast iron disk using aluminum oxide slurry
with 3 um grain size. Typical lapping duration was about 5-15 minutes by exerting a
low pressure of ~50 g/cm? onto the sample, depending on the as-grown layer thickness
and the target layer thickness. After thoroughly cleaning the sample and the polishing
equipment, sample polishing was performed on polyurethane coated disk using Struers
OP-U colloidal silica suspension. As the high Yb*" concentration epitaxial layers
exhibit considerably amount of strain, the pressure exerted on the sample was reduced
to ~100 g/cm? as compared to typical setting of ~400 g/cm? to prevent sample cracking.
As a result, typical polishing duration was extended to 4-6 hours, as compared to 2-3
hours under normal pressure setting, before a good surface quality was obtained.

Figure 3.6 (a) Photograph showing the stainless steel jig placed on a rotating disc
during the polishing process. (b) Photograph of a 10 mm x 10 mm x 1 mm sample with
epitaxial layer mounted on a stainless steel polishing chuck using a small amount of
quartz wax. (c) Illustration of sample mounting step for end-face polishing. The
sample is sandwiched in between soda lime microscope slides using wax and the stack
is clamped by a home-built sample holder. (d) Photograph of the sample mounted on
holder, which was in turned screwed onto the jig.
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The thickness of the polished epitaxial layer was monitored with an interference
microscope (Leitz). Figure 3.7(a) shows the interference microscope equipped with a
filtered light source at 550 nm wavelength. A sample with polished epitaxial layer is
shown next to it. As the sample was not fully dipped during the growth, parts of the top
edge of the sample were not grown with epitaxial layer. The top center part of the
sample was used as the reference for planarity adjustment of the polishing jig while the
step-like interface circled in Figure 3.7(b) was used for thickness measurement. Typical
fringes pattern observed on the microscope is exemplified in Figure 3.7(c). The distance
between pairs of lines corresponds to half-wavelength of the light source. Hence, the
thickness of the layer can be calculated by evaluating the shift of the fringes.

The end-face polishing was performed using the procedure similar to the surface
polishing. The diced sample was stacked in between soda lime microscope slides by
applying a thin layer of wax in between. The stack was then clamped using a home-
built stainless steel holder, indicated by Figure 3.6(c) and Figure 3.6(d). It is important
to ensure that the wax layers next to the sample are as thin as possible to minimize
rounding of sample’s edges.

Layer thickness
e ———————— e ey

Polished
layer

Figure 3.7 (a) Photograph of Leitz interference microscope used to monitor the thickness of the
laser during polishing. (b) Example of a sample with polished epitaxial layer. The substrate
was not fully dipped into the crucible during the growth process, hence the top section of the
sample was not grown with epitaxial layer. The step-like interface circled in (b) was used to
measure the thickness of the polished layer. The irregular curved pattern apparent on the
sample was caused by unintentional growth deposits on the rear unpolished surface. (c) shows
the observed interference fringes at the interface in between the substrate and the polished
epitaxial layer. The fringes are shifted due to the step-height difference.
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3.3 Yb3+-activated potassium double tungstate epitaxial layers

3.3.3 Material composition

The Yb*" concentrations of the samples were determined with an Energy Dispersive X-
ray module attached to a Scanning Electron Microscope (Zeiss Merlin HR-SEM) in
MESA+ Institute for Nanotechnology, University of Twente. The surface of the
samples was lapped, polished, and coated with a thin carbon layer prior to the
characterization. The carbon layer prevents build-up of electrons on the sample. Strong
charging effect had been observed during preliminary measurements prior to carbon
layer coating as the KRE(WOy), was not electrically conductive. Therefore, spectrum
acquisition could only be performed with source power < 10 keV. The carbon layer
deposited on the sample eased the charging effect and allowed data collection using
higher source power, resulting in lower uncertainty of composition analysis result.

Composition analysis was performed on two samples with nominal composition
of KGdo,425Ybo,575(WO4)2 [grown on KY(WO4)2] and KLuO,stbo,75(WO4)2 [grown on
KLu(WOs),]. Example of scan spectra can be found in Figure 3.8. Based on multiple
points measurements, the Yb*" on these layers are found to be 0.57 + 0.03 at.% and
0.76 + 0.03 at.%, respectively, which are in agreement with their nominal compositions.
These samples were used for spectroscopic and gain experiments and they will be
referred as KGdo43YDbo.s7(WO4)2 and KLug 24Ybo76(WO4)2, respectively, hereafter.
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Figure 3.8 Composition analysis spectra of samples with nominal
composition of (a) KGdy.425Yb.575(WO4)2, and (b) KLuy.25Yby.75(WO4),.
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3.3.4 Refractive index

The refractive index of the epitaxial layers was measured with m-line spectroscopy
(Metricon 2010M film prism coupler) using light sources at 632.8 nm, 830 nm,
1300 nm, and 1550 nm wavelengths. Refractive index measurements on
KY 1:05:Gd:Lu, Yb(WO4), layers grown on KY(WOs), substrate with Yb*" ranging
from 2.5 at.% to 47.5 at.% were performed by Sergio A. Vazquez-Cordova and the
results had been reported in [65].

Figure 3.9(a) shows the measurement results for the KGdo.43Ybo.s7(WOs4)2 grown
on KY(WO,), substrate. The measured values were used for curve fitting based on the
Sellmeier equation with two coefficients [65]

BA?
n2 = 1+ m . (31)
where 1 is wavelength in um whereas B and C are coefficients obtained from least-
square fitting. The fitted B and C are shown in Table 3.4. Based on the fitted curve in
Figure 3.9(a), the refractive index at 932 nm and 981 nm wavelengths are found to be
2.0237 and 2.0213, respectively, at N,. The corresponding refractive index contrast
with respect to the substrate at 981 nm is ~0.0123.

Table 3.4 Fitted Sellmeier coefficients for KGdy.43Yb.s7(WO,).
grown on KY(WOy), substrate.

Polarization B (unitless) C (um)
N, 3.1619 0.1706
Ny 3.0006 0.1630
N, 2.8785 0.1605
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Figure 3.9. (a) Measured (squares) and fitted (lines) refractive indices of KGdg43Ybos7(WOy),.
(b) Refractive index contrast of KGdy.43Yb.57(WOy4), with respect to KY(WOQy), substrate at /V,, axis.
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3.4 Summary

A thorough analysis on the properties of bulk crystals of KRE(WO4), has been shown
in this chapter. The understanding of these properties allow the deduction of approaches
used to grow high Yb*" concentration epitaxial layers. Apart from that, the details of
liquid phase epitaxy growth, lapping and polishing procedures, as well as composition
and optical characterization methods have been explain.

Particularly, the crystallographic, optical, and thermal properties of bulk crystals
of KGd(WOs)2, KLu(WOs4)2, KY(WO4)2, and KYb(WO4), have been studied. The unit
cells parameters of KLu(WOs), are close to those of KYb(WOs),, hence using
KLu(WOy4), as substrate may permit the growth of high Yb*" concentration epitaxial
layer with minimal lattice mismatch and refractive index contrast in the order of 1073 at
N polarization. Growing high Yb?" concentration epitaxial layer on KY(WOu),
substrate, on the other hand, would maximize the refractive index contrast which is
beneficial for waveguiding purpose.

Taking into consideration the properties of the double tungstates, two approaches
were used to prepare high Yb*" concentration epitaxial layer used in this thesis. The
first one used a lattice engineering method to incorporate high amount of Yb*" on
epitaxial layer grown on KY(WOs), by including optically inert Gd*" and Lu** in the
layer. Using this approach, the highest possible Yb*" content was realized on epitaxial
layers with a composition of KGdy43Ybos7(WOs)2, in which the Y3* sites were fully
replaced by Gd*" and Yb3". The refractive index contrast obtained from such layer is
~0.012 with respect to the substrate at 981 nm wavelength for N, polarization. The
second approach leveraged on the favorable unit cells parameters of KLu(WO4), to
grow epitaxial layer by direct substitution of Lu** with Yb*". Sample grown with this
approach had been supplied by Universitat Rovira i Virgili (URV), Tarragona and its
composition was found to be KLug24Ybo.76(WO4)s.
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Chapter 4

Spectroscopic properties

4.1 Overview

The luminescence lifetime, absorption cross-section, and emission cross-section are
three fundamental spectroscopic properties for optically active media. The
spectroscopic properties of potassium rare-earth double tungstates doped with trivalent
ytterbium, KRE(WO4)2:Yb*, were reported as early as 1997 by Kuleshov et al. [71,
123]. Thereafter, numerous studies were performed on bulk crystals of
KGA(WO4),:Yb*" [71, 73], KLu(WO4)2:Yb*" [74, 107], KY(WO4),:Yb*" [71] and
KYb(WOs4), [104, 106]. On the other hand, comprehensive spectroscopy studies on
KRE(WO4),:Yb’* epitaxial layers [107, 124] are relatively scarce.

Determination of luminescence lifetime in Yb*'-doped gain material is
complicated by the radiation trapping phenomenon which causes considerable
lengthening of measured lifetime [93]. As a result, lifetime values ranging from
~200 ps to 850 ps has been reported in KRE(WO4)2:Yb*" [71, 72, 82, 92, 123, 125,
126]. On the other hand, reported peak absorption cross-section of Yb*" in KRE(WOQ4)»
at ~981 nm wavelength found in the literature varies widely from 7.1 x 1072 cm? to
13.3 x 1072° cm? [71, 127]. Apart from these discrepancies, it is also unclear whether
the luminescence lifetime and transition cross-sections in KRE(WO4),:Yb*" epitaxial
layers with > 50 at.% Yb*' remain the same given substantial amount of Yb*" ions in
these samples. Furthermore, as highly Yb*-doped devices may operate at elevated
temperatures, knowledge of the dependence of spectroscopic properties on temperature
is necessary to understand and to model the operational characteristics of the device.
However, the temperature dependence of luminescence lifetime and transition cross-
sections in KRE(WO4)2:Yb** has not been reported prior to this work.

Luminescence lifetime, transition cross-sections, and their temperature
dependence in high Yb*" concentration epitaxial layers will be presented in subsequent
sections. The radiation trapping effect which severely affects the accuracy of measured
lifetime in KRE(WO4):Yb*" media is discussed and a confocal lifetime measurement
setup proposed to mitigatic such effect is introduced. Lifetime measurements on
epitaxial layers with Yb*" ranging from 1.2 at.% to 76 at.% are performed to study the
concentration dependent lifetime quenching. Subsequently, the transition cross-sections
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in epitaxial layers with 57 at.% and 76 at.% Yb3" are investigated. The cross-sections of
these composite layers are compared to the experimental results of bulk
KRE(WO4),:Yb* crystals. Next, the temperature dependence of lifetime and transition
cross-sections for the sample with 57 at.% Yb** is examined. The chapter is then ended
with a summary section.

4.2 Luminescent lifetime

This section begins with a brief discussion on the radiation trapping effect. Next, a
novel confocal lifetime measurement setup which is proposed to mitigate the radiation
trapping effect will be introduced. Subsequently, concentration dependence and power
dependence of luminescence lifetime in KRE(WO4),:Yb*" epitaxial layers will be
presented and discussed.

4.2.1 Radiation trapping

Measurement of luminescent lifetime in a rare-earth-activated gain medium with strong
spectral overlap of luminescence and ground-state absorption is known to be severely
affected by radiation trapping effect [93]. The radiation trapping effect, which is also
known as reabsorption effect, is illustrated in Figure 4.1. A photon spontaneously
emitted by an excited ion can be absorbed by another, potentially even rather distant ion
in its ground state, which in turn emits a new photon, resulting in considerable
lengthening of measured luminescence lifetime. Radiation trapping is particularly
prominent for the *Fsn» — 2Fy, transition in Yb’" at ~1 um wavelength and is also
apparent for transitions such as the *I;3» — “I1s» in Er¥* at ~1.5um, the F4 — 3Hs in
Tm*" at ~2 um, and the °I; — °Ig in Ho*" at ~2.1 um [27, 93].

Towards detection system Towards detection system
Air § ' Air
® E ‘ s 2
5 ® ® .'%.. : %
4%, e o e® _:
. ‘ ‘
Gain medium Gain medium 3

(a) Without radiation trapping (b) With radiation trapping

Figure 4.1 Illustration of luminescence lifetime detection under the situations of (a)
ideal case where spontaneously emitted photons reach the detection system without
radiation trapping, and (b) severe radiation trapping where a large number of
originally emitted photons are reabsorbed and new photons are emitted, resulting in
elongation of measured lifetime.
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4.2 Luminescent lifetime

In the absence of strong lifetime quenching effect, as in the case of
KRE(WO4):Yb*" [83], a higher concentration of active ions in the material increases
the occurrence of the reabsorption process and leads to the observation of longer
measured lifetimes [92]. Contrarily, with the presence of strong quenching, the lifetime
initially increases with the increasing active ions concentration, after which it sharply
decreases with the further increase of active ion concentration [27, 83]. The lifetime
quenching in Yb3'-doped media is largely caused by trace impurities, such as Tm?",
Er**, or Cr** [93]. In certain media, such as YAG:Yb**, the presence of Yb?' in the as-
grown crystals also lead to severe lifetime quenching [83, 128].

Several methods have been suggested to minimize the impact of radiation
trapping. Sandwiching a thin active sample by two undoped slabs to avoid total internal
reflections, along with aperturing of the emission, was demonstrated on YAG:Yb?" [93]
and LiNbOs:Er*" [129]. Measurements on powdered samples diluted in liquid were
used to determine the lifetime in YVO4:Yb** [130], YAIO;:Yb3* [131], KY(WO4)2:Yb**
[82], and KGA(WO4),:Yb** [126]. This approach requires extensive sample preparation
which is destructive in nature. The pinhole method was suggested by Kiihn et al. as a
non-destructive way of quantifying the lifetime by use of pinholes with diameters
ranging from 0.35 to 2.5 mm [132]. The pinhole method has been tested on various
Yb3*-doped hosts [107, 132, 133]. It involves multiple measurements of the
luminescence lifetime collected through pinholes of decreasing diameter. The lifetime
value extrapolated to zero pinhole diameter represents the intrinsic luminescence
lifetime. The method, however, may suffer from an uncertainty of the lifetime value due
to fluctuations of the measured data and the extrapolation procedure.

In order to largely suppress radiation trapping, the detection volume should be
matched to the pumped volume, and this volume should be as small as possible [134].
This goal can be achieved by means of a confocal setup [135]. The use of a confocal
setup for lifetime measurements on a rare-earth-ion-doped material was reported by
Brynolfsson [136]. However, his implementation was essentially a modified version of
the pinhole method proposed by Kiihn ef al., to the extent that multiple measurements
using pinholes with diameters ranging from 1 mm to 10 mm were performed, followed
by an extrapolation procedure.

A confocal luminescent lifetime measurement setup is proposed in the following
sub-section to mitigate the influence of radiation trapping on the measured lifetime. The
non-destructive measurement method allows one to directly extract the lifetime from
the measured decay curves without performing multiple measurements with different
pinholes and subsequent data extrapolation. This procedure is used to study the lifetime
quenching in highly-doped KRE(WOQ4),:Yb*" crystalline layers.

43



Chapter 4

4.2.2 Lifetime measurement using confocal method

Figure 4.2 shows the proposed setup for confocal luminescence lifetime measurements.
The pump beam is focused perpendicularly onto the epitaxial layer under investigation.
The luminescence is collected, spatially filtered using a pinhole, and relayed to the
detection system. A flip mirror and a camera are used to assist in positioning the
sample. The limitation of the confocal method is due, firstly, to the pump spot size,
which should ideally be infinitesimally small, and, secondly, the effective
discrimination of luminescence from the non-confocal region via spatial filtering. The
luminescence emissions originated from out-of-focus planes are blocked by the pinhole.
Naturally, the rejection rate of out-of-focus emissions is higher when the pinhole is
smaller, but this also results in weaker detected intensity.

polarization dichroic
M2plate poam splitter A2 Plate mimor

MO: microscope objective |
L PD: photodetector |

transimpedance
amplifier lens

Figure 4.2 Schematic diagram of the confocal luminescence lifetime measurement setup. The
blue dashed foci in front of the microscope objectives illustrate the discrimination of
undesirable reemitted photons coming out of the unpumped region of the sample from the
detection system by the use of pinhole.

The pump configuration implemented in the experiment consists of a fiber-
pigtailed single-mode diode laser operating at 981 nm wavelength and modulated at
233 Hz with 50 % duty cycle, whose emitted light passes through an optical isolator,
after which it is collimated and expanded in free space. The repetition rate and the duty
cycle of the pump beam are chosen such that the unpumped duration is more than six
times the measured lifetime, allowing for complete relaxation of the Yb*" ions between
two excitations.

A half-wave-plate (A/2 plate) and a polarizing beam splitter (PBS) are used to
control the power incident upon the sample, as shown in Figure 4.2. A silicon (Si)
photodetector (Thorlabs DET10A) is placed into the reflected arm of the PBS to serve
as a triggering source. An additional A/2 plate is placed after the PBS to align the
polarization near to the E||V,, optical axis of the sample for maximum pump absorption.
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The pump beam then passes through a dichroic mirror (Thorlabs DSMP1000) and is
focused by a x16 microscope objective (MO) (NA = 0.32) to a spot size of ~7 um.

The luminescence from the sample is collected by the same MO, reflected by the
dichroic mirror, and then focused by a x10 MO (NA = 0.25) through a pinhole with
10 um diameter. The luminescence passing through the pinhole is then relayed to a
second Si photodetector using a 30 mm lens. The collected signal is amplified (FEMTO
DHPCA-100), sent to a digital storage oscilloscope (Agilent Infinium 54845A), and
averaged for 4096 times. Detection of the back-reflected pump beam indicates that the
temporal resolution of the measurement system is limited to ~6 ps by the switching
speed of the pump laser. During the experiment, three pump filters (Thorlabs FEL1000)
are placed before the x10 MO. These filters along with the dichroic mirror strongly
attenuate the back-reflected pump light by ~100 dB.

The proposed lifetime measurement method is applied to KRE(WO4):Yb**
epitaxial layers with Yb*" concentrations ranging from 1.2 at.% up to 76 at.% (~8 x 10°
—5x10% cm™) for a systematic study on the potential lifetime quenching. The samples
include KRE(WO4),:Yb*" epitaxial layers, with Yb*" concentrations varying from
1.2at% to 57 at.%, grown onto undoped potassium yttrium double tungstate,
KY(WOy),, substrates. The highest-doped sample is a KLu(WO4)2:Yb*" (76 at.%)
grown onto an undoped KLu(WO,), substrate provided by Universitat Rovira i Virgili,
Spain. An overview of the investigated samples is given in Table 4.1. The samples with
47.5 at.%, 53.5 at.%, 57 at.%, and 76 at.% Yb** are lapped and polished parallel to the
substrate. The other samples are not polished. The sample with 47.5 at.% Yb3* is
overgrown with undoped KY(WOQ4)..

Table 4.1 Material composition and layer thickness of the Yb*'-doped potassium rare-earth
double tungstate epitaxial films used for lifetime measurements.

Nominal composition of epitaxial layer Substrate Layer thickness (um)

KY0.985Yb0.012( WO4)2 36
KY0.75Gdo.10Ybo.1s(WO4), 20
KY0.67Gdo.13Ybo.20(WO4), 42
KGdo.462Lu0.213Ybo325(WO4)2 KY(WOy), 20
KGdo.447L00.078 Y bo.475(WO4)2 6.7

KGdo 44Lu0.025Ybo 535( WO4)2 6
KGdo.43Ybo.s7(WO4)2 32
KLug24Ybo.76(WOs)2 KLu(WO4), 124
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4.2.3 Concentration dependence of luminescence lifetime

The dependence of luminescence lifetime on the concentration of Yb*" is investigated
using low launched pump power which is <2 mW unless specified otherwise to avoid
detection of non-exponential decay component, which will be further examined in
Section 4.2.4, and to minimize potential pump-induced heating at the focal spot.
Figure 4.3 depicts the representative measured luminescence decay curves for samples
with 1.2 at.%, 57 at.%, and 76 at.% Yb*', respectively. Evidently, the measured decay
curves exhibit a single exponential decay regardless of the Yb*" concentration. In the
case of the sample with 1.2 at.% Yb?', the launched pump power was increased to
~50 mW to obtain significant luminescence. In all cases, the lifetime is obtained by

fitting the time-dependent luminescence intensity by
1(t)=1,exp(~t/7)+1,,,, 4.1)

where Iy is the initial luminescence intensity upon cut-off of the pump (¢ = 0), 7 is the
fitted lifetime, and /4 represents the baseline noise level of the detected signal.
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Figure 4.3 Measured (blue) and fitted (yellow) luminescent decay curves
of samples with (a) 1.2 at.%, (b) 57 at.%, and (c) 76 at.% of Yb3*.
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4.2 Luminescent lifetime

The resulting luminescence lifetime values versus Yb** concentration are shown
in Figure 4.4 as blue inverted triangles. For each composition, measurements on several
randomly chosen positions on the sample were carried out and the resulting lifetime
values were averaged. For example, lifetime values of 245 + 3 ps, 228 £ 10 ps, and
222 4+ 9 ps were measured for samples with Yb3* concentrations of 1.2 at.%, 57 at.%,
and 76 at.% respectively, which are comparable to the lifetime values in
KRE(WO4)2:Yb*" bulk crystals [83] and thin films [107] extrapolated by the pinhole
method (green squares in Figure 4.4) and to the lifetime values measured in bulk
KRE(WO4)2:Yb*" ground to powder and diluted in liquid ethylene glycol (red circles in
Figure 4.4) [82, 104, 126]. For comparison, measurements were performed by removing
the 10 um pinhole in the setup, i.e., in non-confocal mode. The resulting luminescence
lifetimes in non-confocal mode (black triangles in Figure 4.4) are elongated to 256 ps
for the sample with 1.2 at.% Yb*" and 325 ps for the sample with 76 at.% Yb**, clearly
demonstrating the effect of radiation trapping. The setup described in this work permits
direct measurement of luminescence lifetimes thanks to the small probe volume, in
combination with confocal detection, in which the 10 um pinhole rejects the
luminescence trapped and reemitted from outside the focal volume. Reported lifetime
values measured on KRE(WO4):Yb*" with low Yb*" concentration without using the
pinhole method nor a powdered sample vary widely from 300 to 850 us [71, 74, 92,
123, 125]. A detailed comparison of the lifetime values measured using the confocal
method against the reported values available in the literature can be found in Table 4.2.

340
320 + Q@ Powdered and diluted
Pinhole method
300 A Non-confocal (this work)
V  Confocal (this work)
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é 280 Theory Eq. 4.2 (this work)
T T . A . L Modified pinhole - before
o 260 correction of radiation trapping
E == == Modified pinhole - after
O . y F radiati anning
_-5 240 correction of radiation trapping
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Figure 4.4 Luminescence lifetimes measured with (blue inverted triangles) and without (black
triangles) confocal feature. Lifetime values measured using powdered bulk crystals of
KRE(WO,),:Yb* [82, 104, 126] (red circles), pinhole method on KRE(WO,),:Yb** crystals [83]
and thin films [107] (green squares), and modified pinhole method before (dotted line) and after
(dashed line) correction of radiation trapping [65] are shown for comparison. The blue line is the
fitted curve based on Eq. 4.2.
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Table 4.2 Comparison of the lifetime values measured using the confocal method proposed in this
work to the reported lifetime values in the literature.

Measurement Host crystal / Concentration of Lifetime
technique Composition of epitaxial layer Yb** (at. %) (ns)
Confocal method KY0.985Ybo.012(WO,), epitaxial layer 1.2 245+3
(this work) KY0.75Gdo.10Ybo.15(WO4), epitaxial layer 15 248 +3
KY0.67Gdo.13Ybo20(WO4), epitaxial layer 20 244 + 6
KGdo 46210213 Ybo 325(WO4), epitaxial layer 32.5 231£11
KGdo 447Lu0,078 YD 475(WO4), epitaxial layer 47.5 225+7
KGdg 44Lug,025 Ybo 535(WO,), epitaxial layer 53.5 228+ 12
KGdo43Ybo.s7(WO,), epitaxial layer 57 228+ 10
KLug24Ybo 76(WO,), epitaxial layer 76 222+9
Pinhole method KY(WO,), crystal [83] 0.2 232
KY(WO,), crystal ¥ [136] 5 257
KY(WOy,), crystal [83] 10 240
KLu(WO,),:Yb*" epitaxial layer [107] 12 241.1+25
KLu(WO,),:Yb*" epitaxial layer [107] 52 2243+23
Powder & diluted KY(WO,); crystal [82] 0.2, 5, 10, and 30 233
KGd(WOy), crystal [114] ~1.5t0 ~8 275+ 5@
KGd(WO,), crystal [126] 2 243
KYb(WOy), crystal [104] 100 200
Others KLu(WO,); crystal [74] 0.5 375
KY(WOy), crystals [92] 1,5, 10, and 20 >300
KY(WOy); and KGd(WO,), crystals [125] 5 438-440
KY(WOy), and KGd(WOy,), crystals [71] ~5 600
KY(WOy); and KGd(WO,), crystals [123] 5 850

® The author claimed that the measurement was performed using a confocal setup but the
implementation resembles the pinhole method. This data is excluded from Figure 4.4.

(D The reported lifetime is noticeable higher than the others, possibly because the samples were only
grounded but not diluted with index matching liquid. This data is excluded from Figure 4.4.

The reduction of lifetime with increasing Yb3* concentration observed in Figure
4.4 is ascribed to concentration quenching due to non-radiative energy migration and
subsequent energy transfer to a trap, e.g. a crystal defect or an impurity ion, which
follows the phenomenological expression [27, 137]

7(N) .

B 1+(9/27)(N/N, )

4.2)

where 7o is the measured lifetime at low Yb?" concentration, N is the Yb**
concentration, and Ny is the critical concentration beyond which the lifetime quenching
is severe. Applying Eq. 4.2 to the measured data using the confocal setup shown in
Figure 4.4, the fitted values of 7o = (243.2 £ 8) us and Ny = (1.69 £ 0.6) x 10??> cm™ are
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obtained. The obtained Ny value agrees reasonably well with our previous results [65]
of 7o = 261 pus and Np = 2 x 10?2 cm™ measured with the modified pinhole method on
the similar set of samples. The difference in 7y leads to the small offset between the blue
and the dashed black curve in Figure 4.4. The high N, value which is much greater than
the Yb’" concentration of 6.4 x 10?! cm™ for KYb(WO4), [22], i.e. 100 at.% Yb3*,
signifies that the luminescence lifetime quenching due to increasing Yb*" concentration
is rather weak over the entire doping range. The lifetime value extrapolated to 100 at.%
Yb* doping is 201 ps, or ~83% of the lifetime at low Yb** concentration. The results
presented in this work reaffirm our previous finding [65] that the lifetime quenching is
rather weak and KRE(WO4), with high Yb3' concentration may be utilized for
amplifiers and lasers.

4.2.4 Power dependence of luminescence lifetime

The use of confocal luminescence lifetime measurement setup allows the investigation
of lifetime behavior under high excitation density which is similar to the operating
condition of the amplifier. Luminescence lifetime decay curves measured with different
launched pump power P; values are collected from sample with 57 at.% Yb*", i.e.
KGdo43Ybos7(WOs4)2, and the results are plotted in Figure 4.5. At low P; of 1.44 mW,
the time-dependent luminescence exhibits single exponential decay. Nevertheless, with
the increase of P, the detected decay curves exhibit non-exponential decay. At the
highest P; of 29.17 mW, an initial fast decay upon cut-off of pump power is observed.
The non-exponential decay behavior indicates that energy transfer upconversion (ETU)
process is present, in which the interaction of excited active ions within close distance
leads to de-excitation of active ions from the excited state.

The decay curves are further analyzed by considering the rate equation model by
Grant [138]. Grant’s model assumes an infinitely fast energy-migration rate, leading to
a “sea” of excitations in the metastable excited state, which are smeared out over the
excitation volume. The non-linear nature of the ETU process is taken into account in
the rate equation using a term 2WgruN?, where Wgry is a coefficient with units of
cm’/s, N; is time dependent population density at the excited state, and the factor of 2
accounts for the interaction which involves two ions. Consequently, the rate of change
of the population density at the excited state can be modeled with [139]

an, (1) __Ni(1)

s —T—zme,2 (1), 4.3)

which can be derived as,

Nl
O 3 @)oo ]

, (4.4)
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where 7 is intrinsic lifetime of the excited state and N(0) is density of excited ions upon
cut-off of pump power. Equation 4.4 is generally known as Bernoulli’s equation.

By simultaneously fitting the eight decay curves shown in Figure 4.5, a Wgru
value of 1.3 x 107'® cm¥/s is extracted. The 7 obtained from the fit is 304 ps, which is
higher than the value reported in previous subsection. This is possibly caused by sub-
optimal pinhole alignment and sample positioning during the experiment and it is
deemed to cause little influence on the investigation of Wgry. The presence of ETU
process in Yb*'-activated material is not typical as Yb*" ion has only two energy levels
within the 4f-shell. Power dependent non-exponential decay behavior similar to the
observation in current work had been reported in YbAG crystals [140] and it was
attributed to cooperative energy transfer from two Yb*' ions to an Yb*' ion.
Nevertheless, the presence of Yb?" has not been reported in KRE(WO,):Yb3" till date,
although it is known to exist in certain as-grown crystals such as YAG:Yb*" [128] and
LuAG:Yb*" [141]. The observed ETU could be caused by cooperative upconversion
luminescence, where the combined energy of the two excited ions leads to emission of
visible photon, and possibly also cooperative or cumulative energy transfer to the

impurities [142].
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Figure 4.5 Luminescence decay curves measured with different launched pump power P; values
(blue). The yellow lines represent the fitted curves using Bernoulli’s equation (Eq. 4.4).
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4.3 Absorption and emission cross-sections

Thus far, experiment study on the transition cross-sections in KRE(WO4):Yb3"
epitaxial layer has been limited to layer with Yb** <19 at.% [124]. In this section,
absorption measurements are performed on the epitaxial layers with 57 at.% and
76 at.% Yb*" to determine their transition cross-sections experimentally. The impact of
stray light and the polarization disorientation on the measured absorption will be
discussed. Besides, the transition cross-sections determined in the epitaxial layers will
be compared to the results in the literature.

4.3.1 Absorption measurement

Absorption measurements are performed on two samples with thick epitaxial layers and
high Yb*" concentration prepared for amplifier experiments, namely the ~32 pum thick
KGdo43Ybos7(WOs4), layer grown on undoped KY(WO4), substrate and the ~124 pym
thick KLug24Ybo76(WOs), layer grown on undoped KLu(WOs), substrate. The rear
surface of each sample was lapped and polished to remove the excess growth layer,
whereas their respective front surface was lapped and polished parallel to the substrate.
As these samples are highly absorbing, strong attenuation of the probe beam at the peak
absorption wavelength is inevitable, resulting in an accordingly lowered signal-to-noise
ratio. Consequently, stray light in the measurement system may result in a deceptively
reduced absorption value and it should be considered in the experiment.

A dual-beam spectrophotometer (Shimadzu UV1800) with a spectral bandwidth
of 1 nm is used together with a near-infrared (NIR) polarizer with >400:1 extinction
ratio (Thorlabs LPNIRE100-B) to determine the absorbance of both samples, as shown
in Figure 4.6(a). Wavelength scans from 900 nm to 1050 nm with data acquisition in
0.1 nm steps are performed to determine the absorption due to Yb*" ions. As the
epitaxial layers were grown along the N, direction, absorption spectra with E||N,, and
E||N; polarization can be measured. The study of absorption is limited to E||Ny
polarization, because this polarization exhibits the highest transition cross-sections and,
therefore, is more commonly used for amplifiers and lasers than the E||N; polarization.
A series of measurements is performed while the polarizer is rotated by ~180° in steps
to determine the sample orientation for absorption polarized to E||N,. The absorption
spectrum for each angle step is corrected for the spectral response of the polarizer at the
same angle as well as the Fresnel reflections of the sample.
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Figure 4.6 Schematic diagrams of (a) the commercial dual-beam spectrophotometer
with a polarizer, (b) the free-space measurement setup with optical detection by a
power meter, and (c) the free-space measurement setup with optical detection by a
cooled detector attached to a spectrometer. The sample holder used for the
temperature-dependent study is shown at the right of (a).

Figure 4.6(b) depicts the free-space setup with a Ti:Sapphire laser (Spectra-
Physics 3900S, linewidth <40 GHz) wused for the measurement of the
KLuo24Ybo76(WOs), sample with an expected high total absorption of ~35 dB at
981 nm wavelength. The intensity of the beam is attenuated to < 0.5 W/cm? over the
entire measured wavelength range to ensure that it is much smaller than the saturation
intensity of 5.4 kW/cm? [106] at 981 nm. A broadband half-wave plate is used to rotate
the polarization of the light source. In order to identify the E||V,, axis the transmission at
981 nm wavelength is measured and the half-wave plate is rotated until a minimal
power is transmitted through the sample. A silicon detector (Coherent OP-2 VIS) with a
specified detection range of ~50 dB at 1000 nm wavelength is used to measure the
transmitted optical power as the sample is positioned within/out of the beam path. The
probe wavelength is tuned manually with tuning steps of <5 nm. The tuning step is
gradually reduced to 1 nm and then 0.25 nm near the absorption peaks at 932 nm and
981 nm, respectively, to minimize the data acquisition time while ensuring that the
absorption peaks are well resolved. For each wavelength step, three data points are
recorded and an averaged absorption value is deduced.

Figure 4.6(c) shows the variation of the free-space setup to further minimize the
influence of stray light, which is the undesirable light at other wavelengths. After
passing through the sample, the probe beam is passed through a spectrometer (Jobin
Yvon iHR550). The detection wavelength is tuned to the probe-beam wavelength,
hence any residual emission from the laser source at other wavelengths is effectively
discriminated from detection. A cooled detector and lock-in amplification are used to
increase the signal-to-noise ratio.
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4.3.2 Factors affecting the measurement results

Careful measurement of the absorption in the active media is essential as this
determines the accuracy of the peak transition cross-section values [143]. In view of the
discrepancy on the peak absorption cross-section values in bulk Yb3*-doped potassium
double tungstates, which varies from 7.1 x 102° ¢m? to 13.3 x 102° ¢m? [71, 127], extra
care is taken to avoid possible errors in the absorption measurement [143] by (i)
employing a polarizer with high extinction ratio over the wavelength range under
investigation, (ii) using a measurement system with spectral bandwidth resolution of
1 nm or better, and (iii) avoiding depletion of active ions in the ground state via proper
control of the intensity of the probe beam. In addition, the impact of the polarization
disorientation and the stray light to the measured absorption spectrum is also studied.

The absorption spectra of the KGdo43Ybos7(WO4), sample measured at different
polarization angle using the dual-beam spectrophotometer are shown in Figure 4.7. The
inset shows the change of the magnitude of the peak absorption to the angle of
polarizer, where the E||N, is identified by the maximum absorbance at the central
absorption line near 981 nm. This peak absorption value follows a sinusoidal-like trend
as the angle is changed. A comparison of the spectrum at E||N,, (blue line in Figure 4.7)
to the spectrum obtained when the polarizer is oriented 16° towards E||N, (orange line
in Figure 4.7) shows that the overall spectrum remains very similar despite the rather
large angle difference, with the exception of the main absorption peak near 981 nm
which is reduced by ~10%. For a smaller angle disorientation of 8°, the magnitude of
the absorbance of this peak is reduced by ~4% as compared to its magnitude at E||N,,.
These results show a less prominent impact of angle disorientation as compare to a
previous report which suggested ~20% error on the measured absorption at merely 2° of
disorientation [144]. Nevertheless, the results show that it is difficult to identify a small
polarization disorientation unless a systematic study is performed.

Figure 4.8 shows the absorption spectra of the KLug24Ybo76(WOs), sample
measured with the different setups at E||N,. In the case of the spectrophotometer, the
ratio between the peak absorption near 981 nm to the peak absorption near 932 nm is
only ~1.7, in comparison to the ratio of ~4.7 in KGdo43Ybo.s7(WQ4), observed in Figure
4.7. The maximum measured total absorbance of the sample and polarizer is merely
~2.6 optical density (O.D.), though the measurement instrument has a specification of
4 O.D. The reason for such effect may be due to the stray light from the dispersive
grating element which scatters a small amount of light at other wavelengths [145],
which is a known issue for measurements on samples with high absorbance. As the
spectrophotometer is tuned to 981 nm, the signal is heavily attenuated, whereas the
stray light at other wavelengths experiences little or no absorption. Hence, the total
intensity recorded by the detector at the peak is higher than the true transmitted
intensity at 981 nm and the system produces a lower absorption reading.
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Figure 4.7 Absorption spectra of KGdos;Ybos7(WO,): measured with the
spectrophotometer at various angles of polarization of the incident beam. The inset
shows the change of peak absorption, relative to the peak absorption at E||N, axis, to
the polarization angle.
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Figure 4.8 Absorption spectra polarized to E||N. for the KLug24Yby7(WOy), sample
with high total absorbance measured using the spectrophotometer (blue solid curve),
free-space setup with power meter (red dashed curve), and free-space setup with
cooled detector attached to a spectrometer (black dotted curve).
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The stray-light issue can be circumvented by use of higher signal power or a light
source with better signal-to-noise ratio. To verify if the stray light played a role in the
absorption result measured with the spectrophotometer, the free-space setup displayed
in Figure 4.6(b) is used to repeat the measurement in KLuo24Ybo.76(WO4)>. The result,
displayed in Figure 4.8 as the dashed curve, shows a better-resolved absorption peak
with a maximum absorption coefficient of 512 cm™!. Nevertheless, when the probe
beam is tuned to 981 nm, the wavelength spectrum collected after the sample still
reveals some detectable residual NIR luminescence (~700—850 nm) from the
Ti:Sapphire laser crystal. In order to further suppress the stray light, the probe beam is
sent to the spectrometer equipped with a cooled detector, as shown in Figure 4.6(c).
Using this setup, the peak-absorption coefficient is well resolved and approaches
658 cm™! (see Figure 4.8, dotted curve), which is nearly two times the initial value
obtained with the spectrophotometer. Applying the calculation method described in
[145], the respective amount of stray light in the spectrophotometer, the free-space
setup with power meter, and the free-space setup with spectrometer and cooled detector
are approximated as ~0.25%, ~0.15%, and <0.002% of the probe-beam intensity at
981 nm. It is evident that a small amount of stray light may lead to a deceptive peak
absorption value in sample with high total absorbance.

4.3.3 Evaluation of transition cross-sections

The effective absorption cross-section o is calculated from the measured absorption
coefficient o and the known Yb*" concentration Ny, Subsequently, the effective
emission cross-section o is calculated from 6. using reciprocity method as explained
in Section 2.3.4. The level energies of the KY(WOu4):Yb3" [71] are used for the
calculation of o.,n. As mentioned in Section 3.2.2, the difference between the level
energies among the potassium double tungstates are small and the calculated o.,, would
be very similar if any other set of level energies are used.

The respective room temperature o, and oo, for both samples at E||N,, are shown
in Figure 4.9 and Figure 4.10. For the calculation of g in KLu0.24Ybo.76(WOs4)2, the Ny,
value of 5.0 x 10*! cm™ is used. The absorption data is taken from Figure 4.8, using the
spectrophotometer measurement result in the low-absorption range and the
measurement results from the free-space setup with spectrometer and cooled detector at
the peak-absorption region (970—985 nm) to retain data with good signal-to-noise ratio
over the entire spectrum. The ous in KGdo43Ybo s7(WOs), is calculated from Ny, of
3.8 x10?! cm™ and the absorption spectrum measured with the spectrophotometer
setup. As the thickness and the Yb3" concentration of the KGdo43Ybo.s7(WOa4)> sample
are only ~1/4 and ~3/4 of the KLug24Ybo76(WOQO4), sample, respectively, the
corresponding total absorption is much lower. Therefore, the stray light is not
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significant at the absorption peak near 981 nm and it is sufficient to use only the
spectrophotometer setup for the KGdo.43Ybo s7(WO4), sample.
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Figure 4.9 Room temperature effective absorption cross-section ouss in the samples of
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The calculated peak ouss and e, are 1.32 x 107 cm? and 1.65 x 107" cm?,
respectively, for KLug24Ybo76(WOs),, while the respective peak ous and oen for
KGdo.43Ybos7(WO4), are 1.31 x 107" cm? and 1.62 x 107'° cm?. The full width at half
maximum (FWHM) of the central absorption line near 981 nm wavelength is 3.7 nm for
KLuo.24Ybo.76(WO4)2 and 3.8 nm for KGdo.43Ybo.s7(WO4),. Despite the large variation of
the Yb** at.% and being grown on a dissimilar type of substrate, the transition cross-
sections in these samples are very close to each other.

4.3.4 Discussions

Since the radiation trapping is pronounced in KRE(WO4),:Yb*", most the reported cen
spectra were calculated from the reciprocity method [86] instead of the Fiichtbauer-
Ladenburg equation [88, 90, 91]. Therefore, the benchmarking of the transition cross-
sections obtained in the previous sub-section can be done by comparing only the g, to
those reported in the literature, since the o., can be readily calculated from the oups.

The absorption spectra of KLug 24Ybo.76(WO4)2 and KGdo.43Ybo.s7(WOs), shown in
Figure 4.9 are found to be very similar to those of KGd(WOu):Yb*" [73, 114],
KLu(WO4)2:Yb*" [107], and KYb(WO4), [106]. They are in excellent agreement with
that of KY(WOQu)2:Yb>* * [71], especially at the peak absorption value near 981 nm.
Table 4.3 compares the peak ous derived from the high Yb*" concentration epitaxial
layers to those of bulk KRE(WO4):Yb*" crystals. The peak o values determined in
this work favorably match the value of 1.33 x 107" cm? in KY(WO4):Yb*" [71],
though lower cross-section values ranging from 0.71 x 107" em? to 1.17 x 107" ¢cm?
had also been reported for similar material [105, 127]. The reported peak ous values in
other KRE(WO4)2:YD*", i.e. KGd(WO4):Yb* [71], KLu(WO4):Yb** [74, 107], and
KYb(WO4), [104, 106], are ~1.2 x 107" cm?. The slight differences among the reported
peak o4 values may be attributed to the spectral resolution of the different
measurement systems and/or the measurement uncertainty of the doping concentration
values. In overall, the spectroscopic properties of the highly Yb**-doped thin films are
comparable to those in bulk KRE(WO4)2:Yb*" and KYb(WO4), crystals.

* The calculated 6., on the other hand, are different from the o, in KY(WO4),:(~5 at.%)Yb*" presented by
Kuleshov et al. [71]. Aravazhi et al. [65] showed that the 0., given in [71] was possibly miscalculated.
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Table 4.3 Comparison of peak effective absorption cross-section oy« as well as the corresponding
wavelength Z.c and FWHM of the absorption peak for Yb*'-doped potassium rare-earth double
tungstate crystals and epitaxial layer.

3+
Material Egil::ll;i/al conc:{nbtration Tpeak Apeas | FWHM”

el | o™ | 10 emy | @y | o)
KGA(WO,):Yb™, Er* [73] Bulk 0.173 1.16 980.8 | N/A
KGA(WO,),:Yb [114] Bulk 2 ~114* | 9812 | NA
KGA(WO,),:Yb* [71] Bulk 22 120 981 37
KGA(WO,),:Yb [146] Bulk 32 092 | 981 | NA
KLu(WO,)»:Yb [74, 107] Bulk 0.45 118 981.1 36
KY(WO,)2:Yb™, Er" [105] Bulk 0.24¢ 1.17 980.6 | N/A
KY(WO,)2:Yb™ [71] Bulk 3 133 981.2 35
KY(WO,)2:Yb™ [127] Bulk 32 0.71 981 N/A
KYb(WO,); [104, 106] Bulk 64 1.17 981 40
KYos1Ybo1s(WO4), / KY(WO4), [124] | Epitaxial 19.92 ¢ 125 9818 | N/A
gﬁi‘s‘oﬁgﬁ;ﬁ(wmz [ RLU(WO,). Epitaxial 50 132 980.7 37
KGdo45Ybos7(WOs)2 / KY(WO,)2 Epitaxial 38 131 980.8 38
(this work)

* Since extraction of FHWM from the published data is prone to digitization error, only the FHWM
specified in the original publications are listed in this table.

@ Co-doped with 0.144 x 10 cm™ Er**.
® Value calculated from the absorption data given in the cited work.
© Co-doped with 0.315 x 10%° cm™ Er**.

@ The same research group had reported Yb* of 11.96 x 10% ¢cm™ for epitaxial layer with similar
material composition [60]. The Yb** value of 19.92 x 10* cm™ could be overestimated as this
corresponds to ~30 at.% Yb*". Moreover, despite having peak o, value matches to other
published work, the o, curve in [124] shows a clearly under-resolved peak absorption ~981 nm.

4.4 Temperature dependence of spectroscopic
parameters

Spectroscopic measurements are repeated on KGdo43Ybos7(WOs), with various
temperature settings to emulate the behavior of these properties when heat is generated
by the amplifier. A homemade copper sample holder in contact with a Peltier element
as shown in Figure 4.6(a) is used during these measurements. The temperature of the
sample holder is regulated using a thermoelectric temperature controller (Melcor
MTTC1410). The maximum temperature on the sample holder is ~170 °C, which is
limited by the Peltier element used in the experiment.
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4.4.1 Temperature dependence of luminescent lifetime

The luminescent decay curves are measured with the same confocal method described
in Section 4.2.2 at low launched pump power at various temperature settings. The
lifetime values extracted from the decay curves are plotted in Figure 4.11. The lifetime
values derived from two measurement series are 230+ 7 pus and 220+ 4 ps,
respectively, and the maximum deviation from the mean values is <5%. The data
shows no significant dependence of the measured lifetime on the temperature within the
range of temperature investigated. In other words, the thermal quenching of lifetime is
not apparent.

The result is within expectation because the temperature dependence of lifetime is
primarily contributed by multiphonon relaxation [84]. Since the energy gap between the
ground state and the excited state is ~10 000 cm™ (see Figure 3.2) while the highest
phonon energy in KRE(WO4),:Yb’" is 908 cm™' [107], more than 10 phonons are
needed to bridge the gap. Therefore, the probability of multiphonon relaxation is
inherently small. The finding that the lifetime has no significant dependence on the
temperature is consistent with the reported lifetime determined from the luminescence
decay of the “F3, state in KG(WO4):Nd** which was nearly independent to the
temperature within 77450 K [147].
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Figure 4.11 Temperature dependence of luminescence lifetime in KGdg.43Yb.s7(WO,),.
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4.4.2 Temperature dependence of cross-sections

The absorption in the sample is measured using the spectrophotometer setup as
explained in Section 4.3.1 to deduce the temperature dependence of the transition cross-
sections. The results for ou is shown in Figure 4.12(a). As the temperature is increased,
the central absorption line near 981 nm reduces rapidly. The wavelength corresponding
to the peak is slightly blue-shifted from 980.8 nm to 980.5 nm. A similar, but less
drastic, reduction of absorption is also noted at the peak near 932 nm. However, the
corresponding peak wavelength for this transition is shifted more from 932.9 nm at
20°C to 931.7nm at 170 °C. The corresponding o., spectra calculated with the
reciprocity method are displayed in Figure 4.12(b). As expected, the magnitude of the
emission line near 981 nm is also strongly dependent on the temperature.
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Figure 4.12 Temperature dependence of (a) absorption, and (b) emission cross-sections
in KGdy43Ybos7(WO,),.
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4.4.3 Temperature dependence of major absorption lines

The strong temperature dependence of the peak gus at 932 nm and 981 nm shown in
Figure 4.12(a) is further investigated by considering peak decomposition using multiple
peaks fitting with the aid of a data analysis program (Origin 9.1). As the sample is
crystalline in nature, Lorentzian function is used to fit the peaks. Representative fitted
absorption curves measured at 20 °C and 170 °C are depicted in Figure 4.13.
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Figure 4.13 Multi-peak fitted absorption cross-section at (a) 20 °C and (b) 170 °C. The
dotted lines show the decomposed peaks corresponding to different inter-Stark
transitions. The eight transitions wavelengths used for the fitting are labeled and
positioned near to the decomposed peaks. The insets show the level energies of
KY(WO,),:Yb*" [71]. The fractional populations calculated at the given temperature
are represented by the blue thick horizontal lines and their values are shown on the
right to their respective Stark level.
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The insets of Figure 4.13 show the level energies of KY(WO4)2:Yb®" and the
calculated fractional populations at each level at the given temperature. The 8 out of 12
total possible inter-Stark transitions used for the fitting are also labelled in the figure. In
the event of overlapping transitions, we consider the transition that involves lower Stark
levels to be more relevant, assuming that both transition strengths are similar. For
instance, the Eop—E1> transition (~970 nm) overlaps with the more prominent Eoi—FE1;
transition, therefore it is not treated as an independent peak. This also applies to the Eo3
—FE1» (~982 nm) and Ep3—E1 (~1005 nm) transitions, which are overshadowed by the
Eo—E1o and Eo1—E/ transitions, respectively, due to much lower fractional population
of the Eo3 Stark level. The remaining Eo3—E|o transition is not considered in the fitting,
because the measured absorption is less apparent compared to other peaks. Besides,
excluding this transition in the fitting has negligible impact on the following studies,
because the corresponding transition wavelength of ~1040 nm is far from the 932 nm
and 981 nm wavelengths.

Based on Figure 4.13(b), it is observed that the peak absorption is well described
by the Lorentzian shape even at 170 °C, thereby confirming the dominance of
homogeneous broadening over the measurement range. Besides, the absorption peaks at
932 nm and 981 nm dominate even at 170 °C. For both cases, the magnitudes of their
respective neighboring transitions are relatively weak. Hence, it is reasonable to assume
that the influence of neighboring transitions is negligible and the temperature
dependence of these major absorption peaks can be approximated from Equation 2.24
which is reproduced as follows,

Ju(T) AV(%)

Figure 4.14(a) shows the value of fy at various temperatures, calculated based on
the level energies of KY(WO4)2:Yb*". The values deviate by less than 2.5% if any of
the other sets of level energies of KGd(WO4)2:Yb*" [73], KLu(WO4)2:Yb** [74] or
KYb(WOs4); [104] is chosen. When the temperature increases from 20 °C to 170 °C, the
value of fyo is reduced by ~18%. Figure 4.14(b) displays the extracted FWHM of the
decomposed absorption peaks near 932 nm and 981 nm, indicating that their FWHM at
the highest temperature is ~1.37 and ~1.72 times broader at 170 °C than at 20 °C,
respectively. The corresponding ratio of Av(20 °C)/Av(170 °C) is ~0.73 and ~0.58 for
the respective transitions at 932 nm and 981 nm.

o-abs (T) = O-abx (T(') )
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4.4 Temperature dependence of spectroscopic parameters
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Figure 4.14 Spectroscopic data as a function of temperature: (a) calculated
fractional population fy, (b) extracted Av (FWHM) of the absorption peaks
near 932 nm and 981 nm, and (c) relative change of peak-absorption cross-
section 6.5 of the transitions near 932 nm and 981 nm in KGdy.43Yb.57(WO,),
and the calculated curves using Eq. 4.5.

The change of the peak-absorption cross-sections at elevated temperatures with
respect to 20 °C, ous(T)/0aps(20 °C), is shown in Figure 4.14(c). A reduction by ~40%
and ~52% for the transitions near 932 nm and 981 nm, respectively, occurs. The result
from the simple model of Eq. 4.5 is in good agreement with the measured reduction of
peak magnitudes, confirming that the origin of the reduction of peak-absorption cross-
section with temperature is a combination of the decrease of the population at the
starting Stark level and the widening of the transition linewidth with temperature. In the
high-temperature range, the simple model starts to deviate from the measurement points
and the contributions from adjacent peaks need to be taken into account.

The simple model of Eq. 4.5 is further examined by considering the temperature
dependent absorption cross-section data reported for KG(WO4)2:Nd3* [147]. At 300 K,
the peak absorption cross-section at 810.5 nm wavelength (corresponds to the *lop—
“Fs), transition) for polarization E||N,, was 29 x 102° cm? and the corresponding FWHM
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of the absorption peak was 1.7 nm. The absorption cross-section decreased to
~16.11 x 102 cm? at 450 K and the FWHM of the peak was broadened to 2.7 nm.
Using the level energies of KG(WO4)2:Nd>* reported in [148], f00(300 K) and f50(450 K)
are calculated as 0.3939 and 0.3260, respectively. Therefore, the ratio between the peak
absorption cross-sections is

0, (450K) B fo0(450K) Av(300K) _ 03260 1.7

= = ~L=052, 4.6
0, (300K)  £,,(300K) Av(450K) 03939 2.7 (46)

which is in good agreement to the ratio of ~0.56 obtained by directly dividing the
absorption cross-section values.

Origin of linewidth broadening

Given the substantial influence of linewidth broadening on the temperature dependence
of peak-absorption cross-sections, understanding the origin of linewidth broadening
may help to generate a simple model that can describe the temperature dependence over
a wide range of temperatures. The measured linewidth Av is caused by intra-manifold
transitions due to electron-phonon coupling on the fs time scale [89] which establishes
the Boltzmann distribution. Considering a single-phonon contribution to the
homogeneous broadening, i.e., the transition is accompanied by the absorption/emission
of one phonon, a simplified expression can be derived from the detailed calculation of
the electron-phonon interaction for non-adiabatic systems [149, 150],

AV(T) oc [exp(hv/k,T) 1] . A4.7)

This is the Bose-Einstein statistics applied to occupation of a phonon mode as a
function of temperature. Applying Equation 4.7 to the extracted linewidth at 981 nm
given in Figure 4.14(b), a least-squares fit provides hv=1643+12 cm!, which
corresponds to the energy gap between Ey and Eqo.

4.5 Summary

It is demonstrated that the confocal luminescent lifetime measurements effectively
eliminate the elongation of the measured lifetime owing to radiation trapping. The
proposed measurement method allows direct extraction of the luminescence lifetime
without any extrapolation procedure or preparation of powdered sample. Besides, it is
applicable even to samples with very high Yb3" concentration up to ~5 x 10?! cm?,
equaling 76 at.% in KRE(WOQ,),. Lifetime measurements results obtained from samples
with a wide range of Yb*" concentrations reaffirm that the concentration quenching of
lifetime in high Yb*" concentration KRE(WQ4)2:Yb3* epitaxial layers is rather weak.
The lifetime measured from sample with highest Yb*" concentration of 76 at.% is
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222 us as compared to the lifetime of 245 us obtained from sample with only 1.2 at.%
Yb3* concentration. In addition, power dependent luminescence decay curves collected
from sample with 57 at.% Yb*" reveal the presence of energy transfer upconversion
process which is not typically found in Yb3*'-activated materials. The coefficient of
ETU process is determined as 1.3 x 10-18 cm?/s.

Systematic investigation has been conducted to quantify the impact of the
polarization disorientation and the stray light on the measured absorbance. The central
absorption line near 981 nm is found to be more sensitive to both factors than other
spectral region. The transition cross-sections derived from the absorption measurements
on two high Yb3' concentration epitaxial layers, namely KLuo24Ybo76(WOs), and
KGdo43Ybos7(WOs4),, are very similar despite having different doping concentration
and substrate. They are also in good agreement to those of the bulk potassium double
tungstates, particularly to the KY(WO4),:Yb**. The peak absorption and emission cross-
sections for both samples are ~1.3 x 107'° cm? and ~1.6 x 107 cm?, respectively, at the
central transition line close to 981 nm wavelength.

The temperature dependent studies reveal that thermal quenching of lifetime is not
apparent within the temperature range investigated. Contrarily, the transition cross-
sections are strongly influenced by the temperature on the sample. With the increase of
temperature, the peak cross-sections near 932 nm and 981 nm are decreased more
rapidly than other spectral regions. With the aid of a simple model, the reduction of
peak-absorption cross-section with the increasing temperature can be explained by two
effects, which are the reduced fractional population of the relevant Stark level and the
linewidth broadening. Further investigation on the magnitude of the extracted
linewidths reveals that intra-manifold relaxation within the two lowest Stark levels
plays a role in the broadening phenomenon for the central absorption line at 981 nm.

In conclusion, the room temperature spectroscopic findings are favorable for the
realization of compact waveguide amplifier. It is experimentally shown that the lifetime
quenching is rather limited and the transition cross-sections are preserved in high Yb3*
concentration epitaxial layers. This permits a straightforward approach of enhancing the
material gain via the increase of Yb*" concentration, which in turn allows further
miniaturization of waveguide amplifier. Nevertheless, the presence of ETU process may
lead to depletion of the population at the excited state and degrade the performance of
the amplifier. The temperature dependent studies provide valuable insight on the
spectral behavior of a practical device operating at elevated temperature. Though the
lifetime of the excited Yb*" ions is not affected by temperature, the transition cross-
sections of the major operating wavelengths at 932 nm and 981 nm are significantly
dependent on the temperature. Such temperature dependency should be taken into
account for optimal design of amplifiers or lasers.
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Chapter 5

Material gain in thin film

5.1 Overview

The pump absorption, signal gain, and luminescence properties in KRE(WOjy), epitaxial
layer with high Yb*" content are investigated with experimental and numerical
approaches in this chapter. The objectives of these studies are to evaluate the net gain
achievable in the layer and to identify possible causes which deteriorate the gain
performance. Amplification scheme with ~932 nm pump wavelength is adopted, as this
allows the use of efficient and high-power InGaAs pump lasers [75] for the eventual
waveguide amplifiers. Signal wavelength at ~981 nm is chosen to leverage the strongest
transition line for optical amplification.

Operating heavily Yb**-doped device under high density of excited ions is known
to be challenging and is often inhibited by thermal issues. For instance, additional decay
process with high heat generation was observed in Yb**-doped YAG with high density
of excited ions, resulting in limited gain and reduced laser efficiency [151]. Besides,
excessive heat generation leading to cease of continuous wave (CW) operation and
rapid decline in lasing power [107] was observed from laser based on
KLu(WO4),:(52 at.%)Yb*" epitaxial layer. Similar observation was reported on laser
experiment using KYb(WO4), crystal, in which short pump pulse duration was needed
to minimize the thermal effects [106]. These reports suggest that thermal issue in high
Yb3* concentration KRE(WOQs), devices is not trivial and it should be taken into
account during the investigation of material gain.

In this chapter, a theoretical gain model which includes thermal effects is
established to study the impact of pump-induced heat generation on material gain under
small-signal condition. Temperature-dependent transition cross-sections and thermal
conductivities, as well as saturation of pump absorption are considered in the model.
Pump-probe optical gain experiment is conducted to determine pump absorption and
signal gain in KGdo43Ybos7(WOs), epitaxial film under intense CW pumping. By
comparing the results determined experimentally and numerically, the factors affecting
pump absorption and signal gain are investigated. In addition, near infrared and visible
luminescence spectra of the sample are studied to gain further insight on the
luminescence behavior under high pump intensity.
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5.2 Numerical model

Since Yb3* ion has only 2F7,, ground state manifold and ?Fs» excited state manifold, a
two level system as illustrated in Figure 5.1 is used to model the gain/loss of the optical
beams. The model is modified from [28] and it takes into account two distinctive
classes of Yb** ions, namely active ions and quenched ions. The active ions participate
in usual absorption and emission processes. Excited active ions exhibit luminescence
lifetime 7,0, which is measurable using the procedure depicted in previous chapter and
the relaxation of active ions to the ground state produces near infrared luminescence.
The quenched ions, on the other hand, have a non-radiative lifetime 7,9, which is
significantly shorter than z;9,. The presence of quenched ions with short excited state
lifetime had been reported in various rare-earth-ion-doped materials [28, 152-154].
They are normally not detected from typical lifetime and small-signal absorption
measurements but could result in nonsaturable pump absorption, an effect which had
been observed in current work and will be further discussed in Section 5.5.

The total density of active/quenched ions residing on the ground state and excited
state follows

NOa/q+]Vla/q :f;z/qNYb’ (51)

where Ny and N; are the respective density of ions at the ground state and excited state
while the subscripts a/g indicate active and quenched ions, respectively. Ny, is the
density of Yb3' ions. f, represents the fraction of active or quenched ions with a
boundary condition of

fi+f,=1. (5.2)
E1 fast relaxation
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Figure 5.1 Schematic diagram of the two-level system used to model the dynamics of Yb*"
population in the gain medium.
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5.2 Numerical model

The rate constants for pump transitions, R,o1 and R, 10, as well as the rate
constants for signal transitions, R, o1 and R; 10, are defined by [127, 155]

A A

R, o =1,0, (/"LP,T)~h—Z , R,,=1,0,(4,T) h—z , (5.3)
A A

RSO] :Iso-abs(ﬂ's’T)._s’ RSIOZISO-em(ﬂ’s’T)._S’ (54)
’ hc i hc

where [ represents the optical intensity in W/m?, 4 is Plank’s constant and c is the speed
of light. o, and o., are the effective absorption and emission cross-sections,
respectively, at wavelength A and temperature 7. The subscripts p and s denote the
pump and the signal, respectively. A pump wavelength 4, at 932 nm and a signal
wavelength A; at 981 nm are considered. It is assumed that the excited Yb*' ions
undergo a rapid relaxation from the Stark level with energy E1» to the Stark level with
the energy E)o within a time scale much shorter than the lifetime of the excited state
710 a/g-

Assuming that both pump and signal beams possess Gaussian beam profile in the
x-y plane, their corresponding intensity profile, /, can be modeled with

28, 2(x* +y%)
I =—" 2exp{— , (5.5)

pss 2
W) s p.s

where P represents the optical power and w denotes the beam waist.

Apart from pump and signal transitions which are typical for the rate equations of
Yb**-doped materials, the model also includes energy transfer upconversion (ETU)
process which had been identified from the pump-dependent luminescence decay
curves presented in Chapter 4. Such process involves pairs of Yb3" ions which are
depopulated from the excited state with a rate of decay per unit volume represented by
2Wer(Ny ug)?, where Wery is the ETU parameter extracted from the measured
luminescence decay curves. Since Yb*" ion has only two energy levels within the 4f
shell, several scenarios could be associated with the ETU process. The combined
energy could be released radiatively via emission of photon in visible wavelength range
(i.e. cooperative upconversion process). Alternatively, rapid energy migration could
occur and energy of pairs of Yb*" ions could be transferred to impurities. Nevertheless,
the exact underlying physical mechanism responsible for the observed ETU process has
not been identified at the moment.

The N, o, I, and R in Equations 5.1-5.5 are spatially dependent. The xyz
discretization for these parameters is taken into account implicitly and their spatial
dependent notation will be omitted in subsequent discussion.
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Dynamics of the populations

The rate equations which govern the change of density of Yb*" ions at the two energy

levels are
le al Nl al 2
—= (Rp.m + RA.OI )No alg (Rp,lo + R;.lo ) N, alg — - 2VVETU (]vl alq ) > (56)
dt TIO alq
and
dNOa/q :_lea/q ) (57)
dt dt

Under the condition of CW pumping, the steady-state condition applies, i.e.
dN/dt = 0. Thus, N; can be solved with

-B,, -i-,fBa/q2 -44C,,
Nla/q = f;l/qNYb _NOa/q = (58)

>

24
where,
A=Wy 5.9
1
Ba/q = Rp,IO +Rp,01 +R5,10 +Rx,01 + 5 (5.10)
Ti0alq
Corg = JfureNy (Rp,m +R ) . (5.11)

In the absence of ETU process, N; can be determined from

R

.01

+R
=0 —. (5.12)
TR o +R o+ Ti0alq

Nla/q = R

p.01

+R

p.10

The evolution of pump power P, and signal power P along the propagation
direction z is calculated in accordance to

dP
d—f’z[a (/IP,T)(NM+qu)—0ab5(/lp,T)(N0a+N0q)JPp—aP (5.13)

em p p°
4

dp, :[aem(ﬂs,T)(Nla +N,, ) =0, (4. T)(N,, +N0q)]f§ —aP

, (5.14
dz o ( )

where « is the propagation loss in the medium.
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Specific case under small-signal condition

In the event of small-signal amplification, the amplified signal is much weaker than the
pump, i.e. Iy < I,, and does not induce appreciable depletion of population from the
excited state. Therefore, the respective populations are mainly affected by the dynamics
induced by the pump beam. Besides, it is assumed that 7;9, is infinitesimally small,
such that any excited quenched ions would return to the ground state instantaneously.
Consequently, the quenched ions would only take part in the absorption of pump and
signal photons and N;,=0. Under these circumstances, Equations 5.8-5.12 can be
simplified as

-B,++[B2-44C
N, =« N7 a (5.15)

“ 24 ’
A=Wy, (5.16)
1
B, = R, +Rp,01 +r_ s (5.17)
10a
C, :—faNYbRP’O1 s (5.18)

for numerical calculation with ETU process, and

R
= Gl (5.19)

la -1
Rp,Ol + Rp,lo + 74

for numerical calculation without ETU process.

Apart from that, Equations 5.13—5.14 can be expressed as

dP
— =[0G (M) =0 (B T (Noy + 1N ) B, ~, B, (520)
dP

em 5T

“r=[on DN, )= D (Noy + N ) |2~ (52D

The simplification of the equations leads to two direct implications. Firstly, the
calculation of pump absorption can be de-coupled from the signal loss/gain calculation,
because N; and Ny are now dependent only on the pump intensity. As a result, the heat
generated in the layer can be calculated by solving the pump absorption and heat
generation iteratively. Secondly, the assumption made on 79, eases the calculations
involving ETU process because the simplified model contains only one quadratic
equation.
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Pump-induced heat generation

To account for the thermal effect, the spatially dependent heat load in the device is
determined by the absorbed pump power per unit volume and the fractional heat load 7
[156, 157]

2(x2 +y2)
W 2

P

2P
0, (x,y,2) =1, &, (T) ﬂwpz exXp |:_ :|exp[_aabs (T)z]. (5.22)

The fractional heat load 7 represents the fraction of absorbed pump power which
is converted into heat. It consists of the heat load originated from quantum defect 7op,
ETU process 7z7u, and rapid quenching process 7,

=1 (77QD +775TU)+fq77q . (5.23)

The quantum defect is defined by the fractional amount of absorbed photon energy
which is converted to heat due to the difference of energy between the absorbed and
emitted photons. The head load originated from quantum defect is defined by

Moo =1=4, /%, , (5.24)
where 4, is the mean emission wavelength estimated using

jz (2,T)dA

5.25
j (BT dA (5:23)

Here, the A, is suggested because, in contrarily to a laser, an amplifier operating under
small-signal region does not possess a single dominating emission wavelength.
The temperature profile of the sample is governed by the heat conduction equation

and the boundary conditions between sample and external environment where heat
exchange occur [117],

—kV°T(x,9,2) =0, (x,3,2), (5.26)
or
ol (T.,-T), (5.27)

where & is thermal conductivity, » is the normal to the boundary surface, /7 is heat
transfer coefficient, and 7. is external temperature of the thermal contact.
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Solving the equations

The three dimensional (3D) optical beam and thermal profiles are solved using finite
element method with xyz discretization (Comsol Multiphysics 5.1). The flow of
calculation is depicted in Figure 5.2. The 3D pump beam and thermal profiles are
obtained by solving Eqgs. 5.15-5.20 and Egs. 5.22-5.27 self-consistently. Subsequently,
the evolution of the signal along the beam propagation direction is solved with Egs.
5.15-5.19 and Eq. 5.21 using the pump and temperature profiles computed previously.
The thermal lensing effect is not considered in current model. The beam waists are
assumed to be constant throughout the layer as the beam waists in the experiment were
chosen such that the beams were not strongly diverging within the layer.

As the volume of the sample being pumped (i.e. V), = Tw,tiayer, With w, <5 pum,
tiayer = 32 pm) is much smaller than the sample’s volume (~10 mm % 10 mm x 1 mm),
the modeled sample is partitioned into sections with different mesh size, see Figure 5.3.
A fine mesh with a maximum and minimum element sizes of w,/5 and 0.005 pm is used
at the pump section (within 2x wj, in radial direction), whereas coarser meshes are used
in other sections. Only a quarter of the sample is modelled to leverage the symmetry
property of the sample.

Launched signal intensity

L

3D temperature profile

Launched pump intensity
»

»

Themal conductivities -
N Evolution of pump

i @ (thermal calculation)
Transition cross-sections

»
»

Evolution of signd
(gain calculation)

3D pump profile 3D signal profile

(pump absorption) (signal gain / loss)
Figure 5.2 Schematic diagram indicating the flow of numerical calculation. The pump beam and
thermal profiles are solved with x, y, and z discretization self-consistently. Next, the three dimensional
signal beam profile is solved using the pump beam and thermal profiles. The pump absorption and
signal gain/loss at each launched pump power value are extracted from the calculated beam profiles.

(b) shows the close-up view near the pumped region. The finest mesh is used for region covering 2x
beam waist in radial direction. Intermediate spacing mesh is used for region covering 10x beam waist
and a coarse mesh is used for other region to reduce the time needed for numerical calculation.
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5.3 Details of sample and material parameters

The high Yb*" concentration sample used for the investigation of material gain consists
of 32 pm thick KGdo43Ybos7(WO4), layer grown on undoped KY(WOy4), substrate.
Relevant parameters of the epitaxial layer and the substrate which are used in numerical
calculations are summarized in Table 5.1.

For the ease of numerical calculation, a generic empirical formula adapted from
[85] is used here for all temperature-dependent parameters,

X(T)=X(T,)(1+eT+c, T +¢,T°), (5.28)

where X is the parameter of interest and 7 is an arbitrary reference temperature. c;, c»,
and c; are fitted parameters.

Spectroscopic parameters

The transition cross-sections and lifetime of the sample which had been reported in
Chapter 4 are used for numerical calculation. The effective transition cross-section data
determined at E||N, at the pump and signal wavelengths under various temperature
settings are plotted in Figure 5.4(a) as symbols. The corresponding fitted curves using
Eq. 5.28 are displayed as lines in Figure 5.4(a). The relevant fitted parameters can be
found in Table 5.2. Constant lifetime value measured using the confocal setup is used,
i.e. 7i0qa=228 us, as the lifetime has no significant dependence on sample’s
temperature. ETU parameter Wgry of 1.3 x 1018 cm®/s extracted from the power-
dependent luminescence decay curves is adopted.
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Figure 5.4 Temperature dependent data of (a) effective transition cross-sections at E||N, extracted
from Chapter 4, and (b) thermal conductivities ki, k2, and ks for the respective thermal axis of X’;,
X2, and X’; (data is taken from [116]). The lines are plotted with Eq. 5.28 using the least-square
fitted parameters listed in Table 5.2 and Table 5.3.
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Table 5.1 Details of the relevant temperature-independent input parameters used for
numerical modeling.

Parameter Value
Material composition KGdj.43Ybo 57(WO4),
Thickness of polished layer, #q.r 32 um
Yb** concentration, Ny, 3.8x10* cm™
Substrate KY(WO4),
Thickness of substrate, fussiae ~1 mm
Width of substrate, Wypsare ~10 cm
Depth of substrate, dyussrare ~10 cm
Pump beam’s radius, w, 4.75 pm
Signal beam’s radius, w; 2.5 um
Pump wavelength, 4, 932 nm
Signal wavelength, A, 981 nm
Mean emission wavelength, A, 996 nm
Propagation losses, a, & a 0
Measured lifetime, 79, 228 us
Energy transfer upconversion parameter, Wery 1.3 x 10" cm’s™!
Fraction of quenched ions, f; 0or0.17
Heat transfer coefficient, s 20 Wm2K!
External temperature, 7., 300 K

Thermal related parameters

The temperature-dependent thermal conductivities reported for Yb**-doped KLu(WO4),
[116] are used here as there is a lack of comprehensive temperature-dependent data for
other double tungstates. Figure 5.4(b) shows the thermal conductivities &, k>, and k3 for
the respective thermal axis of X;, X>, and X3. The thermal axis X> coincides with N,
optical axis and they are parallel to the direction of beam propagation in the gain
experiment. The relevant fitted values are provided in Table 5.3.

The external temperature 7., is assumed to be 300 K as no active cooling was
applied to the sample. The value of heat transfer coefficient 47 is highly dependent on
the thermal interfaces of the sample during the experiment and it is typically regarded
as adjustable parameter for thermal calculations. Typical 47 value accounting for the
surface radiation and convection between the air/sample interfaces is ~10 Wm2K™! for
each of the two cases [158, 159], whereas A7 value for a sample in bare contact with
water-cooled copper holder can be as high as 2500 Wm2K-! [160]. Since only a small
part of the KGdo.43Ybo 57(WO4), sample was clamped by two small copper plates during
the measurements (see Figure 5.5) and no special effort was applied to improve the
thermal contact between the sample and holder, a rather conservative Ar value of
20 Wm~?K-! is employed for all surfaces of the sample in the numerical calculation.
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The mean emission wavelength 4,, calculated from the temperature dependent e
spectra using Eq. 5.25 is 996.14 + 1.3 nm throughout 20-170 °C, which is in good
agreement with the average fluorescence wavelength of 997 nm as reported in [77].
There could be a small dependence of A4, on temperature since ., beyond 1050 nm
wavelength is associated with high uncertainty and not considered in the calculation.
Consequently, the fractional heat load due to quantum defect 5gp is calculated as 6.4%.
The total energy associated with the quenched ions is expected to result in generation of
phonons, hence 7, is 100%. It is assumed that the heat load generated by the ETU
process is equal to 7op, i.e. neru = Hop, due the uncertain nature of the ETU process. In
any case, any assumption which results in higher 7zrv can be balanced by accordingly
higher 47 because there are high uncertainties associated with both parameters. With
these considerations, the fractional heat load used for the numerical calculation is

m, = 1,(64%)+ £, (100%) (5.29)

Other parameters

The radii of the focused pump beam w, and signal beam wj listed in Table 5.1 are based
on measured beam profiles. To ensure optimum pump-signal overlapping, the beam
sizes in the experiment were chosen to be as small as possible while ensuring that their
confocal lengths (i.e. twice of Rayleigh length zz) are longer than the layer thickness.
The use of constant w can be justified with an example by considering w = 2.5 pm at
A =981 nm, in which the zz within the sample with refractive index of ~2.0 is ~40 um.
Assuming that the focused beam is located at the center of the layer, the maximum
beam waist within the 32 pm thick layer would be ~3.2 pm. The deviation of the beam
waist is comparable to the measurement uncertainty of ~0.5 pm from the beam profiler.
In addition, as the propagation loss for devices made of similar material at ~1000 nm
wavelength is typically <0.04 dB/cm [99], both a, and «, are considered to be
negligible as compared to the dynamics attributed to the active ions, i.e. o, = a; = 0.

Table 5.2 Fitted parameters for the effective transition cross-sections used in numerical modeling.

Effective cross-section” | 7o (K) | o(Tp) 10 cm?) | 1 (10°K") ¢2(10°K?) ¢ (10°K?)
Oubs. 932 nm 293.15 2.81 7.063 -3.574 4.004
Oem. 932 nm 293.15 0.267 -7.527 3.925 -4.512
Oubs, 981 nm 293.15 13.1 9.598 -4.933 5.672
Oom, 981 nm 293.15 16.2 9.301 -4.775 5.482

* Applicable for temperature range within 293.15-443.15 K.

Table 5.3 Fitted parameters for the thermal conductivities used in numerical modeling.

Thermal conductivity™ | Ty (K) | k(To)) Wm'K™") | ¢;(10°K") c2(105K? ¢ (108K?)
ky 298.15 3.09 1.851 -0.9055 0.9155
k> 298.15 2.55 2.298 -1.170 1.257
ks 298.15 4.00 1.402 -0.6786 0.6439

** Applicable for temperature range within 293.15-493.15K.
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5.4 Measurement setup

The pump-probe setup used for optical gain measurement is depicted in Figure 5.5. A
CW Ti:Sapphire laser (Spectra-Physics 3900S) tuned to 932 nm wavelength is used as
the pump source. The pump power is controlled using a half-wave plate and a Glan
polarizer. The signal beam at ~981 nm wavelength with a bandwidth < 1 nm is obtained
with a supercontinuum light source (Fianium SC-450) passing through a
monochromator. It is mechanically chopped at 233 Hz with 50% duty cycle for lock-in
detection to discriminate the detected signal from spontaneous emission produced by
the sample and from different background noise sources. A low launched signal power
< 100 nW is used to ensure a signal amplification within the small-signal-gain regime.

Both pump and signal beams are combined using a dichroic mirror and
subsequently focused perpendicularly on the sample at E||N, polarization using a
microscope objective (MO). The residual pump and signal beams are collected using
another MO with numerical aperture higher than the incident MO. In order to ensure a
good overlapping of the pump and signal beams, the foci are scanned using a beam
profiler (Thorlabs BP209) positioned on a motorized linear stage and the beam
expander optics are adjusted for optimal beam overlapping prior to the experiment.

The pump and signal beams passing through the sample are directed to a light
guide which is connected to a spectrometer (Jobin Yvon iHR550) equipped with a
pump filter and a cooled InGaAs detector. The combination of the pump filter and the
dispersive grating in the spectrometer ensures that the residual pump power is much
lower than the amplified signal power. The pump power is measured using a thermopile
(Coherent FieldMaxII, PM10) before the incident MO and after the collection MO. The
launched and absorbed pump powers are deduced after correcting for the objectives’
transmittance and the Fresnel reflections on the sample. No special thermal
management was applied on the samples during the measurement.

A2 plate & polarizer beam expander
W

Figure 5.5 Schematic drawing of the pump-probe gain measurement setup. The optical beams
are launched perpendicularly to the sample. The signal beam is obtained with a
supercontinuum light source passing through a monochromator. Inset shows the sample
mounted on a holder made of thin copper plates with clear aperture of ~8.6 mm x ~8.6 mm.
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5.5 Results

Pump absorption

The heat generation in the sample is highly dependent on the pump absorption. As such,
the pump absorption characteristic of the KGdo43Ybos7(WOs), epitaxial layer is
investigated by comparing the experiment and numerical results. The measured data
points of pump absorption versus launched pump power are plotted in Figure 5.6 as
square boxes. The pump absorption is defined as

4, ==10log,,[ P, (4,,..)/P, (0)], (5.30)

where P,(0) is the launched pump power at front surface of the epitaxial layer and
Py(tiayer) 1s the residual pump power at rear surface of the epitaxial layer. The calculated
pump absorption using different models are shown as lines in Figure 5.6. These results
take into account the pump-induced heating based on the fractional heat load defined by
Eq. 5.29 as well as the changes of transition cross-sections and thermal conductivities
due to the heat generated within the layer.
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Figure 5.6 Pump absorption versus launched pump power for KGd.sYbos7(WO,),
epitaxial layer. The experiment data is shown as squares. Dash line represents the
modeled result without considering ETU process and quenched ions (i.e. Werv =0 and
f:=0). Dotted line shows the modeled result which accounts for the ETU process but
not the quenched ions (i.e. Wery=13 x10" em’s? and f;=0). The solid line is
calculated with the model which considers both ETU process as well as 17% of
quenched ions (Werv=1.3 x 1078 cm’s! and f; = 0.17). All calculated results take into
account the pump-induced heat generation with the fractional heat load given by
Eq. 5.29.

78



5.5 Results

The numerical result calculated using typical model for Yb3*-doped devices, i.e.
without both ETU process and quenched ions (dash line in Figure 5.6), show a more
intense saturation of pump absorption as compared to the experimental results. The
numerical result indicates that bleaching of ground state population occurs due to high
pump intensity which in turn results in low pump absorption at high launched pump
power. The ETU process serves as additional decay channel which depopulates the
excited state. Therefore, the pump absorption calculated with the consideration of ETU
process (dotted line) is increased because significant amount of ions is available at the
ground state even though the pump intensity is high. Nevertheless, there is still a rather
large discrepancy between the experimental and numerical pump absorption results
even if the ETU process has been taken into account. The nonsaturable pump
absorption is addressed by considering that 17% of the Yb*" ions are rapidly quenched
in addition to the ETU process. The pump absorption result calculated with the
consideration of these two factors is shown as solid line in Figure 5.6 and it is in
reasonable agreement with the experiment results. The fluctuations of the experiment
data as compared to the calculated curve is likely due to the relatively high
measurement uncertainty (estimated as £0.17 dB by considering uncertainty of 2%" on
the measured pump power) as compared to the magnitude of absorbed pump power.

Temperature profile

The influence of ETU process and quenched ions on the temperature of the layer is
examined by comparing the average temperature within the pumped volume
(Vp = wytiayer) calculated from each model as shown in Figure 5.7. The average
temperature within the pumped volume 7, calculated from the model without ETU
process and quenched ions (dash line in Figure 5.7) is ~30.2 °C at launched pump
power of 500 mW. This is primarily due to the low amount of calculated absorbed
pump power which deviates significantly from experimental data as observed in Figure
5.6 and low fractional heat load ngop of 6.4%. With the inclusion of ETU process, the
calculated 7, (dotted line in Figure 5.7) is increased to ~33.65 °C at launched pump
power of 500 mW. Since it is assumed that nzrv = op, the increase of temperature with
the inclusion of ETU process is caused by the increase of calculated pump absorption
from 0.12dB to 0.24 dB. Nevertheless, the comparison of the modeled results
calculated with and without ETU process only provides a qualitative overview as the
actual g7y could be significantly larger than the value assumed. By considering both
ETU process and quenched ions, the total fractional heat load 7, is substantially

* 2% of measurement uncertainty is estimated based on the specification sheet of FieldMax II detector, where
each of the meter and sensor head contributes 1% of measurement uncertainty under the worst case scenario.
The uncertainty in absorbed pump power (dB) is estimated with -10logio{[Pp(tiayer)*1.02]/[P,(0)x0.98]}
which is equivalent to -1010go[Pp(tiayer)/Pp(0)] - 10l0g;0[1.02/0.98] or 4, —0.1737 dB.
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increased to 22.3%. The calculated 7, using the model with ETU and quenched ions

(solid line in Figure 5.7) is increased significantly to ~66.5 °C at launched pump power
of 500 mW.

The three dimensional isothermal contours calculated using the model with ETU
and quenched ions at launched pump power of 500 mW is shown in Figure 5.8(a). The
temperature profiles along the beam propagation direction calculated at various pump
power values are depicted in Figure 5.8(b). The highest temperature is observed at the
pump incident surface, which is typical for end-pumped devices. This is mainly due to
the high pump power at the incident surface. The amount of heat generated decreases
along the propagation direction as part of the pump power is absorbed by the Yb3" ions.
Besides, as the heat generation process ceases at the substrate, the substrate effectively
cases the dissipation of heat near the epitaxial layer/substrate interface. Therefore,
inflection point is observed at the epitaxial layer/substrate interface for all the curves.
Figure 5.8(c) shows the thermal profile on the pump incident surface along the radial
direction at various launched pump power. As expected from Equation 5.26, the center
axis exhibits the highest temperature as it is the heat generation region and the
temperature reduces rapidly with the increasing distance from the axis. The temperature
profile along X’; axis resembles the trend along X*; except that the temperature at the
region near the center axis in X3 direction is slightly lower due to higher thermal
conductivity along X’3.
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Figure 5.7 Averaged temperature within the pumped volume 7, versus
launched pump power calculated using different models.
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Figure 5.8 (a) Three-dimensional isothermal contours calculated using the model with ETU process and
17% quenched ions at 500 mW launched pump power. (b) Temperature profile along the pump
propagation direction (X’; axis). (c) Temperature profile on the pump incident surface along X’; axis.

Optical gain

During the pump-probe experiment, the signal intensity is recorded when the pump is
launched (Z,») and when the pump is blocked (/,5). The net gain of the samples G is
determined using the expression

G= 1010g10 (Ion/lq[f ) - arotal ' tlayer 2 (5‘3 1)
where o 1s the total loss per unit length for the signal

a

total

= as +4'343'O-ahx (AY’T)NY,) . (532)

The propagation loss ay is < 0.04 dB/cm [99], hence it is negligible as compared to the
absorption loss due to Yb" ions in the epitaxial layer, 4.343%0ups(As, T)*Nyp. During the
experiment, the /,, and I,y are recorded interchangeably at each launched pump power
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value. Therefore, it is assumed that the pump-induced heating persists as the dissipation
of heat would take place in a relatively longer time scale. Consequently, the absorption
cross-section values calculated using 7, shown as solid curve in Figure 5.7 are used to
evaluate the net gain.

The net gain results are shown in Figure 5.9(a). The maximum signal
enhancement, i.e. 10 logio(Zon/loy), measured at ~475 mW launched pump power is
8.129 dB. Considering the absorption cross section of 1.044 x 10! cm? calculated at
the estimated 7, of 65.4 °C, the calculated total absorption is 5.513 dB. Therefore, an
internal net gain of 2.616 dB, or 817 dB/cm, is obtained. The modeled gain result with
the consideration of ETU process and 17% quenched ions (solid line) is in reasonable
agreement to the results calculated based on experiment signal enhancement data.

The impact of ETU process and quenched ions on the attainable gain is shown in
Figure 5.9(b). Without both ETU process and quenched ions, the modeled gain is
2035 dB/cm for 500 mW launched pump power (dash line). The ETU process causes
depletion of excited state’s population. By including this process in the model, the
threshold pump power required for signal transparency (i.e. gain/loss = 0) is increased
from ~15.5 mW to ~31.5 mW and the maximum gain is reduced to 1760 dB/cm (dotted
line). The assumption on the presence of quenched ions which is equivalent to 17% of
the total ions implies that only the remaining 83% of active ions are participating in the
optical amplification process. Besides, the substantial increase of heating causes
reduction of transition cross-sections with the increase of pump power. As a result, the
modeled gain with the consideration of both ETU process and quenched ions (solid line)
is effectively clamped to ~850 dB/cm at 500 mW launched pump power.
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Figure 5.9 (a) Net gain results for KGdy.43Yby57(WOy):. (b) shows the corresponding net gain per
unit length results calculated from (i) solid line: model with both ETU process and quenched ions of
17%, (ii) dotted line: model with only ETU process, and (iii) dash line: model without both ETU
process and quenched ions.
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Luminescence spectra

The KGdo.43Ybo.s7(WOs4), sample did not show any measurable absorption feature from
other active ions or Yb?" within visible wavelength range” during the investigation of
absorption using spectrophotometer. However, bluish emission was observed during the
gain experiment under high pump intensity, which is likely due to emission from the
impurities. In order to gather further insight on the sample’s behavior at high pump
intensity, the luminescence from the sample was recorded in a separate experiment
using the same setup shown in Figure 5.5 by focusing only the pump beam at 932 nm
wavelength perpendicularly to the sample and collecting the luminescence of the
sample from the other end for detection via the spectrometer. The near infrared (NIR)
spectra were recorded with cooled InGaAs detector whereas the visible spectra were
measured with photomultiplier. A longwave-pass pump filter with cutoff wavelength at
950 nm was used for NIR luminescence measurement and a bandpass filter with > 80%
transmission within 345—615 nm wavelength range was used for visible luminescence
measurement. The recorded NIR spectra were corrected for spectral response of the
detection system determined using a calibration lamp (Ocean Optics LS-1-CAL).

Figure 5.10 shows the corrected NIR emission spectra at various launched pump
power values (denoted as P; hereafter). Three emission peaks are observed at ~981 nm,
~1000 nm, and ~1023 nm wavelengths, which correspond to the Eig—FEo, Eio—Foi,
and E1o—Eo» transitions, respectively. The emission spectra are more intense with the
increase of P;up to ~120 mW (blue curves in Figure 5.10). However, further increase of
P; leads to reduced intensity in the measured spectra. In the case of P;~ 280 mW, the
intensity at the dips near ~990 nm and ~1015 nm wavelengths is higher than the
spectrum measured at P;~ 120 mW. At high P; of ~480 mW, a smoothened emission
spectrum is observed and the emission peaks at ~1000 nm and ~1023 nm wavelengths
become less distinguishable as compared to the emission spectra measured at lower P;.

The intensities of the emission peaks at ~981 nm, ~1000 nm, and ~1023 nm are
extracted from the spectra and the results are depicted in Figure 5.11(a). These emission
peaks evolve with similar trend with respect to P;. A rapid increase of intensity occurs
when the pump power is low and the highest intensity is observed at P;=~ 120 mW. As
P; is increased beyond 120 mW, the intensity decreases monotonously. Apart from the
analysis on the intensity of the peaks, multiple peaks fitting was performed on the
measured spectra by assuming three Lorentzian peaks using data analysis program
(Origin 9.1). The extracted full-width-at-half-maximum (FWHM) values for the peak at
~981 nm wavelength for different P; values are plotted in Figure 5.11(b) and significant
increase of FWHM is evident over the entire P; range investigated.

* Yb*" in YAG exhibits two smooth absorption bands around 400 nm and 600 nm [140].
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Figure 5.10 Spontaneous emission spectra of KGdo43Ybos7(WOs); recorded with different launched
pump power, P. (a) shows the intensification of emission with the increase of P; up to 120 mW, whereas
(b) shows the declination of detected emission for P; beyond 120 mW. The spectra have been corrected
for spectral response of the detection system. Inset of (b) illustrates the relevant transitions
contributing to a large part of the observed emission at the corresponding wavelength.
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Figure 5.11 The evolution of (a) peak intensity of the major emission peaks and (b) linewidth (FWHM)
of the decomposed peak at ~981 nm with the increase of pump power. The lines are guides for the eye.

The results shown in Figure 5.10 and Figure 5.11 can be explained by considering
the pump absorption, thermal effects, and gain results reported in previous subsections.
Firstly, the maximum net gain determined from the sample is only ~2.6 dB, hence, the
observed amplified spontaneous emission spectra are close to the effective emission
cross-section spectrum. Secondly, the linewidth broadening of the emission peak near
981 nm wavelength signifies that thermal effect is present in the medium even under
low P;. The presence of thermal effect can be further confirmed by comparing the
emission spectra in Figure 5.10(b) measured at P;~ 120 mW (blue curve) and
P;=280 mW (green curve). The spectrum measured at P;~ 280 mW exhibits lower
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intensity at the peaks near 981 nm and 1000 nm wavelengths but higher intensity at the
dips near 990 nm and 1015 nm. This is in line with the temperature-dependent behavior
of the emission cross-section spectra shown in Figure 4.12, in which the increase of
intensity at the dips can be explained by the contribution from the neighboring peaks
due to linewidth broadening at higher temperature. Finally, the roll-off of the intensity
in Figure 5.11(a) for P;> 120 mW can be attributed to the reduction of transition cross-
sections due to pump-induced heating effect.

The visible luminescence spectra of KGdo43Ybos7(WQOs), were measured right
after the NIR luminescence spectra under similar experiment condition. Luminescence
spectra scanned with 0.5 nm step size under various P; values are shown in Figure 5.12.
A reference background measurement was performed without the sample to identify the
recorded emission attributed to the Ti:Sapphire pump source. The reference spectrum
(black curve in Figure 5.12) shows that detected luminescence with wavelength
> 590 nm is mainly contributed by the Ti:Sapphire pump source. Besides, several
spikes, which are also apparent on other spectra, are observed in the reference spectrum.
These spikes are possibly caused by the artifacts from the dispersive grating or by the
detection of leaked pump when the grating turret was rotated to certain angles.
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Figure 5.12 Luminescence spectra of KGd.4Ybos7(WO,), within visible wavelength range in
semi-log plot. The black curve shows the reference emission curve attributed to the pump
source, which was collected after removing the sample from the beam path. The arrows
indicate several major peaks persist in all measured curves, which are attributed to the
artifacts from the measurement instrument.
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Based on the spectrum measured at P;~40 mW (green curve), emission from
Tm*" due to 'Gs—3Hs transition [161] is identified at ~476.5 nm. Besides, weaker
emissions ascribed to Er’* [162] at ~409 nm (*Hon—*1;512), ~526 nm (*H;12—*1155), and
~552 nm (>S32—*115,2) are also apparent. The spectroscopic feature within 490-519 nm
wavelength range could be due to cooperative up-conversion of Yb*" ion pairs [78, 163]
as the corresponding energy matches twice of the photons emitted in NIR region.

The emission spectra near 476.5 nm wavelength scanned with finer step size of
0.1 nm are shown in Figure 5.13(a) and the extracted maximum intensity values of the
respective spectra are plotted in Figure 5.13(b). The maximum intensity increases
rapidly with P; up to P;= 60 mW, beyond which it decreases with further increase of P;.
The development of the visible spectra with increasing P; is very similar to that of the
NIR spectra.

The results in Figure 5.12 and Figure 5.13 show that the response of the parasitic
up-conversion luminescence to the increase of P; is similar to that of the NIR
luminescence. Such parasitic luminescence could be related to the observed ETU
process. Nevertheless, further investigation of energy transfer between the Yb*" ions
and the impurity ions would require preparation of new samples with controlled amount
of impurity and in-depth spectroscopic investigations, which are beyond the scope of
this thesis.
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Figure 5.13 (a) Luminescence spectra near 476.5 nm wavelength from KGdy.43Yb.57(WOy), recorded at
different launched pump power, P; settings. The baselines of the curves are shifted for better clarity.
The black curve at the bottom shows the reference emission curve attributed to the pump source, which
was collected after removing the sample from the beam path. (b) Change of maximum intensity of the
emission peak near 476.5 nm wavelength with P.. The values are calculated from the curves which were
normalized to the respective intensity at 450 nm wavelength. The line in (b) serves as guide for the eye.
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5.6 Discussions

Gain limiting factors

The limitation of the material gain can be evaluated using theoretical gain cross-section.
Consider the gain coefficient defined by Eq. 2.26 which is shown as follows

g :O-em (/’i’s’T)Zvl —0,

abs

(4,.T)N,. (5.33)

The gain cross-section o, can be deduced using an inversion parameter f = N;/Ny, [22],

o, =p0,,(A.T)=(1-B) o, (4.T). (5.34)

With a pump wavelength at 932 nm, the temperature-dependent maximum inversion
Pmax(T) can be determined at transparency for the pump photon [20]

B (T) = oo (T) /[ foo (T) + £2(T) ] (5.35)

where foo(7) and fi2(7) represent the respective fractional population at Stark level with
energy Eo and E1» which can be calculated with Eqgs. 2.10 and 2.11.

The theoretical o, at 981 nm wavelength is calculated using cross-section data
shown in Figure 5.4(a) and level energies of KY(WO4):Yb** [71]. The solid line in
Figure 5.14 represents the calculated o, at maximum inversion f... The dash lines are
oz obtained with lower population inversion which could be caused by insufficient
pump intensity, quenched ions, incomplete overlap of pump and signal beams etc....
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Figure 5.14 Influence of temperature 7 and inversion condition # on the gain cross-
section. The lines are calculated values and the symbols are experimentally achieved
gain cross-section. The gain data for amplifier with 47.5 at.% Yb*" is taken from [20].
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The symbols in Figure 5.14 represents the experimentally achieved o, values in
KRE(WO4), waveguide and epitaxial layers, calculated by dividing the reported gain
coefficient by the Yb** concentration. The effective o, achieved in KGdg43Ybo.s7(WOa)2
is 4.95 x 102° cm?. Considering the calculated temperature of ~65.5 °C in the sample,
the average inversion is ~75% of Ba(65.5 °C) throughout the layer, which corresponds
to f = 0.75 x0.874 = 0.65. The performance of the amplifiers can be improved by
(i) enhancing the population inversion, and (ii) efficient extraction of heat from the
pumped region. The overall inversion is limited by quenched ions and ETU process.
Assuming that the average temperature in the pumped volume is maintained at 30 °C by
applying active cooling and f remains unchanged, the o, can be increased to 6.43 x 10
20 ¢cm?, which is equivalent to ~30% of gain enhancement.

The gain results for KGdo_447LUO_o7ng0,475(WO4)2 [20], which COI‘I‘eSpOIldS to
47.5 at.% Yb*, are also included in Figure 5.14 for comparison purpose. The results in
[20] was based on transition cross-sections derived from weighted-average cross-
section data of the constituent hosts. The peak o., at ~981 nm deduced in [20]
(9.45 x 102° cm?) is considerably lower than the 6.5 measured in this work at 20 °C
(~13 x 102° cm?) but equivalent to the . data deduced in this work at ~84 °C. The g,
values of KGdg447Lu0.078Ybo.475(WOs), are plotted in Figure 5.14 with the assumption
that the pump-induced heating effects are applicable to [20] and the effective
temperature in the device was 84 °C. The net gain reported for
KGdo.447L10.078Yb0.475(WO4), waveguide amplifier was 935 dB/cm (green diamond
symbol). The corresponding o, is 7.18 x 102° cm? the maximum f achievable in
waveguide configuration is limited by the pump/signal overlapping factor of 88% [20].
The gain obtained by launching optical beams perpendicular to the 25 um
KGdo.447Lu0.078 Ybo.475(WO4), thin-film was 1028 dB/cm, hence o, is 7.89 x 1020 ¢cm?.
The inversion conditions for KGdo447Lu0.078Ybo475(WO4), waveguide and thin-film
already approach the upper limit. Hence, a practical way of further improving the
device is via device cooling. By cooling the waveguide amplifier to 30 °C, an increase
of oz up to 42% (10.20 x 102° ¢cm?) is anticipated.

Extra decay process reported in the literature

The numerical results presented in this chapter show that ETU process increases the
absorbed pump power, temperature, and threshold pump power for the signal to reach
transparency. The rate of change of the density of excited ions due to ETU process is
proportional to the square of density of excited ions. The reduced population inversion
caused by ETU leads to reduction of signal gain.

The ETU process detected in this work coincides with experimental observations
from heavily Yb*"-doped thin-disc lasers. Many groups had tried to employ high Yb3*
concentration YAG, LuAG, or LuyO; thin layer for thin-disc lasers in order to achieve
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5.6 Discussions

high pump absorption within the layer. However, abnormalities are observed for layers
with Yb** concentration >15 at.%. Extra decay process in YAG:Yb*" has been reported
by Larionov ef al. in a conference proceeding [151]. The rate of the extra decay is found
to be comparable with the rate of decay due to spontaneous emission and it exhibits
non-linear dependence to the excited Yb>" ions. Besides, heat generation beyond the
fractional heat load due to quantum defect has been observed and the additional heat
generated is associated with the mentioned extra decay process. Separate research group
has also reported the presence of nonlinear loss mechanism based on laser experiments
using YAG:Yb3" ceramic [164] and LuAG:Yb*" crystal [165]. In both reports, laser
experiments were repeated on high Yb3* concentration samples using output couplers
with different transmissivity. The use of output coupler with higher transmissivity
effectively increases the excitation density needed to achieve laser action. It is reported
that the laser output power decreases rapidly after certain pump power value for both
gain materials when output coupler with high transmissivity is used [164, 165]. The
drastic change of laser power cannot be explained by the temperature dependence of the
transition cross-sections alone and it is attributed to additional nonlinear decay
mechanism which takes place at high density of excited ions. Based on
photoconductivity measurement on YAG:Yb?" and Lu,O3:Yb?", Brandt et al. suggested
that cooperative up-conversion involving 2-3 exited Yb*" ions might be responsible to
the observed unknown loss in heavily doped gain media [166]. Nevertheless, there is a
lack of further explanation on the direct correlation between the photoconductivity
measurement and the nonlinear loss identified from the laser experiment by the same
research group [167].

Based on the abovementioned reports, the ETU process identified in this work
could be relevant for other high Yb' concentration media as well. Even though the
nature of the ETU process and quenched ions has not been fully understood, the
experimental approaches, particularly the lifetime measurements using confocal setup,
as well as the theoretical gain model which takes into account the thermal effects, ETU
process, and quenched ions could be useful for other high Yb3" concentration gain
media.
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Chapter 5

5.7 Summary

The pump absorption, signal gain, and luminescence spectra in 32 pm thick
KGdo43Ybos7(WOs), epitaxial layer have been investigated experimentally and
numerically. A theoretical gain model taking into account the pump-induced thermal
effects has been developed and applied to study the pump absorption and signal gain
characteristics of the sample.

The experimental pump absorption results reveal nonsaturable pump absorption as
compared to the theoretical prediction, which can be adequately explained by assuming
17% of quenched ions in addition to the ETU process. Both factors lead to higher
temperature in the pumped volume, higher threshold pump power required for the
signal to achieve transparency, and lower signal net gain. The average temperature
values in the pumped volume estimated at the highest launched pump power values
employed in the experiment is ~65.5 °C.

Taking into account the pump-induced heating effects, the net gain value
determined from the signal enhancement data acquired with pump-probe optical
experiment is 2.616 dB at 981 nm signal wavelength. The high net gain per unit length
figure of 817 dB/cm achieved in the samples is encouraging as no special thermal
management was applied to the sample during the gain measurement. It is anticipated
that efficient heat removal and cooling measures which maintain the sample’s
temperature at 30 "C may lead to ~30% improved gain performance.

The luminescent spectra collected under high pump excitation condition show
broadened emission peaks with the increase of launched pump power, hence justifying
the finding that significant heat is generated within the sample. Besides, traces of
impurities such as Er*" and Tm*" have been found. Cooperative luminescence at
~500 nm due to the interaction of two excited Yb*" ions could also occur. Nevertheless,
the influence of these parasitic upconversion luminescence on the gain is not clear at the
moment. Further experimental work is needed to determine the origin of ETU process
and quenched ions as well as to quantify the impact of parasitic upconversion processes
on the signal gain.
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Chapter 6
Conclusions

This thesis explains the research work concerning high Yb** concentration KRE(WOu),
epitaxial layers, where RE stands for Gd, Lu, Y, or the combination of these elements,
which are catered for optical amplification purpose. Prior to this work, KRE(WOQ,),
high-gain waveguide amplifiers based on epitaxial layer with 47.5 at.% Yb*" had been
achieved. In-depth investigations on the optical properties of the epitaxial layers with
> 50 at.% Yb*" have been conducted in this work via experimental and numerical
means to evaluate the potential of these layers for the realization of waveguide
amplifiers with superior net gain per unit length performance.

High Yb*" concentration KRE(WOQs), layers have been grown on undoped
KY(WOs), substrate by Dr. Shanmugam Aravazhi using liquid phase epitaxy technique.
A lattice engineering approach has been adopted for the growth of the active epitaxial
layers to simultaneously meet the requirements of a) maintaining lattice matching
condition, b) increasing index of refraction, and c¢) maximizing the concentration of
Yb?". The composition of the sample with highest Yb*' concentration has been
characterized as KGdo43Ybos7(WOs): and the refractive index contrast between the
layer and the substrate is found to be ~0.0123 at 981 nm wavelength. Polished
KGdo43Ybos7(WO4), sample with layer thickness of ~32 um has been prepared for
spectroscopic and gain measurements. Besides, KLu(WO4),:Yb*" epitaxial layer grown
on undoped KLu(WOj), substrate using top-seeded solution growth technique has been
provided by Dr. Joan J. Carvajal from Universitat Rovira i Virgili, Tarragona. Due to
the closely matched lattice parameters between KLu(WO,), and KYb(WOs),, thick
epitaxial layer (i.e. > 100 um) with substantially higher Yb3" concentration can be
grown successfully. The composition of the layer has been characterized as
KLu24Ybo76(WO4)2, which means that it contains 76 at.% Yb?*. The polished layer
thickness of the KLuo24Ybo.76(WO4) is ~124 pm.

As the luminescent lifetime of high Yb?" concentration material is typically
hampered by radiation trapping effect which elongates the measured lifetime, a novel
confocal lifetime measurement setup has been devised and tested. The setup is based on
the concept of confocal volume detection which requires i) a pump volume which is as
small as possible, and ii) effective discrimination of luminescence originated out of the
non-confocal region from the detection system. As compared to other existing
approaches being used to mitigate radiation trapping effect, such as measuring on
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diluted powdered sample or measuring with pinholes followed by an extrapolation
procedure, the proposed setup allows direct measurement of lifetime in a non-
destructive manner. The setup has been used to determine the lifetime on
KRE(WO4)::Yb** epitaxial layers with Yb** ranging from 1.2 at.% to 76 at.%. The
measured lifetime results fall within the range of reported lifetime values measured
using other approaches. Besides, effective suppression of radiation trapping effect using
the proposed setup has been demonstrated. The lifetime obtained from sample with
1.2 at.% is 245+ 3 ps, whereas the lifetime values for KGdo43Ybos7(WO4), and
KLuo24Ybo.76(WOs), are 228 + 10 us and 222 + 9 ps, respectively. Hence, concentration
dependent lifetime quenching is rather weak even though these layers exhibit high
amount of Yb3* ions. Apart from that, power dependence of the luminescence decay has
been studied. It is found that the time-resolved luminescence curves exhibit non-
exponential decay, which indicates the presence of energy transfer upconversion (ETU)
process.

Absorption measurements have been performed on KGdo43Ybos7(WOs4), and
KLuo24Ybo.76(WOs4), to determine the transition cross-sections in these samples. The
impact of polarization disorientation on the measured peak absorption has been
quantified. Besides, special care has been taken to reduce stray light in order to resolve
the absorption peak of KLuo24Ybo76(WOs4), with high absorbance. The cross-sections
determined from KGdo43Ybo.s7(WO4)2 and KLug24Ybo76( WO4), are found to be similar
to those of reported bulk KRE(WO4),:Yb" crystals. The maximum absorption cross-
section and emission cross-sections in these films are about 1.3 x 10" c¢cm? and
1.6 x 10" cm?, respectively. The difference of cross-section spectra obtained from
KGd0,43Ybo,57(WO4)2 and KLuO,24Ybo,76(WO4)2 is marginal even though the Yb3*
concentration in these layers differs by 19 at.%.

Temperature-dependent ~ measurements  have  been  performed  on
KGdo43Ybos7(WOs), to quantify the change of spectroscopic parameters with
temperature. This is because intensely pumped Yb**-doped devices often operate at
elevated temperature primarily due to the conversion of energy difference between the
pump and luminescence photons into heat. It has been confirmed that the lifetime has
no significant temperature dependence. On the other hand, a strong dependence of the
absorption cross-section, especially on the major absorption peaks at ~932 nm and
~981 nm, on sample’s temperature has been detected. By increasing the temperature on
the sample from 20 °C to 170 °C, a reduction of cross-section by ~40% and ~52% has
been determined for the absorption peak at ~932 nm and ~981 nm, respectively. With
the aid of a simple model, the reduction of peak absorption cross-section with
increasing temperature can be explained by two effects, the reduced fractional
population of the relevant Stark level and the linewidth broadening. When the
temperature is increased from 20 °C to 170 °C, the fractional population of the relevant
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Stark level is reduced by ~18%. The linewidths of the decomposed absorption peaks
near 932 nm and 981 nm is ~1.37 and ~1.72 times broader at 170 °C than at 20 °C,
respectively.

Owing to the strong dependency of transition cross-sections to device’s
temperature, a numerical gain model taking into account the pump-induced thermal
effects has been established. In addition, pump-probe measurements have been
conducted to examine the pump absorption and signal gain in KGdo43Ybos7(WO4),
epitaxy layer. The comparison of the experimental and numerical pump absorption
results reveals non-saturation pump absorption behavior. Such effect has been reported
in other high active ion concentration materials and it is attributed to separate class of
ions which is rapidly quenched from the excited state. By assuming 17% of Yb*" ions
are quenched in addition to ETU process, the calculated result from the numerical
model match reasonably to the experimental data. Apart from the pump absorption, the
temperature profiles of the sample have been modeled as well. The results show that at
the highest launched pump power applied in the gain experiment, the average
temperature within the pumped volume is ~65.5 °C. The maximum net gain achieved in
KGdo.43Ybo.s7(WOs4): is calculated as 2.62 dB, or 817 dB/cm. Two gain limiting factors,
which are the population inversion and the temperature of the device, have been
identified by comparing the effective gain cross-sections achieved in the sample to
theoretical gain cross-section versus temperature curves. Assuming that the temperature
of the sample can be reduced to 30 °C via active cooling, the net gain per unit lengths
could be enhanced by ~30%.

In overall, it has been demonstrated experimentally that KRE(WO4):Yb*"
epitaxial layers with Yb3" >50% exhibit spectroscopic properties which are very
similar to those of bulk KRE(WO4):Yb®" crystals. This indicates that these
KRE(WO4):Yb*" layers can be utilized for amplifiers and lasers. Nevertheless, the
ETU process, quenched ions, and thermal effects would affect the gain achieved in
these layers. Using pump wavelength of 932 nm and signal wavelength of 981 nm, a
rather high net gain per unit length of 817 dB/cm is determined despite sub-optimal
thermal and inversion conditions. The gain value demonstrated represents only a
fraction of the theoretical gain of the material. Efficient heat dissipation from the
sample is expected to improve the gain substantially.
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Outlook

In Chapter 5, it has been shown that the experimental net gain values obtained are
limited by population inversion condition and thermal issue. While the former factor is
well known for rare-earth-ion-doped devices, the later factor has received considerably
less attention in the field of rare-earth-ion-doped waveguide amplifier. Based on the
findings in this thesis, further work can be done in the following aspects to fully exploit
the gain in high Yb*" concentration KRE(WO4), epitaxial layers:

Efficient heat extraction to external environment

Thermal management on the KRE(WO4),:Yb*" amplifiers provides a straightforward
approach to enhance the net gain. A potential heat dissipation solution for the
KRE(WO4), waveguide amplifiers is depicted in Figure 6.1. A heat spreader placed on
top of amplifier is suggested as the thickness of the top cladding layer is usually
<50 um whereas the substrate can be > 1 mm thick. A diamond heat spreader with
thermal conductivity exceeding 100 Wm'K™! can be used. Alternatively, cost-effective
sapphire window with thermal conductivity of ~30 Wm'K™! may serve as heat spreader.
The amplifier and the heat spreader can be attached to the metal block holder through
direct soldering, thermal grease, or indium foil. Heat removal from the metal block can
be done by attaching the metal block to a heat sink (passive cooling) or to a Peltier
element (active cooling).

Transparent heat spreader

]

—
Active layer

I~ Themmal
contacts

Metal block

@ A A

Heat sink (passive coding) or Peltier (active coding)

Figure 6.1 Schematic diagram of the proposed heat dissipation solution for
KRE(WOy), waveguide amplifiers. The cross-sectional structure of the amplifier is
represented by blue and yellow boxes. The active layer is patterned into ridge
structure using lithography tool and an undoped KRE(WQ,); cladding layer is grown
on the patterned active layer. The thermal contacts can be realized using metal solder,
thermal grease, or indium foil. The metal block can be attached onto a heat sink for
passive cooling or a Peltier element for active cooling.
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Flip-chip integrated waveguide amplifier

One of the limitations of the perpendicular gain measurement on epitaxial layer is that
smaller focused beam size could not be used as the beam would strongly diverge within
the layer, hence the inversion condition and pump efficiency achieved are suboptimal.
In principle, this can be overcome by employing waveguide structure with small
waveguide mode size. However, integration of such waveguide with external optical
interconnects, which is the eventual application for the waveguide amplifiers, would
lead to poor mode overlapping which diminishes the overall net gain [57]. A flip-chip
integrated waveguide amplifier would allow separation of pump coupling structure and
gain structure within the integrated chip. The waveguide amplifier can be flip-chip
bonded onto a SizNs waveguide interposer. SisNs waveguides exhibit low loss over a
wavelength range of 400 — 2350 nm and the waveguides can be optimized for low loss
coupling to single mode fibers (< 0.5 dB) [168], hence high coupling efficiency can be
achieved if pigtailed diode laser was used as the pump source. The transferred of optical
beams between the SizNs waveguides and KRE(WO4),:Yb*" can be achieved via
adiabatic mode transfer [14]. This in turn permits the use of thin KRE(WOQ4),:Yb?* layer
to realize high pump intensity within the amplifier because the thickness of the active
layer does not affect the mode transfer mechanism significantly.
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Appendix

Review on waveguide amplifiers

The data used to plot Figure 1.2 is presented in Table A using the following notations:

As — signal wavelength

Jp —pump wavelength

Ng — active ion concentration

! —device length

G - internal net gain

G/I- internal net gain per unit length

P — pump power used to achieve the reported G or G/I

Table A Collection data for waveguide amplifiers reported with net gain.

As Ap . 3 G P Year
(am) | (am) WL AE(ET) @B) (dB/em) (mW) & Ref
1530 | 5145 | Er* fiber 1.8x10'8 3meter | 22 | 0.0169° | 100 ][25]9

i 1989

1536 | 532 | Er fiber 0.1 wi% 5 meter M| ooes |25 |
1535 | 980 | Silica:Er* 055wt% | 194cm | 137 | 065 | 640 1[22]2
1533 | 980 Fg’lgfph"smcate 0.48 wi% 75 @m 5 067 | 420 1[32]3
1533 | 980 | Silica:Er* 3800 ppm 23 cm 94 | 0409° | 99 1[4912?
i N 1996

1530 | 1480 | ALOsEF 2.7%10 4 i 23 | 0575 | 9 e
s 20 1997

1535 980 | Phosphate:Er’® 5.3x10 1 cm 4.1 4.1 ~21 48]
1550 | 980 | Silica:Er™ NA 5 em 64 | 128 | 175 [2106092]
1530 | 1475 | TeO,:Er* 2.2x10% 56 14 28 | ~200 2[2;?
1532 | 976 | ALOsEr* 1.92x10° | 12.9cm 20 155 | 30 2[(3)%‘
1535 | 980 | TeOnEr™ 2.2x10% 5 @i >14 | =28 | ~180 2[2(1)]5

ErosY 16 SiO .
1530 | 980 Si:‘i’:at;;’ s ~32x10" | 500um | 1.5 30 | NA 2[(5)}]‘
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1535 | 984.5 | KRE(WO,), 3.8x10% 750 pm ~ 13 NA | 2016
Phosphate gl 7.5%x10° E .
1534 | 980 | SORSE  ege | 03em | 41 | 1367 | 150 2[223‘
Phosphate gl
1534 | 975 :Er‘zfg sbif’ass NA 3.1cm 15 48 | 460 2[2?]6
Tantalum . 78 2014
: : pentoxide:Yb** 6.2x10 : : (theory) ) 59
[59]
ke 21 2012
981 | 932 | KRE(WO,)»Yb 3.0x10 180pm | 1683 | 935 60 0201
3+ 20 2009
1064 | 800 | Polymer:Nd 1.03%10 5.6 cm 8 1.43 29 (551
0.65x10%° 4.1 3.0 1.37 2010
880 | 802 | ALOyNG™ - . 45
1.4x10 1 em 1.57 1.57 [22]
t06a | 802 | ALOLNG 1.13x10% 4.1 cm 144 | 351 45 | 2010
e 1.68x10° | 1.3-1.5cm | 82 6.3 [22]
1330 | 802 | ALOLNG 1.13x10% 4.1 cm 5.1 1.24 45 | 2010
e 1.68x10° | 1.3-1.5cm | 2.5 1.93 [22]
0.6x10% 1.9 2.8 1.47
873 | 800 | Polymer:Nd* om 2% | 2010
1.03x104 1 cm 2.0 2.0 [56]
. 1.03x10 44 8 1.8
1064 | 800 | Polymer:Nd* 0 o 2 | 2010
1.03x105 1 cm 5.7 5.7 [56]
3+ 20 * [57]
880 | 802 | ALO:Nd 0.5x10 6 cm ~3.5 0.58 55| Lo
YAG ceramic 2013
1064 | 810 . 2at% 7 mm 184 | 263 21
Nd’ [58]

* Estimated from the data available in the cited work
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