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Chapter 1

Integration of rare-earth ion doped gain
materials on glass

In this chapter, the interest in rare-earth ion doped gain materials for integrated
photonics is described. Rare-earth ions are introduced and the influence of the host
material on their luminescence properties is given, justifying the choice for crystalline
KY(WOa)2 and amorphous Al,O3 as host materials in this work. An overview of the state
of the art in the development of integrated lasers and amplifiers in both materials is
given. Finally, the outline of the thesis is presented.
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1.1 Introduction

The field of integrated optics is mainly driven by the increasing demand on data traffic,
speed and storage [1]. The data processing chips used in data centers and the devices that
we use in our everyday life (i.e., computers, smartphones) still rely on electronic circuits,
which soon will not be able to handle the ever increasing demands in bandwidth and
speed in an power efficient manner [2,3] and photonic circuits can overcome those
shortcomings [4,5]. The idea to route photons through an optical system in a way similar
to the routing of electrons in an electronic system originates from 1969 [6]. Many
research activities have been dedicated thereafter to develop compact, efficient, on-chip
lasers, amplifiers, waveguides, modulators and detectors with a small footprint [4,5] to
realize and optimize this idea.

The well-defined emission wavelengths and long lifetimes of rare-earth ions are of
great interest for telecommunications. The most widely applied device utilizing rare-
earth ions is the erbium-doped fiber amplifier (EDFA), established in 1987 [7,8]. This
fiber became the workhorse in long-haul optical communications [9,10]. Afterwards
fiber based Q-switched [11], mode-locked [12] and tunable lasers[13] were
demonstrated.

Subsequently, researches were driven to convert the promising results obtained in
fiber optics to integrated optics, which has the advantage of more compact devices and
the ability to process many devices in a single substrate [14]. Examples of rare-earth ion
doped integrated devices include waveguide amplifiers [15-19], lasers [20-22], mode-
locked lasers [23,24] and Q-switched lasers [25,26]. Furthermore, the broadening of the
emission band of rare-earth ions when doped in an amorphous host were used to further
develop on-chip tunable lasers for, amongst others, sensing (i.e., gas[27,28] and
biomolecules [29,30]) and spectroscopic [31] measurements.

Rare-earth ions exhibit narrow homogeneous linewidths and maintain long coherence
times for both optical [32] and spin [33] transitions when doped in a crystalline hosts.
Long storage time can be achieved with rare-earth ion doped materials [34,35]. These
characteristics explain the extensive investigation into rare-earth ion doped crystals for
classical information storage and processing based on atomic frequency combs [36] and
quantum memories [37-39]. Furthermore, narrow linewidth lasing has been achieved in
both amorphous (i.e., linewidth of 3 kHz and 1.7 kHz for respectively, erbium/ytterbium
co-doped phosphate glass [40] and Er®*:Al,O; [41] DFB lasers) and crystalline (i.e.
linewidth of 37 Hz in Er®*:Y,SiOs [33]) rare-earth ion doped materials. Recent work has
demonstrated that heavily rare-earth ion doped potassium double tungstate (i.e.,
KRE(WOQO4), RE = Yb, Gd, Lu) can achieve large modal gain of ~800-
1000 dB/cm [42,43], which is comparable to state of the art semiconductor devices.
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The complex devices necessary for applications (e.g., sensing, spectroscopy) should
not be made solely out of rare-earth ion doped material because this will lead to low
efficiency due to high reabsorption losses. Those devices have to be made out of an
active (rare-earth ion doped) gain section and passive (undoped) guiding sections (e.g.,
Si, Si3sNy) to reduce the pump power requirements to invert the gain section and to let
the devices work at their full potential. An example is the integration of rare-earth ion
doped aluminum oxide (RE®**:Al,03) with silicon nitride (SizN4) [22,44-46]

This thesis focusses on the integration of rare-earth ion doped materials, in particular
potassium yttrium double tungstate (KY(WOsa)2), and amorphous aluminum oxide
(Al203), on glasses. The research is performed in the Integrated Optical Sciences (I0S)
group at the University of Twente. Devices with high gain[42,43,47], wide
tunability [48,49] and promising efficiency [50] in both materials were demonstrated in
I10S and the former Integrated Optical Mirosystem (IOMS) Group. All fabrication stages
are performed in the MESA+ Nanolab at the University of Twente.

1.2 Rare-earth elements

Rare-earth elements are listed in the periodic table with element number 21, 37 and 57-
71 (i.e., lanthanides) as shown in Fig. 1.1(a) [51]. The neutral lanthanides have a
common electron configuration of [Xe]4f"6s? or [Xe]4f"15d'6s?, where [Xe] represents
a Xenon core and n the number of electrons in the 4f shell of the lanthanides (i.e.,
lanthanum n = 0 to lutetium n = 14). The ions occur mostly in the trivalent state, RE3*,
in the host material (i.e., crystal, ceramic, glass) by giving up two loosely bond electrons
from the outer 6s shell and one electron from either the 5d or 4f shell [52].

The trivalent ytterbium ion (Yb%*) has 13 electrons in its 4f shell and has a simple
energy level scheme. The energy levels in this scheme can be represented by the Russell-
Saunders notation 2S*1L;, where S is the total spin quantum number, J is the total angular
momentum gquantum number, and L is the orbital quantum number [53]. Following this
notation, the upper state and the ground state manifold of Yb?* can be presented by 2Fs,
and 2F7, respectively. The two energy states are split in, respectively, three and four
Stark sub-levels (i.e., number of Stark levels is determined by (2J+1)/2) due to the crystal
field of the host material. Figure 1.1(b) shows the two-level energy diagram of Yb3*
when doped in a KY(WO.), crystal with its Stark levels. A possible energy transition is
also illustrated in this figure. When the ytterbium ion absorbs the energy from a photon
with a wavelength of 980 nm, the ion promotes from the ground state ?Fs, to the first,
(07), Stark sub-level of the upper 2F, state, due to the fact that the energy of the photon
at least equals the energy difference between those two levels. When the ion relaxes back
from this state to the (2) Stark sub-level it emits a photon with a wavelength of 1025 nm.
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The electrons in the 4f shell do not take part in the bonding of the rare-earth ion with the
host material and they are well shielded by their optically passive outer, 5s? and 5p¢,
shells. The energy levels rare-earth ions are therefore largely insensitive to the host
material in which they are placed [54-56].

The variety of rare-earth ions allows the emission from the ultra violet (UV) to
infrared (IR) regime [52,54]. Table 1.1 shows a selection of emission wavelengths for

rare-earth ions utilized for laser and amplifier applications.
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Table 1.1 Selection of emission wavelengths of rare-earth ions
in various host materials used for laser and amplifier devices.

lon Emission wavelength (um) | References
Erbium (Er®) 1.5-1.6 [47,49,59-61]
Ytterbium (Yb®*) 1.0-1.1 [43,48,62]
Neodymium (Nd**) | 0.88, 1.06-1.10, 1.33 [63-66]
Thulium (Tm?*) 1.8-2.0 [50,67-71]
Holmium (Ho®*) 2.0-2.1 [24,45,72-74]
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1.3 Host material

Rare-earth ions can be hosted in different solid materials (i.e., polymer, glass, crystal).
The type of host material is important to take into account during the design phase of on-
chip optical devices because the lattice of the material has influence on the spectral
bandwidth and emission and absorption cross-sections of the relevant optical transitions
(Table 1.2).

Rare-earth ions exhibit limited solubility. Beyond a critical concentration, rare-earth
ions tend to form clusters of rare-earth ions [55]. Clustering of rare-earth ions is likely
to occur in glasses and polymers due to their amorphous nature. Co-doping of silica glass
with aluminum or phosphor act as a solvation shell for rare-earth ions and decreases the
amount of rare-earth ion clusters in this material [75,76].

Closely spaced or clustered ions tend to interact by transferring energy. This
constitutes a loss mechanism as it allows for a non-radiative decay of the energy to the
host lattice or a radiative decay at an undesired wavelength. Energy transfer, however,
can be beneficial in pumping schemes in which a material is doped with different rare-
earth ions. The excitation of one type of ion is transferred to the other type, allowing a
wider selection of pump sources to be used or a more efficient absorption of the pump.
This mechanism is used, for example, in Yb/Er [77,78] and Tm/Ho [74,79] co-doped
host materials. Other examples of beneficial use of energy transfer process include the
excited state absorption (ESA) in erbium doped materials, in which energy transfer from
two photon absorption will populate the 2Hi1/> or #Szj, level of erbium for emission in
the visible wavelength range [80], and the cross-relaxation process in thulium gain
material, which leads to on-chip lasers with slope efficiencies of ~80 % [50]

Whereas clustering of rare-earth ions limits the operational concentration in glasses
and polymers, it is often the mismatch in ionic radii between the rare-earth ion and the
ion that will be replaced in the crystalline lattice that limits the maximum concentration
in crystalline host materials [81]. This lattice mismatch causes stress in the crystal
resulting in defects in the layer. Nevertheless, lasing operation in 100% doped
Yb3*:YAG and Yb3*:KY(WO.), crystals has been demonstrated with a slope efficiency
of 27 % and 44 %, respectively [82,83]. The performance of those heavily doped crystals
is limited due to heat generating processes caused by the energy-transfer processes from
Tm3*, Er¥*, Ho®" impurities [84]. Short pump-pulse operation was needed to minimize
the thermal effects in the KYb(WO.,), crystal [83].

The emission spectrum of the rare-earth ions is affected by the splitting and shifting
of the energy levels due to the presence of an electric field in the host material, the so
called Stark splitting (i.e., homogeneous broadening). Stark splitting is the main
broadening system in crystalline hosts, which leads to sharp emission lines (Fig.
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1.2(a)) [85,86]. Broad emission spectra are obtained in rare-earth ion doped glasses (Fig.
1.2(b)) and polymers due to homogeneous and inhomogeneous broadening of the energy
levels [49,87].

The narrow emission lines of rare-earth ion doped crystalline material, in
combination with their high emission and absorption cross-sections for rare-earth ions
doped in the crystal (i.e. roughly a magnitude higher than for rare-earth ions doped in
amorphous host materials (Fig. 1.2(a,b)), are an advantage for high stability, narrowband
amplification [43] and lasing [21,63,88] applications while the broad smooth emission
spectrum in doped amorphous materials affords relatively flat gain, which is
advantageous for tunable laser applications [89] and broadband amplifiers [49,90].
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Fig. 1.2 (a) Emission cross-sections of crystalline Er:(Gd,Lu)20s film (black curve) and
an Er:Y20s bulk crystal (gray curve) [86]. (b) Emission and absorption cross-section of
amorphous Er:Al20s thin film [49].

Laser and amplifier devices based on polymers are often fabricated using spin-
coating [20,64]. This fabrication method leads to low fabrication costs. One of the main
concerns in the laser performance of polymer lasers is the degradation or even damage
induced by photo-oxidation effects and temperature increase in the gain section during
pumping [20,90]. These disadvantages are avoided by using glasses as host material.
They have often a higher thermal stability and they can be deposited on a wide range of
substrates at the wafer level. An advantage of crystalline materials over glasses is their
high thermal conductivity [91,92], which makes them suitable for efficient high power
lasers. A drawback for dielectric laser crystals in integrated optical systems is that they
have to be epitaxially grown on a lattice matched substrate, which result in low index
contrast between the waveguide core and cladding (An ~ 102 [75] [93-96]).
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Table 1.2 Integrated optical host materials for rare-earth ions [18]

Host type Category | Examples Advantage Disadvantage
Amorphous | Glass a-Al.0s3 Broad emission spectrum; | Low refractive index
Bismuthate glass High stability; contrast
Fluoride glass Deposition on a variety of
Phosphate glass substrates;
Silicate glass Optically isotropic
Polymer Fluorinated- Broad emission spectrum; | Thermal instability;
dianhydride/epoxy | Low cost; Color centers
PMMA Deposition on a variety of
PPMA substrates
Crystalline | Dielectric | (Gd, Lu)20s3 High emission and | Narrow wavelength
KY(WOQa)2 absorption cross-sections; | range (for amplifiers or
LiNbO3 Highly  stable  output | tunable lasers);
Y3AlsO12 (lasers); Epitaxial growth on
YAIO3 High thermal conductivity | specific substrates
Y203 required
Er3(SiOa4)2Cl

1.4 Host materials used in this work

The goal of this project is to integrate rare-earth ion doped gain materials on glass
substrates, where the glass substrate mimics the integration on wafers with a buffer layer
of glass (e.g., SOI, SiNy, silica on silicon), to enable small, (power) efficient, tunable
lasers and amplifiers. Both a crystalline host material, KY(WO.)2, as well as an
amorphous host material, a-AlO3, were investigated.

Monolithic, rare-earth ion doped potassium yttrium double tungstate,
RE3*:KY(WO,),, is a promising candidate for active on-chip devices. The crystal has a
high refractive index of n~2 at 1550 nm and a wide transparency window (350-
5400 nm) [97,98]. Its gain bandwidth is relatively large compared to doped YAG
crystals [99] and KY (WQ,), can compete with glass lasers in terms of tunability [48,49].
KY(WOy), has the advantage of a high emission and absorption cross-section
(oem ~ 1.3x1071° ¢cm? [100]) for rare-earth ions doped into the material, compared to
glasses (e.g., cem ~5-8 x 10?1 cm? for Al,O3 and phosphate glasses [49,101]). This
crystal has a conductivity of x ~ 3.3 W/mK [92], which is comparable to other laser
crystals (i.e., k ~ 5-11 W/mK for YLF, LUAG, YAG [102]) and fairly large compared to
the conductivity of different glass types (i.e., x ~ 10 W/mK for fluoride, chalcogenide
and silicate glasses [91]) used for laser applications.

Aluminum oxide, Al;Os, is chosen as amorphous host material for rare-earth ions.
Al>O3 has a higher refractive index (n ~ 1.65 at 633 nm [103,104]), compared to other
glasses (n ~ 1.45 for silica glasses) leading to greater integration density. It also exhibits
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a wide transparency window (150-5500 nm [105]). This material is an excellent host due
to the many bonding sites available for the trivalent rare-earth ions [18]. Amorphous
Al;O3 has the ability to be doped with high concentrations of rare-earth ions in
comparison to Si and SizN4 [106,107] and other silica based glasses [55]. Only moderate
luminescence quenching is observed for amorphous Al>Os with high concentrations of
rare-earth ions (~2 x 10%° cmd Er®*:Al,O3) [19,108]. The material can be fabricated with
low planar waveguide losses (i.e., 0.12+0.02 dB/cm at 1523 nm [109,110] and
0.04 £ 0.02 dB/cm [111] fabricated with RF reactive sputtering and atomic layer
deposition, respectively) and low waveguide losses (i.e.,0.60 +0.04 dB/cm for rib
waveguides at 1550 nm [29]). Those material and fabrication properties make
amorphous Al,Os an attractive material for UV, visible, near- and mid-IR on-chip active
devices [65,112,113].

1.5 State of the art integrated KY(WOa). lasers and
amplifiers

The refractive index contrast between the waveguide core and the surrounding cladding
plays an important role in the reduction of the waveguide cross-section. Small
waveguides contribute to a better overlap between the pump and signal wavelength and
they will enable the development of compact, power efficient, active micro devices. This
section gives an overview of different fabrication methods for waveguides structures in
KY (WO,); that have been developed over the past two decades.

Type Il femtosecond laser written waveguide devices (i.e., decreased refractive index
in the irradiated regions[114]) have been demonstrated in KY(WO4), and
KGd(WO.), [115-117]. The mode field diameter for single mode guiding is in the order
of a couple of tens of micrometers, for light with a wavelength around ~1 um. The large
mode field diameter is caused by the low refractive index contrast An~103[117].
Waveguide losses of ~2 dB/cm at ~1 um [115,117] and 1.8 dB/cm at 1.6 um [116] have
been demonstrated in these devices.

Another way to create a refractive index contrast is the growth of a doped KY (WO.):
layer onto an undoped seed crystal using liquid phase epitaxy (LPE). Lattice engineering
is required to obtain defect free doped KY(WO,). layers [93,94] lattice matched to the
undoped substrate and with the desired refractive index and rare-earth ion doping
concentration. The waveguide structures are defined by Ar* beam etching in the doped
layers (Fig. 1.3(a)) and they are overgrown with an undoped KY (WO.)2 layer. This type
of devices have a refractive index contrast of An ~ 102 [93,94]. Rib waveguides with
cross-sections of several micrometers in horizontal and vertical direction are made in
those layers, as shown in Fig. 1.3(b). Low losses of <0.34 dB/cm at 1023 nm were
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obtained from the structure shown in Fig 1.3(a) [118] when overgrown with an undoped
KY (WO,), layer. Waveguide lasers with high slope efficiency and high output power
(i.e., n ~ 80 %, Poy ~ 1.6W) at a wavelength of 1.84 um [50] as well as widely tunable
(i.e., 65 nm) lasers at ~1 um wavelength [48,118] have been demonstrated. And a similar
slope efficiency (i.e., ~82.6 %) have been demonstrated at a wavelength of 1.84 um for
waveguides fabricated in doped KY (WO.) layers, grown by LPE, with precise diamond
blade dicing [119]. Exploiting the high solubility of rare-earth ions in KY (WO4), without
clustering together with the two level energy scheme of Yb®*, resulted in the
demonstration of very high optical gain (~800-1000 dB/cm) at 1 um of wavelength in
highly doped Yb**:KY (WOQ,), waveguide amplifiers [42,43].

(a)

7 pm

&l Passive “——> 14um

—

2.4 pum

Passive

Fig. 13 (a) Scanning electron microscope (SEM) image of a
KY0.40Gdo.433LU0.150 Y D0.017(WO4)2 layer grown by LPE and etched with Ar* beam
etching without overgrowth [118]. (b) Optical TE mode profile for such a waveguide
made for operation at a wavelength of 981 nm [21].

Carbon swift heavy ion irradiation is another method to obtain even higher refractive
index contrast in a KY(WOQ,), layer. Carbon ions are accelerated with an energy of
9 MeV and a fluence of 3-10%*ions/cm? towards the KY(WO.), surface to induce
damage in the crystal. This damage is caused by ionization effects and ballistic
interaction of the high energy ions with the material. The electron and ballistic damage
cause amorphization in the crystal when the energy deposited by the irradiation surpasses
the ionization threshold of KY(WO.)2 [120]. The crystal structure at the surface of the
crystal is then partially repaired by annealing (i.e., at 350 °C for 3 hours), which sharpens
the refractive index boundary and reduces the propagation losses. The final slab layer is
~1 um thick and it has a refractive index contrast of ~0.15 with respect to the amorphous
region. Optical slab propagation losses below 1.5dB/cm at 1550 nm have been
measured [121]. This type of KY(WOQ.,): irradiated layers have, thereafter, been used for
the fabrication of high-refractive index pedestal structures [122].

A different approach to attain high-contrast KY(WO.), waveguide devices is
demonstrated by Medina et al. [123] and Sefun¢ et al. [124]. The KY(WOQOa)2, or
KLu(WOa4). for the first study, crystals were heterogeneously integrated on a SiO;
substrate with an optical adhesive to create an high refractive index contrast between the
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crystal and substrate (i.e., An ~ 0.4). The first study demonstrated tapered waveguides
made by ultraprecise dicing and reactive ion etching (RIE) as thinning step. Those tapers
with a total length of 8 mm had a waveguide width and height of respectively, 20 um
and 0.8 um and are used for optical sensing applications [125]. The latter study
developed an extensive lapping and polishing process to thin the original layer
(10 x 10 x 1 mm?) down to ~2.4 um where after waveguides, with a total length of 200-
300 um, were fabricated using focus ion beam milling (FIB). The final waveguide
dimensions are shown in Fig. 1.4(a). The high refractive index contrast between the
KY (WOQ4), and air of ~0.45, makes small waveguide dimension possible. The high mode
confinement for the fundamental TE mode in the waveguide cross-section at 1550 nm is
shown in Fig. 1.4(b). The channel waveguide losses are characterized to be < 1.5 dB/cm
at 1550 nm.

Fig. 1.4 (a) SEM image of the cross-section of a FIB milled KY(WO.): rib waveguide.
(b) Optical TE mode profile at the at a wavelength of 1550 nm [124].

1.6 State of the art integrated Al>Os lasers and
amplifiers

Rare-earth ion doped Al,O3 waveguide amplifiers with a wide gain bandwidth [49] and
high net gain [19] have been demonstrated over the past years. Peak gains of 1.57 dB/cm
at 880 nm (i.e. Nd**:Al,O3 [65]) and 2.0 dB/cm at 1533 nm (i.e. Er3*:Al,O3 [49]) are
demonstrated for straight Al.Os waveguide amplifiers deposited by radio frequency (RF)
reactive co-sputtering [109]. Internal net gain of 20 dB is shown for 12.9 cm and 24.4 cm
long spiral Er®*:Al,Os; waveguides with concentrations of 1.92 x 10°cm and
0.95 x 102 cm-3, respectively [19]. A terrific net modal gain of 20.1 + 7.31 dB/cm is
achieved in Er3*:Al,03 hybrid slot waveguides of 250 um length [126]. The rare-earth
ion doped layer is deposited with atomic layer deposition in this research, which allows

10



Integration of rare-earth ion doped gain materials on glass

precise control over the rare-earth ion concentration (i.e., Er®* concentration of
~0.49 x 10% cm3). However, the overall net gain was only 1.40 dB due to the short
waveguide length. Furthermore, ALD are limited by their low growth rate for wafer scale
Al;O3 layers [111,127] whereas RF reactive magnetron sputtering is suitable for wafer
scale deposition.

Several type of lasers have been demonstrated using RE**:Al,O3 as gain material.
Channel RE®*:Al,O3 distributed feedback (DFB) lasers [128] and distributed Bragg
reflector (DBR) lasers [129,130] are an example of them. These type of lasers are also
demonstrated by integration of a RE3*:Al,Os layer on top of SizN4 structures (Fig. 1.5(a))
(DFB lasers [45,113,131], DBR lasers [132-135]). The light in those devices is guided
through the passive SizN4 waveguides and is evanescently coupled to the gain section on
top (Fig. 1.5(b)). Rare-earth ion doped Al>O3 can also potentially be integrated with ion
exchanged glass waveguides [136—138] for laser and amplifier applications.

(a)

taio Al,O;:Er3*

Fig. 1.5 (a) Schematic of wavelength-insensitive laser waveguide design by multi-
segmented SiNx structure. (b) Mode-solver calculation of the intensity distribution for
various near infrared wavelengths in the multi-segmented waveguide design [113].

Ring lasers with RE®*:Al,O3 gain sections have been fabricated by a damascene
process above SisN4 ring resonator [22,68,89,139] or as cladding on top of a Si ring
resonator [140]. In this process, doped Al.O3 material is deposited in a trench etched in
the SiO; substrate (Fig. 1.6(a)). The light is, in this example, guided through the passive
SisN4 waveguide structure and evanescently coupled to the RE3*:Al,O3 gain section.

Alternatively, devices with subsequently active and passive waveguides have been
developed. The light is coupled back and forwards between the passive and active
waveguide through adiabatic taper transitions (Fig. 1.6(b)) [46,141]. The damascene
process and the adiabatic transition between passive SisN4 Vernier structures and active
Er3*:Al,O3 gain section are used to demonstrate CMOS-compatible widely tunable lasers
on a silicon photonics platform [89].
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( a ) SiN, and ALO,:RE* microring resonator ( b]

SiN, waveguide
Si0, cladding

. ALO,
Si;N,
PECVD SiO, =
LPCVD Si0, %
B Thermal SiO,

Si substrate

Fig. 1.6 (a) lllustration of the resulting monolithic rare-earth ion doped microring laser
structure [22], (b) 3D schematic of the coupling section of the double-layer Al.Os and
Si3sN4 photonic platform [141].

Furthermore, Al,O3 has been doped with various rare-earth ions and lasing at many
different wavelengths has been shown, including ~0.88, ~1.06 and ~1.33 um (i.e.,
Nd3*:Al,03) [65], ~1.03 um (i.e., Yb**:Al,03) [22], ~1.55 um
(i.e., Ert*:Al,03) [22,44,89,142], ~1.8-1.9 um (Tm3*:Al,03) [68,143,144] and ~2 um
(H03+ZA|203) [45].

1.7 Specifications for the integration of rare-earth ion
doped KY(WOa4)2 and single-layer active-passive
Al>Os3 on glass

The work in this thesis focusses on the integration of rare-earth ion doped KY (WOa),
and single-layer active-passive Al>Os regions in a reliable manner. The integration
procedures have to fulfill certain specifications in order to enable fabrication of laser and
amplifier devices at the wafer level with standard lithography and etching processes.

Although, high refractive index contrast waveguide were demonstrated by Sefling et
al. [124], a reliable integration flow is missing together with a good understanding of the
process. In order to fabricate high refractive index contrast KY(WO.), waveguides, a
defect free KY (WO4), layer with thickness between 0.90 um to 1.60 um, depending on
the application, with a maximum deviation of + 0.02 um across the whole 10 x 10 mm?
sample surface is required.

Active and passive functionalities on the same chip without misalignment in the
coupling section can be realized by a single-layer active-passive Al,Os integration where
the waveguides can be fabricated with a single lithography and etching step. Therefore,
low loss active and passive Al,O3 regions with an adiabatic active-passive transition are
required, Furthermore, the mechanical properties of both regions should be comparable
and the topology on the layer should be small (i.e. thickness + 50 nm from the average
layer thickness) to ensure that waveguide etches with similar depths in both regions.
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Insight into the effect of different deposition parameters on the optical and mechanical
characteristics of undoped and rare-earth ion doped Al.Os3 has to be gained to enable the
technology for robust integration of single-layer active-passive Al;Os.

1.8 Outline of the thesis

Chapter 1 describes the optical characteristics of rare-earth ions and an overview of
different host materials is given together with their advantages and disadvantages. An
overview of the state of the art in KY(WO.); and Al;Os integrated lasers and amplifiers
is given and the missing niches for both materials are identified.

Chapter 2 details the bonding study performed for the heterogeneous integration of
KY (WOQ4);-on-glass. A summary of the important material properties for KY (WO.)
sample, multiple glass substrates and several types of adhesives is given. This is followed
by an overview of the used bonding methodologies. The experimental findings of
integration experiments using low and high temperature curable adhesives and direct
bonding are described thereafter. The results are published in the OSA Continuum
journal, in a paper entitled “Heterogeneous integration of KY(WO4)z-on-glass: a
bonding study” [145].

The development of a lapping and polishing process of KY(WO,), towards high
refractive index contrast slab waveguides is detailed in Chapter 3. First, the preparation
of the KY (WO4),-on-glass assemblies is described for this extensive process. Followed
by an elaborated explanation of the lapping and polishing consumables (i.e., lapping
slurry, polishing suspension) and equipment (i.e., machine, lapping and polishing disks).
And a detailed description of the maintenance of the equipment and the general process
is given. Lapping and polishing processes are developed on thick (> 300 um) KY (WO.):
samples and the lapping process, with the intention to lap a KY(WO4), sample from
1 mm down to 1-2pum, is described afterwards. The results are published in
Micromachines “Lapping and polishing of crystalline KY (WO.).: toward high refractive
index contrast slab waveguides™ [146].

Chapter 4 studies the influence of the oxygen flow on the optical and material
characteristics of the deposited Al,O3 in a radio frequency (RF) reactive co-sputtering
process. The deposition of Al,O3 relies on the reaction of sputtered aluminum and
oxygen ions and the relationship between the oxygen flow during the process and the
final composition of the deposited layer is normally very non-linear and highly complex.
Furthermore, the process often has hysteresis effects and parameters and the operating
point will drift due to erosion on the aluminum target. Therefore, a method is proposed
to quantify the relative oxidation state, nox, Of the aluminum target during deposition of
the layers to determine the correct operating settings to achieve optical guiding layers.
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The influence of this relative oxidation state on the refractive index and optical guidance
for undoped (i.e., passive) AlOs layers is investigated. The nature (i.e., amorphous,
polycrystalline, crystalline) of a selection of layers is identified using transmission
electron microscopy (TEM) and X-ray diffraction (XRD). The manuscript “Relative
oxidation state of the target as guideline for depositing optical quality RF reactive
magnetron sputtered Al,O3” has been submitted for publication.

Chapter 5 gives a proof of principle demonstration of single-layer active-passive
Al;O3 devices fabricated using two different integration schemes. One is based on a
shadow mask to deposit active Al,Os regions and chemical mechanical polishing (CMP)
to achieve a planar layer. The second integration scheme is based on the deposition of
active and passive regions through a two-step shadow mask process that improves the
reproducibility and ease of fabrication. The results of the CMP assisted integration are
published under the title “Single-layer active-passive Al;Oz photonic integration
platform” in Optical Material Express [147].

The thesis is concluded with a summary of the work presented in the chapters
together with an outlook to future work in Chapter 6.
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Chapter 2

Heterogeneous integration of
KY(WOQa4)2-on-glass: a bonding study

Rare-earth ion doped potassium yttrium double tungstate, RE:KY(WO4,)2, is a promising
candidate for small, power-efficient, on-chip lasers and amplifiers. There are two major
bottlenecks that complicate the realization of such devices. Firstly, the anisotropic
thermal expansion coefficient of KY(WO,), makes it challenging to integrate the crystal
on glass substrates. Secondly, the crystal layer has to be, for example, <1 um to obtain
single mode, high refractive index contrast waveguides operating at 1550 nm. In this
work, different adhesives and bonding techniques in combination with several types of
glass substrates are investigated. An optimal bonding process will enable further
processing towards the manufacturing of integrated active optical KY(WOQ4), devices.

This chapter is published as:

C.l. van Emmerik, R. Frentrop, F. Segerink, R. Kooijman, M. Muneeb, G. Roelkens, E. Ghibaudo, J-E.
Broquin, and S.M. Garcia-Blanco, “Heterogeneous integration of KY(WOa)2-on-glass: a bonding study”,
OSA Continuum, 2(6), 2065-2076 (2019)
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Chapter 2

2.1 Introduction

Potassium yttrium double tungstate (KY(WOQs)2) is a promising candidate for on-chip
lasers and amplifiers. Its relatively high refractive index (n = 2 at 1550 nm [1,2]) makes
it suitable for the fabrication of devices with a small footprint. The crystal provides large
emission and absorption cross-sections for rare-earth ions doped into the material [3].
Furthermore, large concentrations of rare-earth ions can be introduced into the crystal
matrix without undesirable quenching effects, thanks to the long interionic distances
between the atoms ({(d) = 0.4 nm [4]).

Its crystalline structure is also advantageous to achieve excellent gain characteristics
when doped with rare-earth ions, which is needed for the realization of lasers and
amplifiers. However, the integration of KY(WQ,), on glass substrates is challenging.
Firstly, KY (WOa) has to be grown on a lattice matched substrate, i.e., growth of slightly
doped KY(WO4), on an undoped KY(WOQ,), seed substrate by liquid phase epitaxy
(LPE) [5,6], which makes this method not suitable for the integration of the material on
amorphous substrates. Secondly, the KY(WQs), sample has a large (~250-650%)
thermal expansion coefficient (CTE) mismatch with the glass substrate, which gives
restrictions on the thermal budget that can be used during the integration process.

Previous studies have demonstrated waveguide lasers with high efficiency and high
output power at a wavelength of 2 um [7] and lasers at ~1 pum wavelength with large
tuning bandwidth [8,9], fabricated using LPE [6]. Those devices have a comparable
performances as waveguide lasers made by laser writing in various glasses (i.e.,
ZBLAN [10], bismuthate glass [11]) and crystals (i.e., GdVO. [12], YAG [13,14]) but
with lower lasing threshold. Both fabrication methods result in relatively large structures
due to the low refractive index contrast between core and cladding (i.e., An ~0.02 [6]
with LPE, An~0.003[15] with laser writing). High refractive index contrast rib
KY(WO4), waveguides have been demonstrated by Sefiing et al. [16], where a bulk
crystal of 10 x10 mm? and 1 mm thickness has been bonded with a UV-curable optical
adhesive to a SiO; substrate and thinned to ~2.4 um. Optical waveguides were patterned
using focused ion beam (FIB) milling. This method is, however, not suitable for the
realization of long devices (i.e., several millimeters) and it doesn’t allow for scalability.
Therefore, we aim at a comparable integration method where the devices can be made
with standard UV-lithography and reactive ion etching to enable scalability.

There are a few requirements that have to be met for the fabrication of optical
KY (WOQ4),-on-glass devices. Firstly, the bond has to be free of defects at the interface
between the KY(WO,), sample and the glass substrate because interfacial defects
increase scattering losses, which harms the performance of optical devices. Defects at
the interface can also induce cracking of the samples in the later thinning and polishing
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step. Secondly, the bond needs to have a high strength to survive the thinning procedure.
Additionally, the bond line should be uniform within tens of nanometers such that the
optical devices patterned on the surface of the chip have similar thickness and therefore
similar performance. Finally, the materials used for the integration should be CMOS
compatible for future integration with passive platforms (such as Si or SizNay).

This work focusses on the integration method of a bulk KY(WOQ4y), crystal onto a
glass substrate. Different bonding methods, in combination with various adhesives, are
tested. The advantages and disadvantages of each method are discussed to satisfy the
requirements for the fabrication of high refractive index contrast optical waveguides.

2.2 Material properties

2.2.1 KY(WOa): crystal

KY (WOQy): is a monolithic, birefringent crystal with three crystalline axes (a*, -b*, ¢* in
I12/c space group and a, b, c in the C2/c space group), three optical axes
(Ng > Nm > Np [1]) and three CTE tensors (X5 > X; > X;). The position of the optical
axes with respect to both crystal space groups is shown in Fig. 2.1(a) and the thermal
axes are shown in Fig. 2.1(b). The maximum and minimum of the CTE tensor, X}
(~21.0 ppm/°C) and X; (~7.2 ppm/°C), are close to the c* and a*-axis, respectively (Fig.
2.1(b)). The difference in CTE between the crystalline axes does not cause any problem
when the crystal is heated while not attached to a substrate. However, bonding of a
KY (WOy), crystal at elevated temperatures to, for example, a silicon wafer with a layer
of thermal oxide (CTEreos = 3.3 ppm/°C) induces stress in the layers after cooling,
which leads to cracks in either the sample or substrate.

2.2.2 Glass substrates

The CTE anisotropy in KY(WO.), can induce stress/strain when bonded to a glass
substrate at elevated (> 150 °C) temperatures. The CTE in the a*-c* crystalline plane of
KY (WOQy,), is respectively 8.5-19.7 ppm/°C [17].

Two different glass types have been studied to minimize the CTE mismatch between
the glass substrate and the a*-c* crystalline plane of KY(WO.)2. MEMpax (SCHOTT
AG, MEMpax®, DE), a borosilicate glass, has a CTE of 3.3 ppm/°C [18], which
corresponds to that of silicon and mimics the thermal oxide grown on a silicon wafer.
There is a large CTE mismatch between MEMpax and the two in-plane KY (WO,), axes,
which makes it unsuitable for bonding purposes where elevated temperatures are
involved. Soda-lime glass has a CTE between 9.1-9.4 ppm/°C [19,20]. This value is
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close to that of KY(WOa4), and therefore soda-lime substrates are used when elevated
temperatures (> 150 °C) are required.

Fig. 2.1 Crystalline axes (black) with structure according to 12/c space group with
a*=1063nm, -b*=1.034nm, c*=0.755nm, R*=943° and a=0.807 nm,
b =1.034 nm, ¢ = 0.755 nm, B = 130.7 ° from the C2/c space group together with (a) the
optical axes (blue); (b) the principle thermal axes (red) [17].

2.2.3 Adhesives

The bonding process and adhesive that are used are important to successfully bond a
KY(WOQ4), sample on a glass substrate. UV-curable adhesives are optimal for room
temperature bonding. Bohle low viscosity 740 (Verifix® LV 740, Bohle BV) and
Norland Optical Adhesive 81 (NOA81, Norland Products Inc.) were selected because of
their low viscosity and large strength in comparison to other optical adhesives. Two
epoxy based adhesives, Epotek 353ND and 377 (Epoxy Technology Inc.), were selected
to test bonding at 150 °C. And finally  divinylsiloxane-bis-benzocyclobutene
(DVS-BCB, Cyclotene® 3022-35, Dow Chemical), further referred to as BCB [21,22],
and O activated direct bonding [23,24] were selected because of the accuracy in the
achievable bond line. A disadvantage of the latter methods is the curing/annealing
temperature, which is around 250 °C for an optimal strong bond. The curing/annealing
can be performed at lower temperatures (~150 °C), leading to longer process times
(> 10 hours) and often to weaker bonds [25]. The specifications of the mentioned
adhesives are shown in Table 2.1.
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Table 2.1 Specifications of the different adhesives used.

Adhesive — | Cure Cure DV at | TS SM CTE Tdegrade | N(A | Ref

Cure setting | type dose 25°C (MPa) | (MPa) | <90°C (°C) =

& (cps) (ppm/ 600

Properties °C) nm)

Name |

Bohle 365 nm 1J/cm? | 100 -- 17.0 - 120 1.50 [26]

LV 740

NOA 81 365 nm 2J/cm? | 300 1.4 - 200 125 1.56 [27]

Epotek 150 °C 1hour | 3000- | -- >13.8 54 250 1.57 [28]

353ND 5000

Epotek 150 °C 1 hour | 150 - -- 10.0 57 300 1.52 [29]

377 300

BCB 160 - 10 -1 - 29 - 42 350 1.55 [30]
250 °C hours

Direct 150 °C 72h NaN -- -- NaN -- NaN | [25]

bonding

DV = dynamic viscosity, TS = tensile strength, SM = shear modulus, Tdegrade = degradation temperature of
the adhesive, n = refractive index

2.3 Bonding methodology

Multiple bonding techniques have been investigated to integrate KY (WQ,), samples
onto glass substrates. In the following sections, the different bonding techniques are
described, namely manual bonding, bonding using a flip-chip bonder and bonding using
a wafer bonder instrument.

2.3.1 Manual bonding

For stability during the thinning process, three KY (WOQ4),-on-glass assemblies need to
be mounted on an ultra-parallel glass plate (@ 83 mm, thickness 6 mm, Logitech, UK)
as shown in Fig. 2.2(a). This imposes stringent requirements on the thickness and
uniformity of the different layers in each of the three stacks, namely the glass substrates,
the KY (WO.), samples and the adhesive layers in between, since it determines the final
uniformity of the thin KY(WO.), slabs.

The first step in the bonding protocol is to ensure that all the glass substrates have
identical thickness. To that aim, both the top and bottom surfaces are grinded on a cast
iron disk using a 800 SiC slurry. This step also permits enhancing the adhesion with the
substrate. The thickness of the substrates is measured at the center and at the four corners
of the substrate with a thickness measurement system equipped with an inductive probe
with an accuracy of 0.2 um (Milimar C1208 and P1300, Mahr, GmbH, DE). If the height
at those five points is not within the accuracy of the measurement system (i.e., 0.2 pm),
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additional grinding is done exerting higher pressure on the areas where the layer is
thicker than the rest of the substrates. This process is repeated until all samples are
parallel and have identical thickness (i.e., £ 0.4 um due to repeatability, hysteresis and
error limit of the measurement system). With the same measurement technique, three
identical KY (WO.), samples (Altechna, LT) are selected from the batch of samples.

In order to verify that the glass substrates and KY (WO.), samples form an identical
stack, they are positioned on top of the ultra-parallel plate. An optical flat is then placed
on top of this configuration and illuminated with monochromatic light (Kemet, UK,
Sodium line A = 598 nm) to inspect the Newton rings on the top layer. The position of
the layer stacks is adjusted until less than 10 bright and dark fringes are visible (Fig.
2.2(b)). The KY (WO.), samples are then removed and a drop (~10 pL) of low-viscosity
UV-curable adhesive is applied on top of the substrate. The KY (WO.), samples are then
carefully placed on top in the same position as before. The planarity of the stack is
checked by looking at the Newton rings before curing. Finally, the adhesive is cured with
the optical flat on top as load (~0.2 N/cm?).

Fig. 2.2 Photographs of (a) three stacks consisting of KY(WO4)2 sample bonded with
UV-curable adhesive onto MEMpax substrates and wax mounted on an ultra-parallel
supporting glass for thinning and polishing. (b) Three stacks consisting of KY(WOu)2
samples on grinded soda-lime substrates with Newton rings, visible on the KY (WOa4)-
optical flat interface, to check the planarity of the stacks.

2.3.2 Bonding using a flip-chip bonder

A flip-chip bonder (Finetech GmbH, Lambda, DE) is used for precision bonding. The
bonder has an in-plane alignment accuracy of + 0.5 um and it can apply a uniform force
ranging from 0.1 till 400.0 N on a sample. The optimal bonding force was found to be
between 100 and 150 N to ensure a bond line of ~1 £ 0.5 um across the whole sample
without defects and/or air traps induced by the bonding force [31]. Prior to bonding, both
the sample and the substrate are cleaned for 15 minutes in an ultrasonic bath with DI
water to remove particles on the surface followed by a chemical cleaning step in a 99%
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HNOj3 bath for 10 minutes. Subsequently, both substrate and sample were treated with
oxygen plasma (50 sccm O, 100 W, 5 minutes) to activate the surfaces.

A gimbal tool was utilized in the flip-chip bonder to ensure perfect planarity between
the KY(WO4), sample and the substrate. The gimbal was initialized by applying 400 N
on a dummy KY(WQ,), sample placed on top of a dummy substrate. The real sample
and substrate were then mounted on the top and bottom of the bonder, respectively, and
a drop of specified adhesive will be applied on the substrate. The KY (WO4), sample will
be put in contact with the substrate by lowering the arm tool of the bonder. The bonding
force and curing protocols for the bonding are then applied as required.

2.3.3 Bonding using a flip-chip bonder and a substrate with
pre-etched pillars

To control the thickness and uniformity of the bond line, a structure of pillars (@ 6 um,
spacing 100, 250 or 500 pum, height ~3 um) was designed in a recessed region of
dimensions 12 x 12 mm? to mimic a micro-bead filled adhesive, with which a planarity
determined by the tolerance of the bead diameter can be achieved [32]. The pillar
structures are microfabricated in the glass substrate (i.e., MEMpax or soda-lime glass)
using standard lithography and fluorine based reactive ion etching [33]. An optical
microscope image of a section of the fabricated structures on a MEMpax substrate is
shown in Fig. 2.3(a). Figure 2.3(b) shows a schematic of a KY(WQ.), sample bonded
onto a structured substrate. The pillars determine the bonding height and the adhesive in
the recessed region creates a strong bond between the substrate and the KY(WO,),
sample. A small number of bubbles can be trapped in the adhesive due to the presence
of the pillars, which should be minimized by proper surface activation of both the
substrate and the sample by oxygen plasma. The pillars were designed so that the optical
devices can be placed around the pillars, avoiding changes in the propagation
characteristics of the final devices caused by addition of scattering points.
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Fig. 2.3 (a) Top view of an optical microscope image with a corner section of the
recessed region (i.e., pool). Inside the recessed region, pillars with a diameter of 6 um
and a spacing of 500 um are visible. (b) Schematic representation of a KY(WOa):
sample bonded on a MEMpax glass substrate with pillars of ~2.8 um etched in the
substrate.

2.3.4 Bonding using a wafer bonder

A wafer bonder, Suss MicroTec ELAN CB6L, was utilized in the bonding tests of
KY (WOQ4): to glass using BCB. Since this instrument is designed for the bonding of full
wafers, the sample and substrate were clamped between two Pyrex wafers with a graphite
sheet between the sample and the top wafer to equalize the bonding pressure. The
temperature and pressure protocols for the bonding are then applied as required.

2.4 Experimental results

2.4.1 Bonding using low temperature adhesive

UV-curable adhesives allow bonding at room temperature. Two UV-curable adhesives,
Bohle LVV740 and NOA8L1 (Table 2.1) were investigated in this study.

Manual bonding was utilized to bond KY(WOQO,), samples onto a 20 x 20 mm?
soda-lime substrate using Bohle LV740. The manual bonding process flow described in
Section 2.3.1 was followed. The adhesive was cured with UV-light with a fluence of
1 J/cm?. The process resulted in a mean bond line of 2.7 um with £ 1.0 um variation
along the 8 mm length of the sample. A thinner more uniform bond line with a planarity
in the tens of nanometer range is required to realize optical devices. To reduce the
achievable bond line a larger load is needed. However, a heavier UV-transparent optical
flat was not available. Therefore, it is concluded that manual bonding, with the available
materials, is not suitable for the envisioned application.
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A KY(WOs), sample was bonded onto a 20 x 20 mm? MEMpax substrate using
NOAS8L1 and the flip-chip bonder method described in Section 2.3.2. A drop of ~30 uL
of NOAS81 was applied on the substrate before the sample and substrate where placed in
contact. The applied force was built-up with a ramp of 5 N/s until a total force of 100 N
was reached. The arm tool stayed down for ~40 seconds. During this time, the adhesive
is pre-cured by applying UV-irradiation with a handheld UV-gun (peak wavelength of
365 nm). After bonding, the stack is fully cured with a total dose of 2 J/cm? in a UV-oven
(Spectrolinker, XL-1500 UV crosslinker). The mean bond line with this procedure was
0.6 um with a variation of + 0.4 um along the 8 mm length of the sample, which is not
yet sufficient to fabricate thin KY(WO4), layers with tens of nanometers of maximum
variation in thickness.

To increase the bond line uniformity, the method of using a substrate with pre-etched
pillars acting as spacers is utilized. Bonding is carried out using NOA81 and the flip-
chip bonding procedure onto a MEMpax substrate with microfabricated pillars. The
measured bond line was 2.7 pm across the whole sample, which corresponds with the
pillar height (i.e., measured height of the pillars was 2.8 + 0.2 um). The thickness of the
bond line can be accurately controlled by varying the reactive ion etching procedure of
the pillars.

2.4.2 Bonding using high temperature adhesive

Epoxy based adhesives, with curing temperatures of ~150 °C as well as BCB, with
curing temperatures ranging from 165-250 °C, were investigated. These adhesives
increase the thermal budget in future processes (i.e., Tmax uv=120°C and
Tmax_epoxy = 250 °C), such as the deposition of a polishing stop [33] or the integration
with a passive photonic platform. Increase of the thermal budget will also ensure a higher
reliability during the use and lifetime of the devices. Cracking of the samples occurred
due to the combination of the high bonding temperatures and the high CTE mismatch
between the sample and the substrate. Trenches oriented along the crystalline direction
of lower CTE (i.e., close to the a*-axis) succeeded in protecting the interface, resulting
in a crack and defect free interface, where the optical devices will be fabricated (see
Section 2.4.2.3).

2.4.2.1 Bonding using high temperature epoxy

Epoxy based adhesives are typically cured at elevated temperatures (~150 °C) to get
maximal bonding strength. To obtain the highest planarity of the bond, a KY(WQu4).
sample was bonded on a MEMpax substrate with pillars, as described in Section 2.3.3,
using a flip-chip bonder.
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Prior to bonding, both the substrate and sample had the same cleaning and surface
activation process as described in Section 2.3.2. After cleaning and activation, both the
sample and substrate were transferred to the flip-chip bonder. Five drops, with a total
volume of ~30 L, of Epotek 353ND where placed at the center of the substrate. The
curing protocol is as follow: first the temperature is raised to 70 °C for 120 seconds to
allow the adhesive to reflow. During the last 30 seconds of this stage, the arm with the
sample was lowered and the force was built on the sample with a ramp of 5 N/s up to
150 N where it stayed for 10 minutes. After the reflow step, the temperature was raised
to 150 °C for 1 hour to fully cure the adhesive and finally the sample was cooled down
to room temperature by natural convection. The first 20 minutes of the curing curve are
shown in Fig. 2.4(a).

The sample cracked during the cooling step when reaching the temperature of 80 °C,
which indicates that the stress in the layer was too big due to the CTE mismatch between
the KY (WOa), sample and the MEMpax substrate. The cracks are mainly along the a*-
axis, as shown in Fig. 2.4(b), which can be explained by the fact that the highest thermal
expansion is close to the c*-axis. The c*-axis is almost perpendicular to the a*-axis (i.e.,
angle between a*-c* axis is ~94°), which has the lowest CTE in the a*-c* plane of the
crystal. When the crystal cools down, it will be compressed along the a*-axis and it is
most likely to crack in this direction. A few cracks along the a-axis of the crystal were
also observed. Those cracks cannot directly be explained by the crystalline structure and
they are also seen during the growth of lattice and refractive index engineered
KY (WO4)2:Gd, Lu, Yb layers on undoped substrates using liquid phase epitaxy [6].
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Fig. 2.4 (a) First 20 minutes of the flip-chip bonding temperature and force profiles. The
sample stays at 150 °C for 1 hour before it is cooled by natural convection.
(b) Photograph of a KY(WO4)2 sample bonded on a MEMpax substrate at 150 °C, where
cracks mainly occur along the a*-axis.
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2.4.2.2Bonding using BCB

Benzocyclobutene (BCB) has been reported to provide very uniform, thin, strong bond
lines [21], which is ideal for our applications. Therefore, tests were performed to bond a
KY (WO4), sample to a soda-lime substrate (to minimize the CTE mismatch) using a
500 nm thick BCB layer. This adhesive is commonly cured at temperatures above 250 °C
to obtain the strongest possible bond [30]. In this study, three bonding tests were
performed at 230 °C, 190 °C and 165 °C respectively. The corresponding curing times
are ~2, 10 and 36 hours, respectively.

Prior to bonding, the sample and substrate were cleaned for 15 minutes in an
ultrasonic bath with DI water to remove particles on the surface followed by a chemical
cleaning step in a 99% HNO; bath for 10 minutes. A mixture of 1:2 = BCB : mesitylene
was spincoated at 3000 rpm for 40 seconds on the soda-lime substrate to obtain a 500 nm
thick adhesive layer. The sample and substrate are then mounted in the wafer bonder as
described in Section 2.3.4. The curing curve is as follows: first, the temperature is raised,
with a ramp of ~1.7 °C/min to 150 °C to pre-cure the adhesive for 20 minutes. After pre-
curing, the temperature is raised again, with a ramp of ~1.0 °C/min, to the final curing
temperature. A bonding force of 165 N is applied on the 4 inch Pyrex wafer during the
time of pre-curing and temperature raise. Finally, the sample is cooled by natural
convection to roughly 40 °C before unloading. The first part of the bonding procedure is
shown in Fig. 2.5(a). Again, the samples cracked along the a*-axis as shown in
Fig. 2.5(b). This indicates that the CTE mismatch between the KY (WOQ4), sample and
soda-lime substrate is still too large.
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Fig. 2.5 (a) First 4 hours of bonding temperature and force profile. (b) Photograph of a
KY (WO4)2 sample bonded at 250 °C to a soda-lime substrate, cracks mainly occur along
the a*-axis.
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2.4.2.3 Stress relief trenches in sample

All bonding tests at curing temperatures above 150 °C had cracks mainly along the a*-
axis. In order to bond at elevated temperatures without cracks at the interface between
the sample and the substrate, trenches were diced on the surface of the KY (WOQ,), sample
along the a*-axis to release stress at the interface and guide the cracks to the top surface
(i.e., non-bonding surface) of the sample. The trenches are 50 pm wide and 250 pm deep
with a heart-to-heart distance of 550 um along the a*-axis of the crystal, as can be seen
in Fig. 2.6(a) and (b).

A KY(WOy), sample with trenches was bonded onto a soda-lime substrate (i.e., to
have the lowest CTE mismatch between the sample and substrate) using the flip-chip
bonder method described in Section 2.3.2. Prior to bonding, the substrate was cleaned
for 15 minutes in an ultrasonic bath with DI water to remove particles on the surface
followed by a chemical cleaning step in a 99% HNO; bath for 10 minutes and
functionalized with a 1% saline solution because the oxygen plasma treatment was not
sufficient to obtain the correct surface energy match between the substrate and the
adhesive. After this step, Epotek 377 was spin-coated at 6000 rpm for 45 seconds and
was reflown at 80 °C for 5 minutes on the heating plate of the flip-chip bonder. After
reflow, the KY(WOQ,), sample was placed in contact with the soda-lime substrate by
lowering the arm tool of the flip-chip bonder and the force was built up to 10 N, to
prevent that the adhesive bulge up more than 2 um. The adhesive was finally cured for
1 hour at 150 °C, and afterwards it cooled down by convection.

Again cracks occurred in the layer, as shown in Fig. 2.6(a), but now they originate
from the most inner part of the trench and propagate to the top surface of the crystal.
This leaves a defect free interface between the sample and substrate, which potentially
can be used for optical devices after the bulk layer is thinned down to the required
thickness.

The bonding process with stress relief trenches was repeated using a 1 pm thick BCB
layer in the wafer bonder (Section 2.3.4). The process is similar to the one described in
Section 2.4.2.2 and the adhesive was cured at 210 °C for 8 hours. In this case the stress
was relieved mainly from the trenches (along the a*-axis) as shown in Fig. 2.6(b). Some
of the cracks propagate in a diagonal from one trench to another along the a-axis. As
mentioned before, those types of cracks were also reported during the growth of lattice
and refractive index engineered KY(WO.)2:Gd, Lu, Yb layers on undoped KY (WQs4),
substrates using liquid phase epitaxy [6].
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(b)

Fig. 2.6 (a) Side view microscope image of a KY(WO4)2 sample with trenches bonded
with Epotek 377 onto a soda-lime substrate where cracks originate from the top of the
trench and propagate towards the top surface of the crystal, indicated with red circle.
(b) Photograph in top view of a KY(WO4). sample with trenches bonded with BCB on
soda-lime glass. The cracks propagate to the top surface and are mainly along the
a*-axis.

2.4.3 Direct bonding

A KY(WOQ,), sample has been bonded onto a custom-made GO14® silicate glass using
the direct wafer bonding technique [34]. Direct wafer bonding requires no adhesives and
consists of a direct wafer-to-wafer contact between two hydrophilic surfaces. The
process induces a surface reorganization based on three mechanisms: spontaneous
adhesion based on Van der Walls forces and OH groups, slow fracture effect and
consolidation by thermal annealing resulting in the creation of covalent bonds between
the two surfaces. Its quality depends on the number of hydroxyl groups at both surfaces
and it is therefore strongly dependent upon the cleanness and the activation of the wafers.
The process that has been used here is directly derived from the SOI one as described
by [34]. The only difference is that the temperature of the thermal annealing has been
lowered from above 800 °C to 150 °C in order to prevent melting of the glass. This
change entailed an increase of the annealing time to 72 hours in order to provide enough
energy to create the covalent bonds. A previous study [25] showed that, with such a
process, a surface energy, y, greater than 1 J/m? is achieved, which allows the bond to
withstand standard mechanical processes such as dicing and polishing. After the
molecular bonding, both surfaces are crack free, as shown in Fig. 2.7. With this
procedure there is no bond line, which is very promising for future processing and
fabrication of optical devices.
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Fig. 2.7. Photograph of direct bonded K (WO,), onto GO14 silicate glass.

2.5 Discussion

In the previous sections, different bonding processes are discussed to integrate
KY (WO4), crystals onto glass substrates. Low and high curing temperature adhesives as
well as direct bonding have been investigated. All of those methods, together with their
associated bonding procedures, have their own advantages and disadvantages.

UV-curable adhesives have as advantage that there is no temperature increase during
the bonding process and therefore the CTE mismatch between sample and substrate does
not play arole. A substrate mimicking a microbead filled epoxy was developed to fulfill
the specifications for the thickness and uniformity of the bond line (i.e., maximum
deviation of tens of nanometers across the whole sample). KY (WO.), samples were
bonded using a flip-chip bonder with a gimbal tool with UV-curable adhesive (NOA81)
to these engineered substrates to achieve a perfectly planar bond across the sample with
the desired thickness (i.e., given by the height of the microfabricated pillars in the
substrate).

However, in the future integration of the laser crystals to a passive integrated
photonics platform, the thermal budget of the adhesive comes into play. The room
temperature adhesives used in this study degrade if they are exposed for a long time to a
temperature above 120 °C. Therefore, high temperature adhesives are studied to increase
the thermal budget. However, the high temperature adhesives require curing
temperatures above 150 °C. Such high temperatures increase stress due to the large CTE
mismatch between the sample and the substrate. Even with a low temperature ramp of
< 1 °C/min, the sample cracks during cooling. We demonstrate that trenches diced along
the a*-axis of the crystal guide the cracks from the bottom of the trench to the top surface
of the sample, leaving a defect free interface between the KY(WOQ,), sample and the
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glass substrate. Those trenches, in combination with even smaller BCB bond lines, can
pave the way to future integration to other passive platforms.

The most planar bond is achieved using low temperature direct bonding, which is
preferential for future integration. This bonding method, however, had the longest
annealing time (~72hours) and need ultra-smooth surfaces (RMS roughness
< 1.5 nm [35]). Therefore, additional polishing can be necessary to achieve a void free
bonding surface.

2.6 Conclusion

A perfectly planar bond was achieved with a flip-chip bonder using a room temperature
curable adhesive and a substrate that mimics a micro bead filled adhesive. For adhesives
requiring a curing temperature above 150 °C, cracks appeared upon cooling due to the
CTE mismatch between sample and substrate. Stress-relief trenches diced along the a*-
axis made it possible to guide the cracks to the top surface of the crystal. This resulted
in a defect-free interface between the crystal sample and glass substrate for the majority
of the surface. Finally, a KY(WOQa,), sample was bonded, for the first time to our
knowledge, crack-free to a glass substrate using low temperature direct wafer bonding.

The bonding techniques developed in this work pave the way towards the
development of KY(WOa)z-on-glass devices integrated onto passive technology
platforms.
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Chapter 3

Lapping and polishing of crystalline
KY(WO.4)2: toward high refractive index
contrast slab waveguides

Rare-earth ion doped potassium yttrium double tungstate, RE:KY(WO4,)2, is a promising
candidate for small, power-efficient, on-chip lasers and amplifiers. Thin
KY(WOs)2-on-glass layers with thicknesses ranging between 0.9 um and 1.6 zm are
required to realize on-chip lasers based on high refractive index contrast waveguides
operating between 1.55 um and 3.00 um. The crystalline nature of KY(WQO4), makes
growth of thin, defect free layers on amorphous glass substrates impossible.
Heterogeneous integration is one of the promising approaches to achieve thin
KY(WOa)z-on-glass layers. In this process, crystal samples, with a thickness of 1 mm,
are bonded onto a glass substrate and thinned down with an extensive lapping and
polishing procedure to the desired final thickness. In this work, a lapping and polishing
process for KY(WO,). is developed towards the realization of integrated active optical
devices in this material.

This chapter is published as:

C.l. van Emmerik, R. Kooijman, M, M. Dijkstra and S.M. Garcia-Blanco, “Lapping and polishing of
crystalline KY(WOa4)2: toward high refractive index contrast slab waveguides” Micromachines, 10(10), 674
(2019)
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3.1 Introduction

Potassium double tungstate (i.e., KY(WOa),, KGd(WOa4)2, KLU(WOs4)2) is used for
decades as active material for high power ultra-short pulsed lasers [1,2], thin disk
lasers [3,4] and Raman lasers [5-7]. The large interionic distance ({d) = 0.4 nm [8]) of
KY (WOQy,). allows to dope it with high concentrations of rare-earth ions [9-11] without
experiencing quenching effects. The crystal provides high emission and absorption
cross-section for rare-earth ions doped in it [11]. These properties in combination with
its relatively high refractive index (n =~ 2 at 1550 nm [12]) makes KY(WOg4), an
interesting material for the realization of small, high-contrast, low threshold, power-
efficient on-chip lasers and amplifiers.

Waveguide amplifiers [10] and lasers [13-15] fabricated in low refractive index
contrast waveguides have been experimentally demonstrated in KY (WO.). over the past
decade. Those devices were fabricated using liquid phase epitaxy (LPE) to grow an
optical quality, lattice matched, refractive index engineered, doped layer onto an
undoped seed crystal [16,17]. A refractive index contrast An ~ 0.02 [16,17] could be
achieved using this technique. Excellent optical performance has been demonstrated in
such devices, including a highly efficient thulium laser with a maximum output power
of 1.6 W and slope efficiency of ~80 % [13] and devices lasing at ~1 um with wide
tunability [14,15] and high optical gain [18].

Increasing the refractive index contrast between the core layer and the cladding will
increase the efficiency of the fabricated devices by increasing the field intensity on the
doped material. Swift heavy ion irradiation (12 MeV carbon ions) has been used to
fabricate planar waveguides by introducing a buried layer with a lower refractive index
approximately ~1 um below the surface of the substrate [19]. The lower refractive index
layer results from the amorphization of the crystalline KY (WQ4), material by the energy
deposited by the incident ions via electronic interactions. After an annealing step, to
repair residual damage in the waveguide core, a refractive index contrast of ~0.15 was
obtained with optical slab propagation losses below 1.5 dB/cm at 1550 nm [19]. A
refractive index contrast ranging from 0.4 to 0.6 can be achieved by the integration of
KY(WOy), onto a glass substrate. Sefling et al. have demonstrated the integration of
KY (WOy4), on a glass substrate using room temperature curable adhesive (NOA81) and
an extensive lapping and polishing procedure to thin a bulk crystal from 1 mm down to
2.4 um [20]. Waveguides with a maximum length of 300 um were fabricated using
focused ion beam (FIB) milling. Optical losses below 1.5 dB/cm were measured for rib
waveguides at 1550 nm. FIB milling of waveguides is time consuming and stitching
errors will occur during fabrication of millimeter long devices. Standard lithography and
reactive ion etching can be used to fabricate millimeters long waveguides in a
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reproducible manner. A defect free KY(WO.,). layer with a layer thickness between
0.90 um to 1.60 um, depending on the application, and with a maximum deviation of
+0.02 um across the whole 10 x 10 mm? sample surface is required to enable this
fabrication process.

In this work, we present the development of a lapping and polishing process made on
thick (> 300 um) KY(WOu), layers. The results of applying the developed process to
thin KY(WO,), substrates down to < 2 um thick layers are reported. Finally, the future
challenges for the realization of integrated active optical devices in KY (WO4)2-on-glass
are discussed.

3.2 Preparation of KY(WOs)2-on-glass assemblies

The following section details the preparation of KY (WO.), assemblies (i.e., KY (WOa),
bonded onto a glass substrate) for the lapping and polishing process.

3.2.1 Three-grade beveled KY(WOa4)2 edges

The KY(WO4), samples used in this study (Altechna, LT) are 10 x 10 x 1 mm? slabs
optically polished (i.e., root mean square (RMS) roughness < 1.5 nm) on one side and
low grade polished (i.e., RMS roughness < 30 nm) on the other. The sides of the, as
delivered, samples are rough and they have beveled facets of several tens of micrometers
from the polishing process (Fig. 3.1(a)). The roughness on the side facets of the samples
created chipped edges during the lapping process, which created defects on the sample
surface. The existing beveled facets from the manufacturer are not favorable for the
thinning procedure because they result in sharp vulnerable edges when the layer becomes
thin, as illustrated in Fig. 3.1(b). A method is developed to create smooth three-grade
beveled KY(WO.)., facets with blunt corners (Fig. 3.1(b)). The blunt corners in
combination with the different roughness will prevent the edges from chipping.
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KY(WO.), i N Al : (b) sharp edge blunt edge
M | I

—
KY(WO,), Adhesive Glass

Fig. 3.1 (a) Front view, microscope image of the edge of an as delivered KY(WO4)2
sample from the manufacturer, showing the beveled facet and roughness. (b) Side view
illustration of a sharp and a blunt edge of a roughly 50 um thick KY(WO4)2 sample. The
sharp edge is vulnerable for chipping whereas the chance of chipping of the edge is
limited for the blunt edge.

The corners of the samples are rounded, prior to beveling, again to prevent chipping.
This is done by manually turning the corner of the sample over wet rotating sandpaper
of consecutively 15pum SiC, 3 pum Al:Os; and 0.3 um AlOs (Struers, DE), as
schematically shown in Fig. 3.2(a). The sample is held by thumb and index finger at the
corner indicated with a green arrow. After the rounding step, the beveled facets are
applied to the edges of the sample. To that aim, a special tool, inspired on traditional
diamond polishing dop tool, was designed to handle the sample during the process (Fig.
3.2(b)). In the tool, a sample can easily be clamped by a spring mechanism (Fig. 3.2(b)).
Dedicated base disks are made with a consecutively larger thickness to create the
different contact angles between the sample and sandpaper as illustrated in Fig. 3.2(c,
d). The head of the tool is held between the thumb and index finger and guides the sample
in an inward-outward motion over the rotating plate, onto which sandpaper is mounted
(Fig. 3.2(e)). At the same time, pressure is exerted on the center of the bar of the tool
(orange arrow) to create the beveled facet.

The beveled facets are made in three sections as schematically shown in Fig. 3.2(f).
Sections 1, 2 and 3 are roughly 800 pm, 150 pum and 50 pm and are made with sandpaper
of subsequently smaller grain size (i.e., 15 pm SiC, 3 um Al>Oz and 0.3 um Al>03). The
height of each segment in the facet correspond with the targeted layer thickness that will
be removed during the different lapping stages (Section 3.4.1). The facets should have a
smaller roughness than the lapping particles used to prevent them from clustering in the
edge, which can cause chipping of the edge. This can be achieved using the mentioned
type of sandpaper because fixed particles give a finer surface finish than rolling particles
used for the lapping and polishing. A photograph of the corner of one sample is shown
in Fig. 3.2(g) where the different grades of beveled facets are visible.
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Fig. 3.2 (a) Side view schematic representation of the motion during the process of
rounding of the corners. The sample is held between the thumb and index finger at the
corner pointed out by the green arrow. (b) Photographs of the beveling tool and close-
up (inset) of the top of the tool with a sample (transparent pink) mounted for beveling.
(c) Schematic representation of the relative position of the tool on the machine. The
height of the base disk is increased to vary the contact angle. (d) Schematic
representation of how to achieve different bevel angles using the setup shown in (c). (e)
Top view schematic of the manual linear in- and outward motion of the sample on the
rotating sandpaper. The head of the tool is held between thumb and index finger to guide
the sample. Pressure is exerted on the center of the bar of the tool with the index finger
of the other hand (orange arrow). NOTE: During the process of rounding of the corners,
the sample is held by hand instead of using the tool. (f) Schematic representation of the
three areas of the beveled facets. The indicated areas, 1, 2, and 3, are consecutively made
with 15 um SiC, 3 pm Al203 and 0.3 um Al.03 sandpaper. (g) Close-up photograph of
a beveled facets of a KY(WOa4)2 sample with the mentioned grade of beveled facets,
looking from the top of the crystal.
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3.2.2 Preparation of KY(WOa4)2 assemblies

KY (WO4): stacks, consisting of a KY (WOs). sample and a glass substrate, are assembled
and eventually mounted on an ultra-parallel glass plate for the lapping and polishing
process. Typically, three KY(WO4), assemblies are mounted on the ultra-parallel plate
in a triangular configuration (Fig. 3.3). This configuration provides a higher degree of
stability of the samples on the lapping and polishing disk during the process compared
to a single mounted assembly. It also permits controlling the load on the samples with a
higher precision.

Details about the integration methods of KY(WO4), on glass substrates, using UV
curable adhesive, are described in Chapter 2. The height of the individual assemblies is
measured with a precision thickness measurement system (Milimar C1208, Mahr,
GmbH, DE) including an inductive probe (Milimar P1300, Mahr, GmbH, DE) before
mounting on a ultra-parallel plate (& 83 mm, thickness 6 mm, 0CON-166, Logitech).
The assemblies are only used when the deviation between the assemblies is within the
measurement accuracy of the system (i.e., + 0.4 um including repeatability, hysteresis
and error limit of the measurement system). The assemblies are mounted in a triangular
configuration on the ultra-parallel glass plate using low temperature melting wax
(Alcowax, NikkaSeiko, JP), as shown in Fig. 3.3. For the mounting, both the assemblies
and ultra-parallel plate are heated to 65 °C on a hotplate. The assemblies are then
mounted onto the given positions by melting a thin layer of wax in the required location
and positioning the samples. Another ultra-parallel plate combined with a load of 500 g
is placed on top during the cooling process to ensure an equal height of the assemblies
after mounting. The height of the assemblies is checked afterwards with the precision
measurement system. The procedure is repeated when the assemblies deviate more than
+ 0.4 um from each other.

Fig. 3.3 Photographs of three assemblies each consisting of a KY (WO4). sample bonded
with UV-curable adhesive onto a MEMpax substrate and wax mounted onto an ultra-
parallel supporting glass plate for thinning and polishing.
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3.3 Lapping and polishing equipment and
consumables

High precision lapping and polishing equipment is required to enable the fabrication of
optical high-index contrast KY(WO.), devices. The precision lapping and polishing
machine is described in Section 3.3.1 followed by an explanation of the used lapping and
polishing particles and disks (Section 3.3.2). The “conditioning of the disk” is the
preparation of the disk to obtain the required planarity and surface finish before usage
for the lapping and polishing steps, which will be described in Section 3.3.3. The general
lapping and polishing process is detailed in Section 3.3.4.

3.3.1 Lapping and polishing machine

The lapping and polishing process is carried out with a PM5 precision lapping and
polishing machine from Logitech (UK), shown in Fig. 3.4(a). The machine is positioned
in a specially designed laminar flow cabinet, with an HEPA filter, which creates an
environment with a reduced amount of large particles (i.e., 99.99862% of particles
> 0.3 um are filtered). The polishing jig (Fig. 3.4(b)) is held on the rotating disk by a
positioning fork, which can be held static or can be swept in the desired range with the
required speed. The disk rotation can be varied from 0 to 70 rpm. This range allows
precise control of both low and high removal rates. Lapping particles are mixed with DI
water in a dedicated cylinder. Prior to lapping, the lapping slurries have to be shaken to
remove the sediment layer that typically forms at the bottom of the cylinder. The cylinder
is rotated during the process to avoid sedimentation and ensure a homogeneous mixture.
The slurry flow can be adjusted by opening/closing a screw (0-1-2) and the slurry is
dispensed onto the disk via a slide (Fig. 3.4(a)). During the polishing step, the polishing
suspension is held in a container and it is dispensed on the disk through a tap (Fig. 3.4(c)).

The ultra-parallel plate containing the three KY (WO.). assemblies is held by vacuum
on the precision jig (PP5, Logitech, UK), as shown in Fig. 3.4(b). The load on the
samples can be adjusted from 100 to 1500 g and the removed layer thickness of the
samples can be monitored during the process with the digital gauge on the jig (precision
of 1 um).
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(a)
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(c) o
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container suspension
container
water tap suspension
tap

Fig. 3.4 (a) Lapping and polishing machine (PM5 from Logitech) with conditioning
block and additional load on a dedicated cast iron disk. (b) Precision jig holding the
ultra-parallel plate with vacuum. (c) Close up of water and polishing container and tap.
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3.3.2 Lapping and polishing materials

In this research, different types of disks are used for the lapping and polishing process
of KY(WOu4)2. They all have their own base disk, conditioning block, and slurry cylinder
or suspension container to reduce the need for conditioning of the disk and minimize
cross contamination between the different process steps.

A cast iron disk is chosen for lapping. The high hardness of the disk makes it suitable
to achieve a high level of planarity when the disk is properly conditioned. Calcined
aluminum oxide particles with grain sizes of 9, 3 and 1 um mixed with DI water, are
used to develop a so called coarse, medium and fine lapping process. The aluminum
oxide particles are hard (Mohs hardness 9.0) enough to allow an high removal rate on
the soft and brittle KY (WO.). (i.e., Mohs hardness of 4.0-5.0 [21]) but not too hard to
make defined scratches, which is the case for lapping of KY(WO.)2 using diamond
(Mohs hardness of 10.0) particles.

Pink (1LPE1-0600, Logitech) polyurethane disks with Shore A hardness of 94-97 are
used for the development of the polishing process. This disk is selected because of it
high hardness, which minimizes the rounding effect on the sample surface during long
(i.e., several hours) polishing process compared to polishing on softer polishing cloths.
Pre-polishing with 3 um CeO; slurry (OCON-023, Logitech, UK, 200 g/L, Mohs
hardness 8.0) was investigated prior to polishing. Those particles have a higher hardness
than the 40 nm colloidal SiO; suspension (OP-U, Struers, DE, Mohs hardness 7.0)
selected for polishing. It is expected that the roughness from lapping will be reduced
more efficient with the pre-polishing step, due to the higher hardness of the particles,
and therefore the final polishing time could be reduced.

3.3.3 Conditioning of cast iron and polyurethane disks

The lapping and polishing disks needs to be checked on planarity and defects before use.
The planarity can be checked with a precision meter, referenced on a granite master flat
block, at four points of the base disk (i.e., position of 3, 6, 9 and 12 o’clock) as shown in
Fig. 3.5(a). The precision meter needs to measure the deviation from the reference value
between two points. Therefore, the legs of the precision meter have to be placed as shown
in Fig. 3.5(a) at the 9 o’clock position. An average value of the deviation will be
measured when the legs are placed as shown at the 3 o’clock position (Fig. 3.5(2)). If the
meter indicates a larger deviation than 2 um from the zero reference, the disk is concave
(i.e., positive deviation from zero) or convex (i.e., negative deviation from zero) and
should be conditioned. Conditioning of the disk is also necessary if defects, such as pits
or scratches, are detected after a bare-eye inspection. The conditioning of the lapping
and polishing disks is carried out with a special conditioning block with an additional
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load of 3.5 kg. The conditioning block and load are placed at different locations of the
disk depending on the type of defect that needs to be corrected. In the case of a defect
(i.e., scratch or pit) the conditioning block and weight should be placed at the center of
the rim of the disk. To correct for a concave disk, the conditioning block and weight
should be placed towards the outer edge of the disk and to correct a convex disk, the
conditioning block and weight needs to be placed towards the inner edge (Fig. 3.5(b)).
It is important to ensure that the whole rim of the disk is covered by the conditioning
block to avoid that a ridge is created.

gauge conditEOn block

dial feet (b) | =
B

(a)

«— base disk

Fig. 3.5 (a) Schematic representation of the correct and incorrect positioning of the feet
of the precision measurement tool and the 4 measurement positions for
flatness/convexity/concavity on the base disk. (b) Indication of the positioning of the
conditioning block in the case of inside, center and outside positioning for respectively
convex, defects, and concave disk conditioning.

Both the lapping and polishing disk are conditioned using a dedicated conditioning
block for the particular disk. The cast iron disk (Fig. 3.6(a)) is conditioned using a cast
iron block with grooves (Fig. 3.6(b)). The grooves are wide and rounded such that they
can easily be cleaned after the process. In the case of the polyurethane disk (Fig. 3.6(c)),
a conditioning block with 200 um diamond pellets (Fig. 3.6(d)) is used. The diamonds
will scratch over the surface of the polyurethane disk and remove the top surface
effectively such that a fresh surface is exposed.

The conditioning block is positioned on the rim of the base disk at different positions
depending on the curvature or defect that has to be corrected (i.e., center for defect or
general condition, outer side for concave and towards the inner side for a convex disk
conditioning). Both types of conditioning blocks have to be held steady while the
curvature of the disk is corrected.
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Fig. 3.6 (a) Cast iron disk (@ 30 cm) and (b) cast iron conditioning block (@ 12.7 cm)
both dedicated for medium lapping. (c) Polyurethane disk (@ 30 cm) and (d) diamond
conditioning block (200 um diamond pellets, @ 12.7 cm) both dedicated for polishing
with 40 nm SiO suspension.

A process time of 20 minutes with a rotation speed of 40 rpm and a load of 3.5 kg is
typically sufficient to condition both the cast iron as well as the polyurethane disk. A
calcined Al.O3 suspension with a particle size compatible to the disk (i.e., 3 um Al,O3
slurry for the disk dedicated for medium lapping) is used with a flow rate of 10-
12 drop/min during the process. Only water is used with a flow rate of 1 drop/sec during
conditioning of the polyurethane disk.

The cast iron disk has to be cleaned with DI water and a soft tissue and the
polyurethane disk has to be cleaned with DI water and a soft nylon brush to remove all
residues after the process. Then, the planarity of the disk have to be re-checked and the
process is repeated until the specifications are met. The polyurethane disk has to be
surface conditioned after planarization to ensure an equal surface smoothness of the
polyurethane layer. The diamond block is positioned at the center of the rim during
surface conditioning and it is swept across the whole surface of the rim (i.e. 0-100 %
sweep), during this process.
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The cast iron disks are vulnerable to rust. Therefore, they need to be stored with an
oil film (e.g., paraffin, liquid) to protect the disk. This oil layer can be removed with a
soft tissue and isopropanol (IPA) before use. The polyurethane disk has to be cleaned
thoroughly with water and a soft brush after a polishing process on KY (WO4), samples
with polishing fluid. The polishing fluid will otherwise crystalize in the pores of the pad
and those crystals can cause serious scratching problems on the KY(WO.), samples
when the disk is re-used.

3.3.4 Overall lapping and polishing process description

Before a process can be started, the filter fan unit of the laminar flow cabinet has to be
on for at least 2 hours to ensure a regulated environment. Firstly, the slurry is placed on
a shaker to remove the sedimented layer at the bottom of the cylinder. During this time,
the lapping/polishing machine is cleaned with IPA and a soft tissue to remove any
residues and particles. Then, the dripping tray, base disk, jig and other modules are
cleaned and mounted on the machine. Subsequently, the base disk is checked for
planarity and defects as described in Section 3.3.3. Defects on the disk will cause defects
on the samples due to clustering of lapping particles. A poor surface curvature of the
samples is obtained when the disk is not planar because the sample surface will be a
mirror image of the surface of the disk (e.g., the sample will have a convex curvature
when the disk is concave). The rim of the jig should also be conditioned for an optimal
grip of the jig on the base disk during the process, otherwise the jig can make sudden
movements due to the friction difference (e.g., quick rotation), which can lead to defects
on either sample or base disk. The conditioning can be done with the settings required
for the particular process stage, described in Section 3.4.1, with the center of the jig
elevated for at least 10 minutes.

The samples mounted onto the ultra-parallel plate are measured before and after each
process with the precision measurement tool in order to obtain the most accurate removal
rate of material from the samples. After each measurement, the ultra-parallel plate can
be mounted on the jig with vacuum and the specified load on the samples can be set and
measured with a sensitive lab scale. The process is then performed with the required
settings (Section 3.4). A higher particle concentration than mentioned in Section 3.4 will
lead to a higher removal rate, due to the fact that the sample is in contact with a larger
fraction of lapping particles. Higher load or rotation speed give more friction between
the sample surface and base disk and lead to defects due to increased stress.

The motion of the jig, flow rate of the slurry and the wetness of the disk need to be
monitored carefully during the procedure. A constant flow rate is necessary to maintain
the quality of the facets on the sample edges (i.e., without defects) during the process. A
too low feed rate will lead to a too dry disk which will cause higher friction between the
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base disk and the samples. This will eventually lead to cracks that extend through the
whole layer thickness. On the other hand, a too high feed rate will produce a wave of
slurry bulging onto the samples, with the consequence of rounding and chipping of the
edges. Typically, the process is interrupted and the samples and base disk cleaned and
inspected as soon as something unexpected happens (i.e., sudden quick rotation of the
jig, some unidentified particles on the base disk). All mounted components (base disk,
positioning fork, dripping tray and jig) should be cleaned thoroughly when a defect (i.e.,
scratch or chipped edge) occurs on a sample.

A chipped edge has to be smoothened manually with consecutively, 5, 3, 1 and
0.3 um Al>O3 sandpaper (Fig. 3.7(a, b)) and a scratch has to be removed by further
lapping. An estimation has to be made on whether it is more efficient to remove a defect
in for example a medium lapped surface with the same lapping slurry (i.e., 3 um Al2O3
slurry) or remove it with coarse lapping slurry (i.e., 9 um Al>Os slurry) before continuing
the process with the medium slurry. A lapped KY (WO,), surface has to be defect free
before to proceed to the next lapping stage (i.e., coarse — medium — fine lapping —
polishing). A KY(WO.). layer thinner than 50 um is too vulnerable for the reparation
process because it has a high risk of cracking due to the stress in the layer. Therefore,
the process has to be aborted when a defect occurs on this type of layers.

0.2 mm

KY(WO,),

Fig. 3.7 Microscope image of a fine lapped KY(WO4)2 edges (a) with defect (b) after
reparation.

The machine and mounted components are cleaned thoroughly with DI water and
IPA when a particular process step is completed. The ultra-parallel plate assemblies
mounted on it can be carefully cleaned with soap and a soft brush around the KY (WO,)
samples. The surface of the samples needs to be cleaned with a soft tissue and IPA. It is
important that no scrub motions are made during the cleaning of the sample because this
can cause scratches or other defects.
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3.4 Lapping and polishing process for KY(WOa4):

The generic lapping and polishing process described in Section 3.3.4 was adapted to
produce optical quality high-index contrast KY (WOa)2-on-glass devices, which requires
the lapping of a KY (WO,), sample without defects from 1 mm down to roughly 1-2 pum.
After lapping, the sample is polished to an optical grade surface (i.e., RMS surface
roughness < 2 nm [22]) with a high flatness (i.e., radius of curvature > 200 m to achieve
a maximal deviation of 40 nm across 8 mm sample length). Both lapping and polishing
processes (Section 3.4.1 and 3.4.2) have been developed first on thick (> 300 um)
KY(WOy), samples. The obtained process can then be used to produce high-index
contrast KY (WO4),-on-glass devices

3.4.1 Lapping process for KY(WOa4)2 layers

The first stage, coarse lapping, is developed to enable a high material removal rate
without surface defects. The majority (~800 um) of the sample will be removed during
this process step, during the final process. A slurry made from a mixture of DI water and
9 um calcined Al,O3 particles (250.0 g/L) is made. A combination of a load on the
samples of 200 g/cm?, a rotation speed of the disk of 35 rpm and a slurry flow of 10-
12 drop/min resulted in a removal rate of 10-15um/min without defects on the
KY (WO4), samples. The effective load on the sample reduces during this process stage
due to the large thickness of material that is removed. The indicated load on the sample
can be re-established midway the process to achieve the mentioned removal rate
(Table 3.1).

The medium lapping stage is developed to obtain a balance between high removal
rate and precise removal. For this stage, smaller lapping particles of 3 um calcined Al,O3
mixed with DI water (208.3 g/L) were used with the same flow rate as in the previous
stage. The load on the samples and rotation speed of the disk were reduced to 167 g/cm?
and 30 rpm, respectively. The final settings resulted in a removal rate of 5-7 um/min.

The last stage, fine lapping, has as goal to tune the layer thickness as close as possible
to the 1-2 pm in the final process. A removal rate of 1-2 pm/min was achieved with 1 um
calcined Al,O3 particles mixed in DI water (187.5 g/L) in combination with slurry flow
rate of 10-12 drop/min and a reduced load on the samples and reduced rotation speed of
133 g/cm? and 25 rpm, respectively.

Table 3 summarize the settings for the lapping process. The process was carried out
on a thick (i.e., > 300 mm thick KY(WO.), layers) to verify whether this process leads
to planar lapped layers with good surface quality. A microscope image of thick sample
with a smooth medium and fine lapped surface finish is shown in Fig. 3.8(a) and (b)
respectively. The flatness of this sample was measured using a profilometer (Dektak 8,

54



Lapping and polishing of crystalline KY (WOa),

Veeco), which resulted, after fitting with a quadratic function, in a surface curvature of
222 m.

K(WO,),

1 mm 1mm

Fig. 3.8 Microscope image of a KY(WOs)2 samples with (a) a medium and (b) a fine
lapped surface finish.

Table 3.1 Settings of for the different lapping stages of KY(WO4)2.

Lapping | Particles Concentration | Load Speed disk | Removal rate | Logitech,

stage (g/L) (g/cm?) (rpm) (um/min) UK product
nr.

Coarse | 9umAl0s | 250.0 200 35 10-15 0CON-009

Medium | 3 pm Al.O3 | 208.3 167 30 5-7 0CON-008

Fine 1pmAIOs | 1875 133 25 1-2 0CON-007

The slurry rate was 10-12 drop/min in all stages

3.4.2 Polishing process for KY(WOa4)2 layers

3.4.2.1 Polishing with SiO; suspension

A polyurethane disk and 40 nm colloidal SiO; suspension (OP-U, Struers, DE) is used
to polish thick KY (WO4), samples with a fine lapped surface finish. A load of 290 g/cm?
and a rotation speed of 25 rpm where used to create enough friction to obtain a high
polishing rate. The jig was set in a sweeping motion from 30-70 % (were 50 % equals
the center of the rim of the base disk) to avoid trench forming in the disk for long (i.e.,
several hours) polishing time. The suspension was dispensed on the disk with a flow rate
of 10-12 drop/min and additional water with a flow rate of 8-10 drop/min was used to
avoid the disk from drying out.

The surface roughness and curvature were determined for a KY(WOa), surface
polished for 2 hours (i.e., material removal rate of ~3 um/h). The surface RMS roughness
is measured with an atomic force microscope (AFM, Fast Scan, Bruker, DE) and resulted
in an RMS roughness of 0.88 nm in a 0.5 x 0.5 um? area (Fig. 3.9(a)), which is an
improvement in comparison with the as-delivered sample, which possesses an RMS
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roughness of 1.40 nm (Fig. 3.9(b)). To determine the curvature of the polished surface,
a scan with a profilometer (Dektak 8, Veeco) was made as shown in Fig. 3.9(c). A
curvature of 26.0 meters was obtained after fitting with a quadratic function. This
curvature is bigger than the one obtained after the fine lapping step due to the reduced
hardness of the polyurethane disk with respect to the cast iron disk. However, the
planarity achieved in this work after the polishing step is better than the one reported in
earlier work, in which a radius of 5.9 meters was obtained for a ~1 mm thick KY (WQ4).
sample [23]. Although using the same polishing equipment and similar process
parameters than in this work, the load utilized in the referred work was much higher,
namely 400 g/cm?. Such high load leads to a stronger pressure between the sample and
the base disk, which produced more rounding given the softness of the polyurethane disk.

Figure 3.9(d) shows Newton rings created between the sample surface and an optical
flat illuminated with monochromatic light (A =589 nm, KEMET, UK). The Newton
rings reveal that the surface is convex and the smaller fringes at the circumference
indicate the presence of the rounding of the edges.

56



Lapping and polishing of crystalline KY (WOa),

(b) 0.0pm 0.2 0.4
83nm Qg 14.4 nm
7.0 12.0
6.0 10.0
5.0 0.2
8.0
0
6.0
0
" 4.0
; e
1.0 20
0 0.0
(C} 100 CRVE DRI RIS RC] PO TR Yo TR (d}
—~ 60
£ !
£
£.40 e =
=
(5]
= 20 -
0 Measured
iiniiin o =fit R=260mp
-20 ‘ S '

-2000 -1000 0 1000 2000
distance (pm)

Fig. 3.9 AFM measurements on a 0.5 x 0.5 um? area (a) 2 hours polished KY (WO4):
sample, RMS roughness of 0.88 nm and (b) an as-received sample with RMS roughness
of 1.41 nm. (c) Measured surface profile of a KY(WOs)2 sample after 2 hours of
polishing (blue). The measurement was carried out using a Dektak profilometer. The
dashed line shows the quadratic function fit with a radius of curvature of 26.0 m. (d)
Newton rings on the same polished samples, illuminated with a sodium lamp through
an optical flat, demonstrating the high uniformity of the samples.

3.4.2.2 Extended polishing time

The RMS surface roughness after 2 hours of polishing is within the specifications given
for an optical quality surface. However, not all features from the fine lapping stage were
removed after 2 hours. It could be that the load on the samples was too high which caused
that micro fractures caused by lapping propagated further into the layer [23]. The
polishing was repeated on KY (WQ,), samples with fine lapped surface finish with the
same settings as before only with a load of 167 g/cm? and a process time of 5 hours. The
roughness and potential defects of the fine lapped surface where still not completely
removed after this polishing time. The RMS surface roughness between the defects was
reduced to 0.28 nmin a 0.5 x 0.5 um? area.
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3.4.2.3 Pre-polishing with CeO; suspension

A pre-polishing test with CeO; particles was performed with the intention of reducing
the polishing time and therefore also reducing the rounding of the edges. CeO; particles
are harder than the SiO, particles and they should therefore be able to remove the
roughness from the fine lapping step more efficiently. CeO, particles of 3 pm (OCON-
023, Logitech, UK) mixed with DI water (200 g/L) were used on a pink polyurethane
disk. The KY(WOQ4), samples had a fine lapped surface finish at the start of the
experiment. The same process settings where used as for the fine lapping to create
enough friction to remove the surface roughness from the fine lapping. The sweeping
motion of the jig (same settings as in Section 3.4.2.1) was used to avoid deformation of
the polyurethane disk. The surface finish after 30 minutes of pre-polishing is shown in
Fig. 3.10(a), which reveals an orange peel effect on the surface. The orange peel structure
could not be removed with longer polishing time (up till 90 min, Fig. 3.10(b)) nor with
the subsequent polishing step using 40 nm SiO- suspension, with the settings specified
in Section 3.4.2.2, for 30 minutes. Similar surface finish was observed after pre-
polishing with a 0.5 um CeO; particle slurry (0CON-260, Logitech, UK) on a softer
polyurethane disk (ILPE1-0100, Logitech) and a polishing cloth (MD-Dac. Struers, DE).
This surface effect might occur due to a chemical reaction of CeO; with the
KY (WOa4), [24,25]. Therefore, CeO, was not utilized in the final process as pre-
polishing suspension to achieve optically polished KY (WOQ4): layers.

Further research has to be carried out for the optimization of the polishing stage to
achieve an optical quality layer with minimal surface rounding (i.e., RMS roughness < 2
nm and an R > 200 m).

100 pm 100 pm

Figure 3.10 Optical microscope image in Normarski configuration of the KY(WOa)2
surface polished on a pink polyurethane disk with 3 um CeO2 suspension for (a)
30 minutes (b) 90 minutes.
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3.5 Lapping towards thin layers

The lapping stages (coarse, medium and fine), as described in Section 3.4.1, are used to
lap the KY(WOQ,), samples, with the intention to achieve a defect free layer with a
thickness of 1-2 um.

Lapping of KY(WO.), samples bonded on flat glass substrates was tested. The
samples are bonded using an optical curable adhesive and a flip-chip bonder as described
in Chapter 2.

Layers of roughly 800 um were successfully removed during coarse lapping. No
defects were observed on the surface or edges of the samples and the process could be
continued with medium lapping. The KY (WOa). layers were thinned from ~200 pum to
~55 um in the medium lapping stage. Two of the three sample surfaces had at least two
scratches that occurred due to chipped edges. Those chipped edges (Fig. 3.11) are the
outcome of too major resulting stress on the edges caused by the fact that the load applied
on the thin samples is too large for such thin, brittle layers. The final lapping stage, to
thin the layer to ~2 um, could not be validated because the thin layers where never defect
free after the medium lapping stage and too thin to repair the defect, which implied that
further processing had to be aborted.

Medium and fine lapping test with lower load (load at least below 150 g/cm?) have
to be performed on thin layers (< 300 um). In our system, a load below 100 g/cm? can
only be reached when at least three assemblies are mounted on the ultra-parallel plate
(i.e., is the most stable configuration compared to one assembly) since the spring system
of the polishing jig cannot accurately maintain a weight lower than 100 g, independent
of the surface area (i.e., with three assemblies, of a square centimeter each, a total load
of ~110 g will result in a load as low as ~35 g/cm?).

Another way of improving the process could be protection of the edges of the samples
from chipping, for example using glass, similar to what is done during end-facet
polishing of KY (WO.), [23]. However, this is only possible if the lapping and polishing
characteristics of glass are similar to those of KY(WO4) using the same process. A test
was performed, with the same settings as used for KY (WOa4),, on three glass assemblies
(sample and substrate) with the same dimensions as the KY(WO,); samples. We
observed that the glass laps ~1.5 times slower than KY (WO4). and reaches an optical
surface finish with shorter polishing time. The different lapping and polishing
characteristics of KY(WOQ,), and glass will reduce the process speed and will not have
additional value to the existing process. To protect the KY(WO4), a material with a
similar hardness (Mohs hardness 4.0-5.0) to that of the crystal have to be used that can
be cleaned with water and IPA.
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Gag &

Fig. 3.11 Microscope image of a chipped edge on a 56 um thin KY(WOa). sample that
caused a scratch on the sample surface.

3.6 Conclusion

A lapping process was developed on thick KY(WQ,), samples (> 300 um). A surface
roughness of 0.88 nm with a radius of curvature of 26.0 meter was achieved after 2 hours
of polishing with 40 nm SiO; suspension. Further work needs to be carried out to
increase the planarity of the samples after the polishing step, probably by reducing the
polishing time by the introduction of a pre-polishing step.

The developed lapping and polishing process was applied to the thinning of
KY(WO4), samples from 1 mm down to a couple of micrometers. Unfortunately,
scratches appeared during the medium lapping process. The scratches can contaminate
the polishing material and other samples during further processing and the samples were
too thin to repair the damage. Therefore, further processing had to be aborted. Further
process development has to be done to enable the production of thin KY (WQ4)2-on-glass
samples in a reliable way.
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Chapter 4

The influence of oxygen flow on the
optical and material characteristics of
RF reactive co-sputtered Al,O3

Amorphous Al;Os is an attractive material for integrated photonics. Its low losses from
the visible till the mid-IR together with the possibility of doping with different rare-earth
ions permits the realization of active and passive functionalities in the same chip at wafer
level. The influence of oxygen flow on the optical (i.e., refractive index and propagation
losses) and material (i.e., structure of the layer) characteristics of the RF reactive
sputtered Al>Os layers is investigated.

This chapter is based on:

C.1. van Emmerik, M.L. Stok, W.A.P.M Hendriks, M. de Goede, L. Chang, M. Dijkstra, F. Segerink, D. Post,
E.G. Keim, M.J. Dikkers and S.M. Garcia-Blanco, “Relative oxidation state of the target as guideline for
depositing optical quality RF reactive magnetron sputtered Al.0s” (submitted)
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4.1 Introduction

Aluminum oxide (Al2Os) is a dielectric material commonly used as coating for many
applications due to its optical properties [1], high hardness [2,3], durability and wear [4].
Al;O3, both in its crystalline [5-7] as well as amorphous phases [8-14], is also an
attractive material for integrated photonics. In particular, amorphous Al;Os. This
material has a moderate refractive index (n~1.65 at 633 nm [15,16]), a wide transparency
window (150-5500 nm [17]) and low propagation losses (i.e., planar waveguide losses
of 0.12+0.02 dB/cm have been reported at 1523 nm [18,19]). Amorphous Al,O3
exhibits high rare-earth ion solubility in comparison with other materials used in
integrated photonics, such as Si and SisN4[20,21], with moderate luminescence
quenching [11,22]. Rare-earth ion doped amorphous aluminum oxide has been used for
lasers emitting at different wavelengths, including ~0.88, ~1.06 and
~1.330 um (i.e., Nd**:Al,03) [23], ~1.03 um (i.e., Yb**:Al,03) [24,25],
~1.55um (i.e., Er*":AlbOs) [8,24,26,27], ~1.8-1.9 um (Tm3*:Al,0s) [28-30] and
~2 um (Ho®*":Al,O3) [12] and amplifiers, operating in the C-band [11,31]. Given its ease
of deposition at the wafer-level, Al,O3 is well-suited for integration as gain material with
the well-established SizN4 [10,24,32-34] and Si [35-37] integrated photonic platforms.

Al>O3 can be deposited using different methods including the synthesis by the sol-
gel method [38,39], chemical vapor deposition (CVD) [40], pulsed laser deposition
(PLD) [41], atomic layer  deposition (ALD) [42-46] and reactive
co-sputtering [15,16,19]. The performances of the devices made by sol-gel and CVD
method suffer from luminescence quenching due to OH- incorporation [47], whereas
PLD and ALD are limited by their low growth rate for wafer scale Al,O3 layers [45,48].
Reactive magnetron sputtering is suitable for wafer scale deposition. DC-powered
sputtering did not result in optical quality layers due to arcing [15], whereas RF-powered
sputtering resulted in low OH- incorporation and low optical losses [18,19]. For this
reason, RF reactive co-sputtering was selected in this work as fabrication technique for
rare-earth ion doped Al,O3 layers.

The influence of both the hysteresis observed on the bias voltage [49-51], reactive
gas partial pressure [52] and deposition rate [53] versus oxygen flow during reactive
magnetron sputtering of Al;O3 coatings as well as the temperature during and
after [54,55] the deposition process have been studied and the mechanical characteristics
of the deposited Al,Os coatings have been reported. Published results show that the
optimal process parameters are very dependent on the history of the process and erosion
of the target. However, limited number of studies have been focused on understanding
how the deposition parameters affect the optical properties (i.e., refractive index and
propagation loss) of the Al,O3 layers [15,45,56,57]. Demirtas et al. investigated the
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influence of the deposition temperature on the optical losses of Al,O3 layers deposited
by ALD [45] and Worhoff et al. presented a comparative study between DC and RF
reactive sputtering [15] and their influence on the optical characteristics of the layers.
The effect of reactive gas (oxygen) flow during deposition on the optical properties of
the sputtered layers has not yet been studied, although it is known to be a key parameter
in reactive magnetron sputtering.

In this chapter, the influence of oxygen flow on the optical and material
characteristics of RF reactive sputtered Al,Oz layers is studied. By proper choice of this
parameter, the refractive index, propagation losses and crystallinity of the Al,Os layers
can be engineered. Transmission electron microscopy (TEM) and X-ray diffraction
(XRD) are used to identify the crystallinity of the layer (i.e., amorphous vs
(poly)crystalline). Prism coupling was used to determine the layer thickness and
refractive index of the layers and to qualitatively evaluate their propagation losses. The
results of this study permit understanding how to select the optimum set-point for the
sputter deposition process to achieve the desired optical properties for the layers in a
reproducible and stable manner.

4.2 Hysteresis during reactive magnetron sputtering

Reactive magnetron sputtering of Al,Os is based on the sputtering of metallic aluminum,
Al, from the target that undergo a chemical reaction with the reactive O, gas molecules
on the substrate and walls of the reaction chamber deposit an Al,Os layer. Inert energetic
argon ions are used to sputter the aluminum atoms from the target. During the sputtering
process not only aluminum atoms are released from the target but also secondary
electrons. An electric potential between the target and the chamber wall, acting
respectively as cathode and anode, cause the argon ions to be attracted to the target and
the emitted electrons to be energized away from the target. Those energized electrons
ionize the neutral argon gas. A strong bended magnetic field on the target surface traps
the electrons along a trajectory, so called racetrack. The electrons in the racetrack
enhance the sputtering yield in this area causing an actual erosion track along this
racetrack with a certain depth (Fig. 4.1) further mentioned as racetrack [51,58].

65



Chapter 4

Magnetic field lines

Trajectories of electrons

Fig. 4.1 lllustration of a planar magnetron target with the magnetic field lines and the
electrons which follow the racetrack trajectory underneath this field [59]. The red line
gives a cross-section of the racetrack demonstrating the depth after target erosion by
bombardment of argon ions [51].

The operation conditions for the deposition of Al,Os are not unique and depend on
the operation history of the process. Hysteresis due to direct control of the oxygen flow
is a well-known phenomenon [60,61]. When the oxygen flow is low, the substrate and
chamber wall act as a sufficient getter pump for the oxygen molecules to form Al,O3
compound. Al,O3 will also be formed on the target, although the removal mechanism
(by sputtering) is larger than the oxidation rate of the target and the target will stay
predominantly in the so called metallic mode. The oxygen partial pressure, bias voltage
(i.e., voltage between target and ground of the chamber) and the deposition rate of Al,O3
will stay almost constant, as shown in Fig 4.2. As the getter pump of the substrate and
chamber wall saturates, a sudden increase of the oxygen partial pressure will occur. At
this point, the removal rate of the oxidized layer on the target is lower than the formation
of an oxide layer and the target will be completely oxidized. This is called the oxidized
or poisoned mode. The deposition rate and the bias voltage decrease due to respectively
the lower sputter yield and higher electron emission of the Al,Os than for Al [61,62].
The oxygen partial pressure increases rapidly with increasing oxygen flow in this mode
due to full oxidation of all surfaces in the reaction chamber (i.e., target, substrate, walls
of reaction chamber) and is controlled by the pump speed of the reactor. When the
oxygen flow is decreased, the oxygen partial pressure first follows the same trajectory.
At a certain point, B, the removal rate of oxidized layer on the target dominates again
over the formation of the compound layer and the target enters the metallic mode, which
causes a sudden decrease in the oxygen partial pressure and an increase of the bias
voltage and the deposition rate. This transition point does not always coincide with the
transition for increasing oxygen flow and the region where hysteresis occur is the so
called “transition region” (i.e., region between point B and A).
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Fig. 4.2 Schematic of the hysteresis behavior of the oxygen partial pressure, voltage,
and deposition rate as a function of reactive gas flow for reactive sputtering [59].

The formation of layers with the right stoichiometry and high deposition rate occur
in the transition region. At this operation point, the consumption of reactive gas is
maximal [53,63]. Numerical studies using the (advanced) Berg model [60,64] and the
reactive sputter deposition (RSD) model [61] have been performed in the literature to
get more insight into the influence of the different process settings (i.e., non-reactive gas
pressure, pumping speed and target area) to reduce or eliminate the hysteresis effect for
DC reactive co-sputtering using a constant total ion current on at the target.

One way to reduce the hysteresis is by increasing the working pressure by an
increased flow of inert argon gas. The stable operation point in the transition region shifts
to higher oxygen flow mainly due to the lower supply of oxygen ions close to the surface
of the target (Fig. 4.3(a)). Another approach is to increase the pumping speed such that
the derivative of the total supply of reactive gas consumption stays positive [52,60].
However, this critical pumping speed is often unfeasible to realize (Fig. 4.3(b)). A small
target area leads to an increased current density. Since it is easier to remove an oxidized
layer on the target with a larger current density, smaller targets permit more stable
operation at higher oxygen values (Fig. 4.3(c)) [65].

67



Chapter 4

0.16 |
(a) [ |
€ 012
s |
g [
a r
2 008 |
a I ¥ |
5 t & Ar pressure ‘l
o r o b o (Pa)
X 0041 / 0z-m ]
o f 04 o ]
I 0.8 —a—

16 —w— 1

P T T e S A e . .
(b) | 1) Pumping speed ] (C) i
{Lis)
_ 65 —- | — L
g Gl 121 -0 | g o8
& ' 237 —d— =
1 a

-~ 1
B g 0.12
g w
E 3
a | a
S 004 & &l £ 0.08 Targat o]
é’ ------------ % (em?)
>
o] S 004 Ig ?'

[ 20 —he—

I | 40 —w

0 £ 2 2 sl L | oW i Las 1
0 1 2 -] 4 5 ] 7 0 1 2 3 4 5 6 T

Oxygen flow Q; (sccm) Oxygen flow Q, (sccm)

Fig. 4.3 Numerical results based on the RSD model for the influence of the (a) argon
pressure, (b) pumping speed and (c) target area on the hysteresis of the oxygen partial
pressure as function of oxygen flow [61].

4.3 RF reactive co-sputtering of Al.Oz layers: general
description

An AJA ATC 15000 RF reactive co-sputtering system (Fig. 4.4(a)) [18] is used for the
deposition of AlbOs layers. A schematic of the sputtering chamber is shown in Fig.
4.4(b). A 10 cm in diameter silicon wafer with 8 um thick thermal oxide layer is
introduced through a load-lock and is placed on a rotating heated holder in the main
reaction chamber. Three sputtering guns, designed for 2 inch targets are present in the
machine, and currently used for aluminum (Al, 99.9995 % purity), erbium (Er, 99.95 %
purity) and ytterbium (Yb, 99.9 % purity). Two targets can be ignited with their own RF
power source at the same time. The main chamber is pre-evacuated to a base pressure of
0.1 pTorr (i.e., 13 pPa), using a turbomolecular pump. Such a low base pressure is
necessary to reduce the OH- level. OH" bonds incorporated into the material induce
absorption losses around 1400 nm of wavelength [15] and a strong luminescence
quenching when the layers are doped with rare-earth ions [39,66].
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A power of 200 W is used on the Al-target while powers in the range 5-20 W for the
Er-target and 10-35W for the Yb-target are utilized to obtain various doping
concentrations in the Al,O3 layer [67]. Argon flows of 25.0 and 5.0 sccm are applied to
respectively the Al and Er (or Yb) targets. An oxygen flow is added to oxidize the
aluminum ions to form an AlOs layer on the wafer. The oxygen flow needed for
optically guiding layers depends on the status of the target (Section 4.4) and varies in the
range of 2.0-2.8 sccm for undoped Al>O3 layers in this research. The distance between
wafer and target can be adjusted in the range of 4 to 7 inches (i.e., 10.2 to 17.8 cm), with
increments of 0.25 inch (i.e., 0.64 cm). A deposition height of 6.0 inch (i.e., 15.2 cm) in
combination with a rotation motion of the wafer during deposition were proven to
produce the most uniform Al,Os layers (Appendix A) and they were the settings utilized
in all the depositions. The wafer holder is heated by two, 1 kW, halogen lamps to control
the temperature on the wafer during deposition. A set temperature of 580 °C (i.e.,
expected wafer temperature ~335 °C) and a work pressure of ~4 mTorr (i.e., 0.53 Pa) is
used for all depositions.

The bias voltage between the target (cathode) and the chamber (anode) is monitored
and it gives an indication of the degree of oxidation of the target. Prior to each deposition
and with the substrate still in the load-lock chamber, the bias voltage as a function of
oxygen flow is measured, using the same gas and power settings as during deposition
and with the shutter of the target open, to determine the desired operating O flow (as it
will be discussed in detail in following sections). The substrate is then introduced into
the sputtering chamber and the Al-target is pre-sputtered for 10 minutes using the process
settings (Table 4.1), with the shutter in front of the target closed. Pre-sputtering has as
goal to ensure having always the same initial deposition conditions. When a new target
is installed, it is pre-sputtered for 2 hours, with the proces settings shown in Table 4.1,
and an oxygen flow of 2.5 sccm to form the racetrack (Section 4.2).

Table 4.1 Settings for the deposition of optical guiding Al-Os layers

Al-target | Er-target | Yb-target
Power (W) 200 5-20 10-35
Ar (sccm) 25.0 5.0 5.0
O, (sccm) 2.0-2.8
Set temperature (°C)* 580
Target-wafer distance (inch) | 6.0

*expected wafer temperature ~335 °C
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4.4 Influence of target erosion on process
parameters

The oxygen flow is a crucial parameter in reactive sputtering, influencing the
stoichiometry, deposition rate and structure of Al,O3 layers [53,63]. This relationship is
often very non-linear and highly complex and the process typically exhibits a hysteresis
effect [59], as discussed in Section 4.2.

The bias voltage is measured with the settings described in Section 4.3 for an
increasing and decreasing flow of oxygen, as shown in Fig. 4.5(a). No hysteresis is seen
from this curve. The process is free from hysteresis due to the fact that the pump speed
is large enough to mitigate the influence of the gettering of reactive gas [60]. This can
be illustrated with the graph in Fig. 4.5(b) which shows the relationship between the
partial pressure of oxygen as function of the total oxygen flow. The total flow is the sum
of all sources for reactive gas consumption:

Qtot = Q¢ + Q¢ + Qp (4.1)

where, Q; and Q. are the gettering of O, molecules at the target and additional area

in the chamber (i.e., substrate and chamber walls) and Q,, is the reactive gas pumped out

of the system by the turbomolecular pump. No hysteresis occurs if dQ;,:/dp > 0 over

the whole process region. The positive linear slope of the curve (Fig. 4.5(b)) indicates

that the pump speed is sufficient to fulfill this condition over the whole oxygen flow

region presented in the figure, when the settings as mentioned in Table 4.1 are
used [61,64].
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Fig. 4.5 (a) Bias voltage as function of oxygen flow in the chamber. Three regions are
indicated: metallic, transition and oxidized. No hysteresis effect is observed. (b) Partial
pressure of oxygen as function of the oxygen flow.

The bias voltage curve (Fig. 4.5(a)) is fitted with a sigmoid function to be able to
follow the change of the bias voltage over the target lifetime (i.e., erosion of the target).
The fitting is given by:

v _ Ve C+V,,e"02
bias —

oTerer0z (4.2)

where ¢ and r are respectively, the center and “slope” of the smooth step function
and 0, is the oxygen flow and V},, and V,, represent the voltage at respectively the
metallic and oxidized state of the target [69].

Figure 4.6 presents the metallic and oxide voltages extracted from the curve fitting
as a function of number of hours of sputtering of the aluminum target. It can be seen that
the bias voltage for the metallic target state reduce over time while the bias voltage at
the oxidized target state has a much weaker reduction over the lifetime of the target. The
reduction of the bias voltage in general can be explained by a stronger magnetic field in
a deeper racetrack, due to the presence of the permanent magnets underneath the target.
The stronger magnetic field gives rise to an increased ion bombardment on the target.
The larger ion bombardment increases the sputtering rate of Al atoms which result in a
larger emission of secondary electrons. The release of more electrons increases the
current in the system which induces a lower bias voltage to maintain a constant power
on the target. The decrease in bias voltage is much weaker in the oxidized mode due to
an effective smaller increase in emitted electrons. This is due to fact that the secondary
electron emission (SEE) coefficient is higher (i.e., SEE metal compound 0.091, SEE
oxide compound 0.198 [62,70]) and the metal sputter yield is lower when sputtering
from an oxidized target compared to a full metallic target [71].
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Fig. 4.6 (a) The evolution of the Vmet, and Vox extracted from the fitted sigmoid function
over the lifetime of the target.

The fabrication of optical guiding Al,O3 layer with the highest possible deposition
rate requires a bias voltage just outside the metallic mode of the target. We expect,
therefore, that the right process point is related to a certain relative oxidation state of the
target. The relative oxidation state of the target is defined as:

V=V,
Nox = TV:); (4.3)

where V,,, and V. represent the metallic and oxidized voltage, which can be extracted
from Eq. 4.2 and V,,, defines the bias voltage for a given oxygen flow in the curve [51].

Figure 4.7(a) shows the relative oxidation of the target as function of oxygen flow
with an indication of the three operational modes of the target (i.e., metallic, transition
and oxidized). Figure 4.7(b) shows the evolution of the shift of the oxygen flow
necessary to achieve a nox of 5, 50 and 95 % as a function of number of hours of
sputtering of the aluminum target. From this figure can be seen that oxygen flow
necessary to achieve nox = 5 % shifts to a higher oxygen value whereas the oxygen flow
necessary to achieve nox =95 % shifts to lower oxygen flow. This means that the
transition region in the Vpias(O2) or nox(O2) curve becomes smaller. The width of the
transition region is determined by the ratio between the removal rate of the oxide
compound on the target and oxidation rate of the target. The total sputter yield of metallic
atoms from either the metallic or oxidized region of the target depend on the ion
bombardment at that particular position on the target [72]. The ion collection efficiency
is larger inside the racetrack due to a stronger magnetic field due to the presence of the
permanent magnets underneath the target. This causes an increased rate of ion
bombardment inside the racetrack, resulting in a rise of the total sputter yield of metal
atoms inside the racetrack. The relative lower ion bombardment outside the racetrack,
due to the weaker magnetic field, results in oxidation of the target to develop from the
perimeter of the target to the perimeter of the racetrack. The sputter yield of metallic
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atoms is lower from an oxidized target compared to a metallic target [71]. This makes it
more difficult to remove the oxidized region from the target and the dominant fraction
of sputtered atoms are from the metallic region inside the racetrack. This causes a larger
erosion at the center of the track causing deepening of the racetrack. The geometry of
the racetrack and the increased magnetic field causes re-deposition of aluminum inside
the racetrack [51]. The deposition of aluminum atoms on another metallic area reduces
the effective metallic yield which reduces the getter pump effect which eventually lead
to a smaller transition region and a fully oxidized target at lower oxygen flow (Fig.
4.7(b)).
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Fig. 4.7 (a) Relative oxidation state of the target as function of oxygen flow. Three
regions are indicated: metallic, transition and oxidized. (b) The evolution of the
corresponding Oz flow to achieve a nox of 5, 50 and 95 % as function of lifetime of the
target.

4.5 Characterization of the sputtered Al.Os films

Both the optical properties (i.e., refractive index and propagation losses) as well as the
material structure (i.e., crystallinity) of the deposited layers were characterized as a
function of oxygen flow.

A prism coupling method (i.e., Metricon 2010) is employed to measure the refractive
index and thickness of the deposited films using light of a wavelength of 632.8 nm. The
propagation losses are qualitatively determined, at the same wavelength, by looking at
the streak of light travelling in the layers after coupling using the prism coupler. The
losses are grouped in three categories: optical guiding, lossy guiding and no guiding. The
light propagates for at least 5cm without noticeable attenuation by eye for the
classification *guiding’ (Fig. 4.8(a),(b)). The layer is classified as ‘lossy” if the light
streak diminish within 5 cm propagation length (Fig. 4.8 (b),(c)). If no light streak is
observed the layer is classified as ‘no guiding’.
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(a)

Fig. 4.8 Examples of the different qualitatively determined classes of guiding. (a)
guiding, (b) on the edge between guiding and lossy guiding and (c) lossy guiding.

Transmission electron microscopy (TEM) is used to identify the crystalline nature of
the layer (i.e., amorphous vs (poly)crystalline) and to estimate the mean crystal
size [73,74]. The samples for TEM analysis are prepared with the in situ lift-out
technique [75] using a focused ion beam (FIB) process (FEI Nova600 NanolLab
Dualbeam-SEM/FIB system). The prepared samples are mounted on an Omniprobe
molybdenum 3-post lift out grid (Fig. 4.9(a)). The sample facets have an amorphous
surface layer due to the thinning procedure with the Ga* ions. This amorphous layer is
reduced to a couple of nanometers during the last stage of the preparation process by
milling with subsequently 5 keV and 2 keV acceleration voltage [75]. A small lamella
with a thickness of ~50 nm was prepared with this method (Fig. 4.9(b)). TEM images
are made using a Philips CM3000ST-FEG 300 keV TEM system with a Gatan
Ultrascan1000 CCD camera with a resolution of ~0.1 nm. The software of the CCD
camera is used to make the inverse fast fourier transform of the TEM image resulting in
the diffraction pattern of the image. This diffraction pattern is used to determine the
lattice constant of the (poly)crystalline planes [76].

(b)

AlLO,/Si0,
lamella

Fig. 4.9 (a) Al20s/SiO2 lamella prepared by FIB milling in a molybdenum holder; (b)
close-up of the Al203/SiO; lamella, with Pt coating for FIB milling. Top side of the
lamella (indicated by red square) is ~50 nm thick.
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In an amorphous structure the electrons are elastically scattered in all directions,
which results in a hazy circle in the center of the diffraction pattern. On the other hand,
a regular array of spots appears on the diffraction pattern when a set of atomic planes in
a single crystalline sample are oriented perpendicular to the electron beam (Fig. 4.10(a)).
When the sample is polycrystalline, the diffraction pattern is formed by the sum of the
diffraction patterns of the different crystals that form the material, each with a different
orientation. The diffraction pattern consists of spots distributed along rings (Fig.
4.10(b)). The rings on the diffraction pattern become continuous (Fig. 4.10(c)) for a
sample with many small crystallites due to the fact that diffraction occurs in all
angles [73].

Fig. 4.10 Example of diffraction patterns (bottom) that arise from different micro
structured samples (top) at the selected area within the black circle. (a) Crystalline
sample, (b) polycrystalline sample with large grains, (c) polycrystalline sample with
small grains. Image modified from [73].

X-Ray diffraction (XRD) permits to identify the crystalline phase, based on the
diffraction footprint of the different phases of Al,Os crystals [54]. The XRD analyses are
performed with an X-Ray Powder Diffraction X’Pert-Pro (PANalytical B.V.) with two
Cu Ko X-ray sources (A = 0.15405980 A and A = 0.15444260 A). The measurements are
done in the Bragg-Bretano 0:0 configuration with a 26 scan range from 5-100° and a
collection time of 48 minutes.
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4.6 Effect of oxygen flow on the optical and
morphological properties of the sputtered Al>.O3
layers

The relative oxidation state of the target has a large influence on the refractive index and
propagation losses of the sputtered Al,Os layers. To increase our understanding of this
influence, a series of Al,O3z layers were deposited with various oxygen flows. The
depositions were performed with the settings shown in Table 4.1 for a deposition time
of 160 minutes. A bias voltage curve as function of oxygen flow was made, as described
in Section 4.3, every other deposition to recalibrate the relative oxidation state of the
target during the process.

Figure 4.11(a) shows a section of the bias voltage curves, for different target ages, as
a function of oxygen where the oxygen settings and qualitative optical guiding properties
as defined in Section 4.5 are indicated. From this graph it can be seen that the oxygen
flow set point cannot be determined based on the bias voltage graph. On the other hand,
the relative oxidation state seems to be a promising parameter to determine the set point
for the oxygen flow, as shown in Fig. 4.11(b). All the optical guiding layers were
obtained at a relative oxidation state of the target of 5 £ 1.5 %.
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Fig 4.11 (a) Section of the bias voltage curve as function of oxygen flow and (b) relative
oxidation state of the target as function of oxygen flow. In both graphs deposition
parameters with their optical guiding properties are indicated.

Optical guidance was achieved for layers deposited with relative target oxidation
states in the range of 5 + 1.5 % for undoped Al,Os layers. The refractive indices of the
guiding layers varied in the range from 1.665 to 1.670 as shown in Fig. 4.12(a). The
Al;O3 layers became lossy for n ~ 1.685. Those losses can be caused by small Al,Os
crystals in the layer. Lack of guiding was observed for layers with a n < 1.665
(Mox roughly <5 %) oran > 1.720 (nox roughly > 15 %). The losses in the low refractive
index layers are caused by absorption due to aluminum ions, which are not oxidized. For
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layers deposited with a large oxidation state of the target, a refractive index close to that
of sapphire (n=1.75[6]), the stable crystalline form of Al,Os, was obtained This
suggests a high degree of polycrystallinity in the layer, which causes high propagation
losses.

The study was repeated with erbium doped layers to verify if a similar behavior
occurs with rare-earth ions doped in Al,O3 layer (Fig. 4.12(b)). The same process settings
were used for the Er*:Al,O3 layers as for the undoped Al,Os layers only now with a
power of 20 W applied onto the Er-target, which resulted in a ~0.3 at.% concentration of
Er3* in the layer. It can be seen from Fig. 4.12 (a) and (b) that the refractive index as
function of the relative oxidation state of the target has a similar shape for the Er**:Al,O3
layers compared to the undoped Al;O3 layers. The curve is shifted to lower nox values.
Loiko et al. demonstrated that Tm2Os most likely is situated in the interstitial positions
in the Al,Os layer deposited with RF reactive co-sputtering [16] and Ronn et al.
demonstrated the fabrication process of alternating of sub monolayers of Er,Os; and
monolayers of Al,O3 to form optical Er®*:Al,Os using ALD [46]. This, however, does
not explain the lower nox values needed for optically guiding Er®*:Al,Os layers compared
to the undoped Al,Os layers because the same amount of oxygen is needed for to form
Al;O3 or Er,03. Further research with spectroscopic methods is therefore needed to
identify the differences between both types of layers.
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Fig. 4.12 Refractive index (measured at a wavelength of 632.8 nm using a prism coupler
setup) as function of the target oxidation state (error margin of refractive index is 0.001)
for (a) undoped Al203 and (b) ~0.3 at.% Er®*:Al-0s layers.

Figure 4.12(a) shows that a large range of refractive indices can be obtained by
varying the oxygen flow during the sputtering process. Refractive indices above 1.665
suggest the presence of some sort of crystalline (or polycrystalline) structure. A
polycrystalline structure could be the origin of the higher propagation losses observed in
those layers. To confirm this hypothesis, three samples were prepared, two with low
refractive index and good propagation losses and the third one with a high refractive
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index and high propagation losses. The refractive index was varied by changing the
oxygen flow with the aim of working at different relative target oxidation states of the
target. Table 4.2 summarizes the deposition and optical characteristics of the undoped
Al>O3 layers.

Table 4.2 Characteristics of undoped Al2Os layers used for TEM and XRD

Sample | nox (%) | n (A=632.8 nm) | Guiding
1 -- 1.665 Yes*

2 5.2 1.669 Yes

3 11.6 1.717 No

*waveguide losses of 0.60 + 0.04 dB/cm at 1560 nm [14]

TEM and XRD measurements were performed in the three samples to determine their
structure. Thin lamellas were prepared as described in Section 4.5. The TEM images of
the samples 1-3 are shown in Fig. 4.13 (a-c) respectively, with their corresponding
diffraction patterns. The predominantly amorphous nature of the Al.Os layers is visible
for all the samples in their diffraction pattern (i.e., hazy spot at the center of the
diffraction pattern). Sample 2 (Fig 4.13(b)) and 3 (Fig 4.13(c)) show an additional
polycrystalline nature, which is more prominent at a higher relative oxidation state of the
target. The lattice spacing of the three rings present in samples 2 and 3 are inferred from
the diffractogram. The spacings are 1.39 A, 1.97 A and 2.39 A, indicated with
respectively 1, 2 and 3 in Fig 4.7(c). They correspond with the (440), (400) and (311)
orientations of y-Al,O3 [77,78].

Fig. 4.13 TEM images and corresponding diffractograms of a (a) amorphous Al.Os layer
with low propagation losses [14]; (b) a polycrystalline Al.Os layer with optical guiding;
(c) a polycrystalline Al2O3 layer without optical guiding.
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The XRD results are shown in Fig. 4.14. The two sharp peaks at 20 ~ 33° and 69°
correspond to the (002) and (100) peaks of the silicon substrate, respectively. The
amorphous network of both Al,O3 layers is characterized by the broad halo at the
diffraction angles 20 ~ 15-25°. The halo at 20 ~ 45° is associated to certain degree of
polycrystallinity in the Al,O3 layer with a refractive index of 1.718. The phase of the
crystallization cannot be identified because vy, 6 and o Al,Oz all have a diffraction peak
around 45° [54] and no other halos or peaks have been measured to being able to
associate the crystalline phase to the fingerprint peaks as defined in the JCPDS (Joint
Committee on Powder Diffraction Standards) charts.

Both TEM and XRD analysis shows the dominant amorphous character of the Al,O3
network. A degree of polycrystallinity is observed for the high refractive (n > 1.70) index
layers. The diffraction patterns obtained with TEM indicate, most likely, the presence of
polycrystalline y-Al>Os3.

y Amorphous Si (002) Si(001)
1?1‘10 r A0S J
= o
= i X
38 .
= Polycrystalline
@ TALO;
g s »
=
n=1670]
—n=1718
102"
10 20 30 40 50 60 70
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Fig. 4.14 XRD measurement of two Al2Os layers made with different oxygen
concentrations resulting in (a) a guiding layer with n=1.670 (yellow) and (b) non-
guiding layer with n = 1.718 (blue) at 632.8 nm.

The increase in crystallinity due to larger oxygen flow has also been seen for Al,O3
coatings [2,49]. The formation of crystalline structure is governed by the diffusion length
of the deposited particles and their energetic contribution. The diffusion length is given
by the relation x ~ m where, d, is the deposition rate and D, ~ e~/Tw is the surface
diffusion coefficient which depends on the wafer temperature, T, [49]. More research is

needed to identify operational relative oxidation states of the target for different wafer
temperatures to obtain optically guiding layers.
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4.7 Conclusion

The relative oxidation state of the target is introduced to identify the correct oxygen flow
to grow optical guiding Al,O3 layers. Optical guidance for undoped Al;O3 layers with a
refractive index of ~1.665 has been demonstrated for depositions made at a set
temperature of 580 °C. The optical guiding was achieved with relative oxidation state of
the target of nex = 1.5 + 1.5 % for 0.3 at.% Er®*:Al,05 layers and nox = 5.0 + 1.5 % for
undoped Al>O3 layers. TEM measurements revealed a polycrystalline y-phase in
undoped Al,O3 layers, which became more pronounced with higher oxidation states of
the target.
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Chapter 5

Integration technologies for single-layer
active-passive Al,03

Amorphous Al;Os is an attractive platform for integrated photonics, providing active
and passive functionalities. We have developed two integration schemes to create active
and passive regions at the same level on one wafer. The first process is based on
chemical mechanical planarization while the second one is based on deposition through
two different shadow masks to create a planar active-passive Al,O3 layer. The proposed
fabrication processes reduce the number of fabrication steps compared to the vertical
integration of the two materials while, at the same time, minimize the misalignment
intrinsic to the vertical integration schemes. All structures are defined within a single
photolithography and etching step and they are therefore automatically aligned. As a
proof of principle, we demonstrated the luminescence of ring resonator devices
fabricated in the active region.

This chapter is based on:

C.1. van Emmerik, M. Dijkstra, M. de Goede, L. Chang, J. Mu and S.M. Garcia-Blanco, “Single-layer active-
passive Al2Oz photonic integration platform”, Optical Material Express, 8(10),3049-3054 (2018)
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5.1 Introduction

Amorphous Al;Os is an attractive material for integrated photonics, providing active and
passive functionalities when doped with rare-earth ions. Whereas Si and SisN4 have a
low solubility for rare-earth ions [1,2], amorphous Al;O3 can host high concentrations
of those ions with moderate quenching of luminescence [3,4]. The ability to host high
concentrations of rare-earth ions in combination with the wide transparency window
(150-5500 nm [5]) and low propagation loss [6,7], makes amorphous Al,Os an attractive
material for UV, visible, near- and mid-IR on-chip active devices [8-10].

Many different lasers and amplifiers have been demonstrated in the last few years
using amorphous rare-earth ion doped Al,O3 as gain material [4,11-13], as well as rare-
earth ion doped AlOs; in combination with passive photonic platforms, such as
SisN4 [14-16]. The realization of the active devices in a fully doped Al,O3 layer has two
main limitations, namely a restriction in the dopant concentration that can be used and
lack of integration with other optical functions on the chip. The current integration
schemes rely on several photolithography steps, which introduce losses due to
misalignment [16,17].

In this work, we propose two single-layer monolithic integration schemes for the
integration of active and passive regions on a wafer. The proposed methods are based on
a photonics damascene method [18,19], derived from the process used in
microelectronics [20,21]. Using this approach, only one lithography and etching step is
required to fabricate all functionalities, leading to self-aligned transitions from the
passive to the active sections. Since the difference of refractive index between doped and
undoped Al>;O3 is minimal [22], very low transition losses are expected. Furthermore,
the low loss of the undoped Al>Os waveguide will permit the realization of complex
integrated photonic devices [23-25]. The developed processes can be extended to the
integration of two optical materials that can be deposited at the wafer level, e.g., SisNs
and Al>Og, provided that the effective index of the waveguide mode is matched across
the active-passive interface.

In the first section of this chapter, the fabrication process based on chemical
mechanical planarization (CMP) is detailed and the experimental demonstration of
luminescence in an active ring resonator coupled to a passive bus waveguide is given.
This work is published in [26] and it is performed before the material study presented in
chapter 4, which means that the selection of the settings for the deposition of the active
and passive materials are probably not at the optimal settings. In the second section of
the chapter, the fabrication process based on deposition through two shadow masks is
detailed and the demonstration of a disk resonator is given.
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5.2 CMP assisted fabrication of single-layer
active-passive Al>03

The main goal of this study is the demonstration of the integration of Yb3*-doped ring
resonators with passive bus waveguides. The fabrication flow is shown schematically in
Fig. 5.1. Firstly, active regions of Yb3*:Al,03 (650 um wide and 1000-3550 um long)
are deposited by RF reactive co-sputtering (Section 4.3) with a target Al,O3 layer height
of ~400 nm through a shadow mask. This thickness guarantees single mode operation at
the pump and signal wavelengths (Apump = 976 NM, Asignal =~ 1030 nm) in a ring resonator
with a waveguide cross-section of 1.8 x 0.4 um? and a radius of 200 um. Those regions
are then overgrown with a roughly 200 nm thicker passive layer (i.e., ~600 nm undoped
Al>03). A chemical mechanical planarization (CMP) step is performed to planarize the
active-passive layer, producing a wafer with a planar layer of undoped Al,O3 with
regions of active rare-earth ion doped material in it. Waveguides are then fabricated
using standard lithography and inductively coupled reactive ion etching (Oxford Plasma
Pro 100 Cobra) with BCIs/HBr gases optimized for Al,Oz etching [27]. Finally, the
waveguides are protected with a thick oxide layer deposited by plasma enhanced
chemical vapor deposition (PECVD) as cladding.

650 ym
I

:

Deposition Yb3*:Al,0; Deposition Al;O4

Shadow mask
Sio,
Yb3+:A|203

A.l203

Si Etching

Fig. 5.1 Schematic representation of the fabrication process of active-passive Al203
devices, showing consecutively the deposition of Yb%*:Al.O3 through a shadow mask
(target thickness of 400 nm), the deposition of the undoped Al2Os layer (target thickness
of 600 nm), planarization using CMP and waveguide fabrication by etching.
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5.2.1 Reactive co-sputtering of Al203

The AlyOs layers are deposited by radio-frequency (RF) reactive co-sputtering using an
AJA ATC 1500 instrument [6]. Argon flows of 25 and 5 sccm are applied to respectively
the aluminum (Al, 99.9995% purity) and ytterbium (Yb, 99.9% purity) metallic targets
and an oxygen flow of 4 sccm is added to the process to ensure full oxidation of the layer.
When depositing an undoped layer, an RF sputtering power of 200 W was applied to the
Al-target and an additional RF sputtering power of 20 W was applied on the Yb-target
when depositing the active regions. The reaction chamber was pre-evacuated to
0.1 uTorr (i.e., 13 pPa to reduce the OH- level, whereas the pressure was kept around
4 mTorr (i.e., 0.53 Pa) during the deposition process. OH" free deposition is required for
devices based on rare-earth ion transitions, because these bonds induce strong
luminescence quenching and therefore, greatly diminish or hinder optical gain [28,29].
The wafer is positioned 17 cm from the target and the set temperature at the machine is
650 °C (i.e., expected wafer temperature ~375 °C)".

The active regions are deposited through a shadow mask. This mask is made from
200 um thick 301 stainless steel. The openings for the deposition of active regions are
made by laser cutting (Rofin MPS). All regions have a width of 650 um and lengths
varying from 1000 to 3550 pum. Those areas are made such that a consecutive row of 5
similar rings, with a radius ranging from 50 to 300 um, can fit in this area, as shown in
Fig. 5.2(a). The openings are placed in a line of six (for the 6 different ring radii) and the
structure is repeated homogeneously over the wafer to ensure equal planarization.

First, the shadow mask is aligned with the wafer flat and clamped together in the
holder. The deposition is then performed as described earlier. The deposition rate of the
Al;O3 of the active regions through the openings in the shadow mask is reduced to ~75 %
of the deposition rate without the shadow mask and the regions have a curved profile, as
shown in the profilometer scan of Fig. 5.2(b). Both features are caused by the shielding
effect of the shadow mask. There are three targets available for deposition (Al, Er, Yb),
which are positioned in the reaction chamber under an angle, such that they all point in
a similar way to the wafer. The sides of the open regions in the mask are 200 um high
and, therefore, a part of the exposed region on the wafer is shielded from the plasma. To
minimize this feature the wafer is rotating. There is also a small gap between the mask
and wafer and due to the angle of incidence of the plasma, Al.O3 particles can deposit

“The deposition settings (i.e., oxygen flow, deposition height and wafer temperature) differ from the
optimized settings as described in Chapter 4. At this moment in time we were not aware of the
importance of the influence of the relative oxidation state of the target in combination with the wafer
temperature. Further study is needed to the influence of the effect of the deposition height, wafer
temperature and doping concentration on the optical and material characteristics of the Al20z layers as
function of oxygen.
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slightly underneath the mask, as shown in Fig. 5.2(c). The influence of the mask, for an
opening width of 650 um, is too big to achieve a uniform top layer in the deposited
regions. The width of the regions should at least be doubled to obtain a plateau region of
a couple of tens of micrometers in the deposited regions. The active regions on the edge
of the shadow mask design were displaced by roughly 300 pum. This is most likely caused
by the difference in thermal expansion coefficient between the stainless steel and silicon
wafer (dstainles-steel = 19.5 ppm/°C, asi = 3.5 ppm/°C around 400-600 °C). A new shadow
mask should be made from a material that with an expansion coefficient that is more
comparable to that of silicon. Molybdenum is a good candidate
(otmolybdenum =~ 5.5 ppm/°C, 400-600 °C) it has a smaller deviation in thermal expansion
coefficient compared to silicon and can withstand the high deposition temperatures [30].
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Fig. 5.2 (a) Representation of the chip layout with waveguides and ring resonators. The
active regions are shown in green. (b) Profilometer scan along the width of a deposited
Yb3*:Al203 region, the dashed vertical lines represent the sidewall of the shadow mask.
(c) Schematic representation of the deposition of Yb%:Al.Osz (pink arrows) with a
shadow mask (black) on SiO2 (yellow). Continuous and dashed pink arrows represent
the direction of the plasma during deposition.

91



Chapter 5

5.2.2 Chemical mechanical planarization of Al2O3

A wafer with active regions was fabricated with the above mentioned procedure. This
resulted in an active region with a maximum height of 290 nm (target was 400 nm). The
height is lower than expected due to the lower deposition rate caused by small openings
of the mask. The active regions were overgrown with a 480 nm (i.e., 200 nm thicker than
the thickness of the active layer in the deposited regions) thick undoped Al,Os to
complete the layer, as shown in Fig. 5.3(a).

After the fabrication of the layer, there is a 290 nm high bump on top of the layer, as
shown in Fig. 5.3(a). This bump needs to be planarized to enhance the quality of the
lithography and etching process and to achieve the right waveguide dimensions. A
chemical mechanical planarization (CMP) process was developed, using a Mecapol
E460 CMP machine in combination with an IC1000 pad from DOW.

The main planarization was done using a solution of Semi Sperse 25 (SS25) slurry
diluted in a ratio of 1 to 2 with DI water. The pH was adjusted with 2% HCI solution to
7, in order to obtain a more mechanical driven removal [31]. The optimal settings for the
pressure on the wafer and rotation speed of table were deduced from a preliminary
planarization tests on similar Al,Osz layers (Appendix B). During the first CMP step of
60 seconds the focus was to planarize the wafer, mainly reducing the height of the bumps.
To ensure this, only the bumps had to be in contact with the pad and therefore a pressure
of 0.50 bar was used on the wafer. To have a high removal rate the rotation speed of the
table and head was set to 70 rpm. The focus for the second step of 60 seconds was to
achieve the correct layer thickness and have further planarization. Therefore, the
pressure on the wafer was increased to 0.75 bar to ensure that the whole wafer was in
contact with the pad. The rotation speed of the table and head was set to 50 rpm for a
removal rate of ~50 nm/min for the main surface of the wafer. For the final smoothening
step, a slurry with a ratio of 1 to 4, SS25 to DI water with a pH of 8 was used, to have a
chemical dominated removal. The same settings as in the second step were used for
120 seconds because the removal rate was much lower.

The final layer is shown in Fig. 5.3(b), where the layer of passive Al;Os is 400 nm
and there is still a bump of 120 nm on top of this layer. This is not beneficial for optimal
performance of the waveguides because there will be a smaller optical overlap with the
active region. Further optimization of the deposition through a shadow mask and
planarization of the wafer is underway.
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(b)

120 nm
400 nm 290 nm

Fig. 5.3 Schematic representation of the layer thicknesses of active region, passive layer
and bump (a) after deposition; (b) layer thicknesses after CMP. The height and width of
a bump and the thickness of the undoped layer were measured in a central position of
the wafer with respectively a profilometer (Veeco Dektak 150) and ellipsometer
(Woollam M-2000Ul1).

5.2.3 Demonstration of single-layer active-passive Al203

Ring resonators with an input-output bus waveguide were fabricated with the fabrication
procedure described above. The active layer (Yb3*:Al,Os3) thickness in this sample was
290 nm with an overall final layer thickness of 400 nm (Fig. 5.3(b)). Light was butt
coupled into the input bus waveguide through a polarization maintaining fiber. To
enhance the coupling efficiency to the chip, index matching fluid was utilized. The
device was pumped at 976 nm to excite the Yb3* ions in the doped region. A photo of
the luminescence in the active region was taken with a standard photo camera through a
microscope objective such that the rings of radii 100 and 150 um are clearly visible, as
shown in Fig. 5.4. The luminescence in the visible regime is probably due to Er** or
Tm3* impurities in the active region. At the top of the ring a weaker, tilted, straight line
is visible. This is caused by stray light from the incoupling light, which luminesces in
the active region. Unfortunately, the dopant concentration utilized was too low, which,
in combination with the relatively low overlap with the pump (i.e., 290 nm thick doped
layer in a in total 400 nm thick Al,O3 layers iscomparable with 43% of the power in the
fundamental mode overlapping with the active region) prevented lasing from the device.
In Fig. 5.4, a taper transition region is visible at both ends of the active part of the bus
waveguide. Due to the deposition with the shadow mask, a vertical taper is naturally
formed between the passive and active Al,Oz regions, which leads to an adiabatic
transition. Since the fabrication is realized in a single lithography and etching step, no
misalignment in that region occurs, further increasing the efficiency of the transition.
Towards the center of the active region the fraction of doped layer slightly increases and
therefore the luminescence becomes stronger.

This result is the first demonstration of the integration, in a single photonic layer, of
active and passive dielectric materials. It paves the road towards on-chip lasers and
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amplifiers that can directly be integrated with passive building blocks on the same
platform minimizing the need for accurate alignment procedures.

Fig. 5.4 Photograph of (a) Chip containing rings with a radius of 100 and 150 pm
showing the luminescence of the ytterbium doped active region in the center ring. (b)
Same photograph without background light. Luminescent stray light can be observed on
the top of the ring.

5.3 Shadow mask assisted fabrication of single-layer
active-passive Al203

The first process relies on CMP, which is time consuming and the polishing
characteristics (i.e., removal rate and rounding of the areas) depend on the surface area
and configuration of the active regions [32]. A second fabrication process was developed
to integrate active and passive areas in one layer in a more efficient and reliable manner
by using two different shadow masks. The fabrication flow, shown in Fig. 5.5, consist of
three steps: (1) deposition of active and passive regions, using shadow masks, (2)
lithography and (3) etching of the devices. First, active regions of Yb**:Al,03 (2-5 mm
wide and 14.7 mm long) are deposited by RF reactive co-sputtering through a shadow
mask. The wider openings in the shadow mask were implemented to ensure reaching the
target thickness during the depositions. A layer thickness of ~500 nm is targeted. This
thickness guarantees single mode operation at the pump and signal wavelengths (i.e.,
Apump = 976 nM,  Asigna =~ 1030 nm) in ring resonators with a cross-section of
1.4 x 0.5 um? with a radius of 200 pm. The connective passive regions are then
deposited, with the same technique and target height, through a second shadow mask,
which is a negative of the first one. The waveguides are fabricated on the active-passive
Al;O3 layer using standard lithography and inductively coupled reactive ion etching
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(Oxford Plasma Pro 100 Cobra) with BCls/HBr gases optimized for Al,Os etching [27].
A protective oxide layer is deposited by PECVD as cladding to protect the devices.

2-5 mm
— |
Deposition Yb3*:Al,0;, Deposition Al,O;
Etching
I B Shadow mask I Yb3t:ALO, I Si
SiO, E—— ALO,

Fig. 5.5 Schematic representation of the fabrication process of active-passive Al203
devices using two shadow masks. The deposition of Yb%*:Al:03 and undoped Al.O3
areas through two different shadow masks (target thickness of 500 nm) and waveguide
fabricated by reactive ion etching are consecutively shown.

5.3.1 Reactive co-sputtering using two shadow masks

The deposition of both layers was performed with similar settings as described in Section
5.2.1. An alignment ring, dedicated for the wafer holder of the AJA ATC 1500, was used
to align the wafer and mask before clamping. The optimum settings for the oxygen flow
in the chamber and power on the Yb-target were respectively 3.0 sccm” and 25 W, for
that deposition. The height between the target and substrate was set to 15 cm to obtain
the most planar layer as possible (Appendix A). A preliminary study of the influence of
the temperature on the refractive index of Yb%*:Al,O3 layers was performed as described
in Appendix C. A set temperature of 420°C was chosen to obtain a deposition
temperature around 380 °C and to achieve a refractive index around ~1.67 at 1030 nm
for both doped and undoped Al>O3 regions.

The masks are made with laser cutting (Rofin MPS) in 200 um thick molybdenum.
This material has a similar thermal expansion coefficient, a, compared to silicon
(0tmolybdenum =~ 5.5 ppm/°C, asi =~ 3.5 ppm/°C around 400-600 °C), which allows precise
control over the location and size of the deposited regions on the wafer.

*Study is performed before the material study (Chapter 4). At this moment in time we were not aware
of the importance of the influence of the relative oxidation state of the target on optical quality of the
layers. Further research have to be done to identify the optimal oxidation state of the target as function
of oxygen flow for different ytterbium concentrations and wafer temperatures.
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The minimum width of the openings was made 2 mm to ensure that a plateau region
with the desired height could be reached as shown in Fig. 5.6(a). The mask openings are
14.7mm long and cover all waveguide devices on a single chip. Various spacing
between the active and passive masks, ranging from -400 um (gap) to +400 um (overlap)
offset between the masks (Fig 5.6(b)), are defined to investigate the influence of this
spacing on the planarity of the final layer.
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Fig. 5.6 (a) Profile scan of deposited Yb3*:Al.Oz areas for a mask width of 650 um (red),
used for CMP assisted integration, and 2000 um (blue). Vertical dashed lines indicated
the position of the side walls of the shadow mask. (b) Representation of the chip layouts
with waveguides and ring resonators (blue), the active regions (green) and the passive
regions (orange). Offset of the active and passive mask are from left to right: -400, -300,
-200, -100 pm.

5.3.2 Demonstration of single-layer active-passive Al203

A preliminary test with the two-shadow mask procedure was performed. The first mask
was aligned manually to the optical flat present on the wafer and shadow mask. This due
to the fact that two whole batch of wafers (i.e., 50 pieces) with a diameter
100.0 £ 0.5 mm did not fit in the alignment ring with a diameter of 100.1 mm. The
second mask was aligned, after the first deposition, manually to the optical flats, of the
mask and wafer. The alignment was adjusted to fit the overlap with the active deposited
regions. This resulted in connected active-passive layer in the center of the wafer where
an overlap between the two masks was defined. Figure 5.7(a) shows a profile scan of the
transition from a passive region (hpassive~480 nm) on the left to an active region
(haciive = 440 nm) on the right side of the overlap. The height and width of the overlap
region, respectively ~390 nm and ~460 um, define a taper angle of ~0.1°, which leads to
an adiabatic transition of the fundamental mode.

The refractive index of the active and passive regions were determined with
ellipsometry (Woollam-2000Ul) at 1030 nm. This resulted in a refractive index of 1.71
for the active and 1.67 for the passive regions. The refractive index of the active region
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is higher than expected at the chosen set temperature (i.e., 420 °C) compared to the
results presented in Appendix C. It is possible that replacement of the heating lamp and
deposition of Al,O3 on the quartz plate through which the set temperature is measured
caused a higher wafer temperature than expected. It would be beneficial to measure the
wafer temperature during deposition with, for example, an infrared camera to be able to
adjust the set temperature accurately depending on the amount of open area on the mask.
More research still needs to be done to achieve refractive index matched active-passive
Al;Os3 layers.

Waveguide devices are fabricated on this active-passive layer despite the fact that
larger layer thickness and non-index matching in the transition might induce losses.
Light was butt coupled into the input bus waveguide through a non-polarization
maintaining fiber. Index matching fluid was utilized and the polarization of the fiber was
controlled, using a fiber polarization controller, to optimize the coupling. The disk
resonator was pumped at 976 nm, to excite the Yb®* ions in the doped region. The
spontaneous emission of the signal wavelength, ~1030 nm, was captured through an
objective with an infrared camera. The image of a 200 um radius disk resonator located
in the active region is shown in Fig 5.7(b). The intensity of the pump light increases
when it enters the active region. No major decay or scattering is observed in the transition
region from active to passive, which indicates that the elevated, non-index matched
transition region does not induce major losses. Either the available pump power was not
sufficient or the Yb3* concentration was not sufficiently high to obtain lasing in these
devices. Too high internal losses in the active or passive Al,Os layer of the fabricated
device could also be a cause for not achieving lasing.
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Fig. 5.7 (a) Profile scan from active (left) to passive (right) area. (b) Photograph made
with infrared camera from a disk (radius of 200 um) pumped with 976 nm to excite the
Yb® ions with spontaneous stimulated emission at 1028 nm in the active region. Stray
light illuminates contamination on top of the SiO2 cladding.
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5.4 Conclusion

This chapter describes the two methods to fabricate an active-passive Al,O3 layer. The
first one is based on CMP to planarize the layer. This method relays on the deposition of
the active regions through a shadow mask and chemical mechanical planarization of the
active-passive layer. The second method is based on the deposition through two different
shadow masks, which are negative of each other, to create a planar active-passive layer.
Spontaneous stimulated emission in resonant structures fabricated in those layers have
been demonstrated for both methods. Those fabrication methods pave the road towards
on-chip lasers and amplifiers which can directly be integrated with passive building
blocks on the same platform minimizing the need for accurate alignment waveguide
procedures.
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Chapter 6

Summary

The integration of crystalline potassium yttrium double tungstate (KY(WOa),) and
amorphous aluminum oxide (Al2Os) - both host for rare-earth ions - on glass substrates
has been demonstrated in this thesis. The work was performed with the aim to develop
an integration process that allowed the fabrication of waveguide devices with standard
lithography and etching procedures. In this chapter the main results of this work are
summarized, conclusions are drawn, and an outlook for future work is given.
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6.1 Integration of KY(WOa4)2 on glass

The first part of this thesis demonstrated the integration methods towards thin KY (WOa)
layers on glass. A few specifications are set to increase the possibility for the fabrication
of high-index contrast KY (WQ,), waveguides in the future. These specifications are: a
layer thickness of 0.90 um to 1.60 pum, depending on the application, with a maximum
deviation of + 0.02 pm across the whole 10 x 10 mm? sample surface.

The findings of the bonding study performed for heterogeneous integration of
KY (WOQ4),-on-glass are presented in Chapter 2 and published in [1]. Different bonding
methods are tested (i.e., manual, flip-chip assisted and wafer bonding) in combination
with low temperature optical curable adhesive and high temperature (> 150 °C) curable
adhesive as well as direct bonding. An ultimate planar bond between the KY (WOQ,)
sample and the glass substrate was achieved with direct bonding. Flip-chip assisted
bonding of the sample on a glass substrate with micropillars, which mimic a microbead
filled epoxy, also resulted in a bond line without height deviations. Defects in the
KY(WOy,), layer bonded with a high temperature curable adhesive showed cracks
through the whole layer, mainly along the a*-axis of the crystal, due to stress. High
temperature adhesive is advantageous for future processing of the thin KY (WO.); layers
(i.e., waveguide fabrication or integration with passive photonic materials). Therefore, a
solution was found to guide the stress. This was done by dicing of trenches along the a*-
axis that relieve the stress in the crystal resulting in a defect free interface between the
KY (WOQy) layer and the glass substrate.

The development of a lapping and polishing process of KY(WOQ,), towards high
refractive index contrast slab waveguides is detailed in Chapter 3. The lapping process
is first developed on thick (>300 um) KY(WO,), layers and used thereafter with the
intension to lap the samples from roughly 1 mm down to 1-2 um. Unfortunately, the
developed process did not work for this final lapping process to achieve micrometer thin
layers. The polishing process was also developed on thick samples and where a layer
with a root mean square surface roughness of 0.88 nm and a surface curvature of
26.0 meter was achieved after 2 hours of polishing. However, this curvature is not low
enough to ensure the deviation of +0.02 um across the whole 10 x 10 mm? sample
surface. Further, developments are needed for the realization of high refractive index
contrast slab waveguides. The recommendations for future development will be given in
Section 6.3.
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6.2 Integration of single-layer active-passive Al.Oz on
glass

The second part of this thesis describes the integration of Al,O3 on glass at wafer level.
Fabrication specifications were formulated to achieve single active-passive Al;O3
devices. First of all, the layer should be optically guiding and secondly the surface,
created due to the deposition of both active and passive Al.O3 areas, should be as flat as
possible such that light can be guided through the waveguides adiabatically.

The influence of oxygen flow during RF reactive co-sputtering on the optical
properties of Al,Os is described in Chapter 4. The relative oxidation state is introduced
as parameter to identify the optimal process parameters. This description allows to
identify an optimal relative target oxidation of 5.0 + 1.5 % for low loss optical Al.O3
layer independent on the drift in the system. Transmission electron microscopy and
X-ray diffraction measurements revealed an increase of polycrystallinity with increasing
oxygen flow.

Finally, two integration methods for single-layer active-passive Al,O3 are described
in Chapter 5. Both methods use a shadow mask for the deposition of active Al,Os areas.
The first method is further based on planarization of the full layer after deposition of the
undoped Al,Os layer that covers the whole wafer including the active areas using
chemical mechanical polishing. The findings of this method are published in [2]. For the
second method, another shadow mask is used to deposit the passive regions on the wafer
as well. The ease of fabrication is improved for this second method. The luminescence
in the active Yb3:Al,O3 ring or disk resonator have been demonstrated as proof of
principle for both methods.

6.3 Recommendations for the heterogeneous
integration of KY(WO.)2 on glass

It has been shown that the heterogeneous integration of KY(WO.), on glass still has
many challenges to overcome to finally be able to integrate high refractive index contrast
waveguides in a reliable and reproducible manner. Some recommendations can be made
concerning the integration scheme.

There is a high constraint on the maximal deviation of the height of the KY (WO.)
layer of +0.02 um across the 10 x 10 mm? surface area. Deviation in the crystal layer
can be produced during integration of the sample on the glass substrate (i.e., adhesive
layer and height deviation in sample and or substrate), mounting of the KY(WO.):
assemblies on the ultra-parallel glass plate for lapping and polishing (i.e., deviation in
total height of the assemblies and wax layer) and further deviation can be caused if the
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vacuum holder of the lapping and polishing jig or lapping and polishing plate are not
perfectly planar.

The deviation in the equipment (i.e., lapping and polishing jig and disks) should be
minimized with careful maintenance and conditioning as described in Chapter 3. The
number of layers of the total stack used during polishing can be reduced to two when the
KY (WO4), samples are bonded using direct bonding on a rigid glass plate that can be
handled by the lapping and polishing jig as substrate.

The lapping and polishing process should be further optimized for the realization of
thin defect free KY (WQ4): slabs. The results presented in Chapter 3 showed that the load
on the samples should be reduced during the medium lapping to reduce the chance of
cracks on the thin samples when a scratch occur. It is further recommended to use an
oil-based slurry during the fine lapping stage to reduce the interaction of the lapping
particles with the KY(WO.), surface. Oil-based solution has a higher viscosity than
water-based solution, which will leave a thicker film between the sample and lapping
disk when the same process parameters are used. For this reason an oil-based slurry
reduces the chance that the sample comes in direct contact with the plate.

The polishing time is still several hours and inherently induces rounding on the
KY (WO4), surfaces. This is a disadvantage for the realization of the high refractive index
contrast waveguides over the whole sample surface. Therefore, further investigation has
into be done to pre-polishing with polishing particles that are only one order of
magnitude smaller than the finest lapping particles to shorten the complete polishing
time and minimize the rounding of the KY (WOQ,), surface.

6.4 Recommendations for the integration of
single-layer active-passive Al.Oz on glass

The influence of oxygen flow to the optical properties during RF reactive co-sputtering
have been investigated. It is recommended to also investigate the influence of the
deposition temperature in the same process as both parameters have influence on each
other.

It is further recommended to investigate the influence of the amount of open area in
the shadow mask on the deposition temperature and study the influence on the optical
and material properties of doped and undoped Al.O3 layers. This knowledge is needed
to be able to fabricate refractive index matched single-layer active-passive devices.
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Summary

Processes and knowledge gained in this research can be transferred to develop a
heterogeneous integration process for other laser crystals on glass substrates (e.g.,
YAG, diamond, sapphire) or fabrication of other amorphous layers used for optical
applications that are produced by RF reactive co-sputtering (e.g., TeO; [3,4], TiO2 [5],
Ta20s [6]). The integration methods presented in this work are the first step towards
the integration of multiple materials on a single wafer level which can then be
processed with a single lithography and etching step.
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Hoofdstuk 7

Samenvatting

In dit proefschrift is de integratie van kristallijn kalium yttrium dubbel wolframaat
(KY(WO4)2) en amorf aluminiumoxide (Al;O3) - beiden gastheer voor zeldzame-aarde
ionen - op glassubstraten beschreven. Het doel van dit onderzoek was om de
integratieprocessen zo te ontwikkelen dat het mogelijk is om golfgeleiders te produceren
door gebruik te maken van standaard lithografie en etsprocedures. In dit hoofdstuk zijn
de belangrijkste resultaten samengevat.
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7.1 Integratie van KY(WOQOu.)2 op glas

In het eerste deel van dit proefschrift zijn de integratiemethodes voor dunne
KY (WOy4).-lagen op glas gedemonstreerd. Enkele specificaties zijn opgesteld om de
realisatie van KY(WOQ,), golfgeleiders met hoog indexcontrast in de toekomst te
waarborgen. Deze specificaties zijn: een laagdikte van 0.90 um tot 1.60 um, afhankelijk
van de toepassing, met een maximale afwijking van +0.02 um over het gehele
10 x 10 mm? kristaloppervlak.

De bevindingen van de bindingsstudie voor de heterogene integratie van KY (WQa4).
op glas zijn beschreven in Hoofdstuk 2 en gepubliceerd in [1]. Voor deze studie zijn
verschillende bindingsmethoden getest (d.w.z., handmatig, flip-chip geassisteerd en
direct wafer binding) in combinatie met lijm die uithardt op lage temperatuur en onder
invioed van UV-licht, een lijm die op hoge temperatuur (> 150 °C) uithardt, en met
directe bindingstechniek. Een ultiem homogene binding tussen het KY (WOa). kristal en
het glassubstraat werd met directe binding bereikt. Een KY (WO4).-kristal verlijmd met
behulp van een flip-chip binder op een glassubstraat met micropilaren, die een lijm
gevuld met microballetjes nabootsen, resulteerde ook in een lijmlaag zonder
hoogteverschillen. De KY (WOQa,): kristallen verlijmd met lijm die op hoge temperatuur
uithardt, vertoonde scheuren door de hele laag. Deze scheuren liepen voornamelijk langs
de a*-as van het kristal en zijn het gevolg van spanning in de materialen. Lijm die op
hoge temperatuur uithardt heeft als voordeel dat deze gebruikt kan worden bij de
integratie van dunne KY (WOa).-lagen met andere passief fotonische materialen. Om die
reden is er gezocht naar een manier om de spanning door het kristal te begeleiden. De
spanning in het kristal kon geleid worden door in het kristal lijnen langs de a*-as van het
kristal te zagen. Deze aanpassing resulteerde in een defectvrije grenslaag tussen het
KY (WOQy),-kristal en het glassubstraat.

De ontwikkeling van een lep- en polijstproces om vlakke, hoog
brekingsindexcontrast golfgeleiders te realiseren in KY(WOQ4), is beschreven in
Hoofdstuk 3. Het lepproces is eerst ontwikkeld op dikke (> 300 um) KY (WO4).-lagen
en het proces is daarna gebruikt met de intentie om de dikte van de kristallen van 1 mm
terug te brengen tot 1-2 um. Helaas was het ontwikkelde lepproces niet geschikt voor dit
laatstgenoemde proces.

Het polijstproces is ook ontwikkeld op dikke KY (WQO4). lagen wat, na 2 uur polijsten,
in een gemiddelde oppervlakteruwheid van 0.88 nm en een oppervlaktekromming van
26.0 meter resulteerde. Deze oppervlaktekromming is echter niet klein genoeg om de
afwijking van +0.02 um over het hele 10 x 10 mm? kristaloppervlak te garanderen.
Vervolgonderzoek is nodig om de realisatie van vlakke, hoge brekingsindexcontrast,
KY (WOQ,), golfgeleiders te realiseren.
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7.2 Integratie van enkele-laag actief-passief Al.Oz op
glas

In het tweede deel van dit proefschrift wordt de integratie van Al>O3 op en glas op wafer
niveau beschreven. Specificaties zijn opgesteld voor het bereiken van enkele laag actief-
passief AloOs structuren. Ten eerste moet de laag optisch geleidend zijn en ten tweede
moet het oppervlak, ontstaan als gevolg van de depositie van zowel actieve als passieve
Al;O3 gebieden, zo vlak mogelijk zijn, zodat het licht adiabatisch door de golfgeleiders
kan worden geleid.

De invloed van de zuurstoftoevoer, tijdens radiofrequent (RF) reactief co-sputteren,
op de optische eigenschappen van Al;Os is beschreven in Hoofdstuk 4. De relatieve
oxidatietoestand van het Al-substraat is geintroduceerd als parameter om de optimale
procesparameters te identificeren. Deze beschrijving maakt het mogelijk om een
relatieve oxidatiestaat van het Al-substraat van 5.0 = 1.5 % te identificeren als optimale
instelling om Al,Os-lagen te realiseren met lage optische verliezen. Transmissie-
elektronenmicroscopie en rontgendiffractiemetingen lieten een toename in de
hoeveelheid polykristallijne deeltjes in de lagen zien bij een toenemende toevoer van
zuurstof.

Ten slotte zijn in Hoofdstuk 5 twee integratiemethodes voor de realisatie van enkele
laag actief-passief Al,Oz beschreven. Voor beide methodes is een schaduwmasker
gebruikt tijdens de depositie van actieve Al,Os-gebieden. De eerst methode is gebaseerd
op het vlak maken van de volledig laag na depositie van de ongedoteerde Al,Os-laag die
de hele wafer bedekt, inclusief de afgezette actieve gebieden, met behulp van
chemisch-mechanisch polijsten. De bevindingen van deze integratiemethode zijn
gepubliceerd in [2]. Voor de tweede methode is een ander schaduwmasker gebruikt om
de passieve gebieden op de wafer te deponeren. Deze methode vergemakkelijkt de
fabricage van de actieve-passieve lagen. De luminescentie in de actieve Yb®*:Al,Os ring
of disk resonator is gedemonstreerd om de potentie van deze integratie methodes te laten
zien.

7.3 Aanbevelingen voor de heterogene integratie van
KY(WO.)2 op glas

In dit werk is aangetoond dat er nog steeds veel uitdagingen te overwinnen zijn om
KY (WOy4), op een heterogene manier te integreren op glas, om uiteindelijk de integratie
van golfgeleiders met hoog brekingsindex contrast op een reproduceerbare mogelijk te
maken. Hieronder zijn enkele aanbevelingen gemaakt met betrekking tot dit
integratieschema.
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Er is sterke beperking op de maximale afwijking van de hoogte van = 0.02 um over
het gehele 10 x 10 mm? oppervlakte van de KY(WO,) laag gesteld. De afwijking in de
kristal laag kan worden veroorzaakt tijdens de integratie van het kristal op het glas
substraat (d.w.z., verschil in de hoogte van de lijm laag, het kristal of het substraat),
tijdens de montage van de KY(WO.), assemblages op de ultra parallelle glasplaat die
gebruikt wordt tijdens het leppen en polijsten (d.w.z., afwinging in de totale hoogte van
de assemblages en was laag) en de afwijking kan ook worden veroorzaakt door hoogte
afwijkingen in de vaculim houder van de lep en polijst houder of omdat de lep en polijst
plaat niet perfect vlak zijn.

De afwijking in de gebruikte apparatuur (d.w.z., lep en polijst houder en de schijven)
kan worden geminimaliseerd door zorgvuldig onderhoud en conditionering van
apparatuur zoals beschreven in Hoofdstuk 3. Het aantal lagen van de assemblages kan
worden teug gebracht tot twee wanneer de KY (WO.). kristallen met behulp van directe
bindings techniek op een stevige glasplaat, die ook als substraat gebruikt kan worden in
de vacuum houder tijdens het lep en polijst proces, gebonden worden.

Het lep en polijst proces mot verder geoptimaliseerd worden om de realisatie van
dunne defect vrije KY(WOs4), lagen mogelijk te maken. Uit de in Hoofdstuk 3
gepresenteerde resultaten in gebleken dat de belasting op de kristallen verminderd moet
worden tijdens de gemiddelde lep fase om zo de kans op scheuren in de dunne laag te
verkleinen wanneer er krassen zijn ontstaan. Verder is het aan te bevelen om een lep
oplossing gebaseerd op olie te gebruiken tijdens de fijne lep fase om zo de directe
interactie van de lep deeltjes met het KY(WOQs), oppervlak te verminderen. Een
oplossing gebaseerd op olie heeft een hogere viscositeit dan een oplossing gebaseerd op
water, wat zorgt voor een dikkere vloeistof laag tussen het kristal en de lepschijf wanneer
dezelfde procesparameters worden gebruikt. Om deze reden zal een op olie gebaseerde
oplossing de kans op direct contact tussen de schijf en het kristal verminderen.

De polijst tijd is nog steeds enkele uren wat sowieso voor ronding in het KY (WQ,):
oppervlak zorgt. Dit is een nadeel voor de realisatie van golfgeleiders met een hoge
brekingsindex over het gehele oppervlak. Daarom moet er vervolgonderzoek worden
gedaan naar de mogelijkheid van een voor-polijst stap waarbij polijst deeltjes gebruikt
worden die slechts een order kleiner zijn dan de fijne lep deeltjes om zo de volledige
polijst tijd te verkorten en de afronding van het KY (WOQ,), oppervlak te minimaliseren.

7.4 Aanbevelingen voor de integratie van enkele-laag
actief-passief Al.Os op glas

De invloed van zuurstof toevoer op de optische eigenschappen van RF-reactief
gesputterde lagen is onderzocht. Het is aan te bevelen om ook de invloed van de depositie
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temperatuur te onderzoeken in hetzelfde proces, aangezien beide parameters elkaar
beinvloeden.

Het is verder aan te bevelen om de invloed van het percentage open gebied in een
schaduwmasker op de depositie temperatuur te onderzoeken en de optische en materiaal
eigenschappen van gedoteerd en ongedoteerde Al,O3 lagen die op deze manier gemaakt
zijn te bestuderen. Deze kennis is noodzakelijk om uiteindelijk enkele laag actieve-
passieve Al,O3 lagen met een overeenkomend brekingsindex te maken.

De opgedane kennis en ontwikkelde processen kunnen gebruikt worden om
heterogene integratie processen voor ander laser kristallen (bijv. YAG, Diamand,
Saffier) op glas te ontwikkelen of de fabricatie van andere (bijv. TeO- [3,4], TiO: [5],
Ta20s [6]) amorf RF-reactief gesputterde optische lagen te verbeteren. De integratie
methodes die in dit werk zijn gepresenteerd, vormen de stap naar de integratie van
meerdere optische materialen op één enkel wafer niveau die vervolgens verwerkt kunnen
worden door middel van één enkele lithografie en ets stap.
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Appendix

A. Influence of the deposition height on the
uniformity of the Al>O3 layer

The uniformity of the deposited AlOz layer is important for a high yield in the
performance of the fabricated optical devices. The sputtered layer uniformity varies as
function of the distance between the target and the wafer. To study this effect, a thin
Al>O3 layer (i.e., ~50 nm thick) was deposited on a silicon wafer at room temperature,
with the settings setting as mentioned in Table 4.1 (Chapter 4) with an oxygen flow of
2.5 sccm. A line scan of the layer thickness across the center of the wafer was measured
by ellipsometry (Woollam M-2000Ul). Figure A.1(a) shows the relative thickness of the
deposited layers as function of radial position with respect to the thickness at the center
of the wafer, for different target-wafer distances. As the distance increases, the layer
varies from concave (i.e., the thickness of the edge of the layer is thicker than the
thickness at the center) to convex. The change in the uniformity of the layer is caused by
the distance and angle between target and substrate and can be explained using geometry
rules [1,2]. A uniformity of 96 % at a distance of 4.5 cm away from the center was
obtained for a target-wafer distance of 6 inch (i.e., 15.2 cm). To check whether the layers
deposited at this target-wafer distance had good optical quality, a 890 nm thick Al,O3
layer was deposited with the settings as mentioned in Table 4.1 with an oxygen flow of
2.5 sccm and set temperature of 650 °C (i.e., expected wafer temperature ~375 °C). Light
with a wavelength of 632.8 nm was coupled into the layer using prism coupling
(Metricon 2010/M) and showed light propagation over the whole length of the layer (Fig.
A.1(b)).
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Fig. A.1 (a) Uniformity of the wafer thickness over the wafer for different deposition
heights. (b) Photograph of 632.8 nm light coupled with a prism into an Al2Os layer
deposited at a height of 6 inch.
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B. Planarization efficiency of Al.Oz regions for
single-layer active-passive Al>Os integration

The CMP assisted integration method for single-layer active-passive Al,O3 (Section 5.2)
leads to a topology comparable with the position and height of the active regions, so
called bumps. This topology has to be removed before devices can be made with a single
lithography and etching step.

The planarity of the Al,O3 layer is an important parameter to produce devices with
similar performances. The planarization efficiency (PE) is therefore an important
parameter during CMP. Material will be removed from the whole wafer surface (i.e.,
elevated regions and the rest of the wafer surface) during the CMP process. The
planarization efficiency is given by:

Adown

PE = (1 - Aup

-100% (B.1)
)

where, Aup is the material removed at the top of the bumps, Adown is the material
removed at the additional surface of the wafer at any instant during the planarization
process, as illustrated in Fig. B.1[3]. The PE should be ~1 to achieve an optimal
planarization process, which means that the height of the bumps is reduced much more
than the additional surface area of the wafer. The height of the bumps is measured before
and after the CMP process with a line scan using a profilometer (Veeco Dektak 8) and
the height of the additional surface of the wafer is measured with ellipsometry (Woollam
M-2000Ul).

Sio,

Fig. B.1 lllustration of the removed area on the top of the bump, Aup, and at the wafer
surface, Adown, during a CMP process.

A preliminary study was performed to investigate the planarization efficiency as
function of rotation speed of the wafer and table and as function of the pressure exerted
on the wafer. The elevated regions, caused by the active Al,Os in the real active-passive
layers, were etched in etched in two ~1.1 um thick A1,O3 layers to mimic this areas and
had a height of ~0.5 um. The CMP procedure was performed on a Mecapol E460
machine in combination with a DOW-1C1000 grooved SUBA pad. A polishing slurry of
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Carbot Semi Sperse 25 (SS25) mixed with DI water in a ratio of SS25 : DI = 1:2 was
used and the pH of the slurry was adjusted to 7 by adding 2 % HCI solution to obtain a
more mechanical driven removal [4].

A slurry flow of 240 ml/min was used during all the procedures of 30 seconds and
the polishing pad was conditioned with 2 sweeps with a diamond disk at the start of every
run to establish the same surface roughness of the pad. A back pressure of 0.2 bar was
used to hold the wafer into place and the speed of the head was always 1 rpm less than
that of the table.

For the first experiment, the PE was studied as function of the velocity of the table
while the pressure was kept constant at 0.75 bar. From the results shown in Fig. B.1(a),
it can be seen that the PE decreases linearly with rotation speed. For the second
experiment, the PE was studied as function of the pressure on the wafer while the rotation
speed of the table was kept at 50 rpm. Also, here the PE decreases linearly with higher
pressure on the wafer, as shown in Fig. B.2(b). The data point at 0.5 bar did not follow
the trend and no clear explanation could be found to explain this point.

The experiments made at a rotation speed of 50 rpm and a pressure of 0.75 bar are
slightly different for both experiments (Fig. B.2(a) PE = 48% , Fig. B.2(b) PE= 76%).
This difference can be caused by the fact that the mechanical properties of both wafers
are slightly different. The process is performed in a multi-user cleanroom and it could be
that the operation conditions during deposition and CMP of the layers change due to
different processes that are performed by other useres, which also influence the process.
Therefore, the presented results can only be used as guideline.

The PE does not say anything about the removal rate during the process. For a high
removal rate of the upper part (~80 nm in 30 sec) a pressure of 0.75 bar with an rotation
speed between 30-50 rpm is optimal. While for the final smoothening and high precision
removal a low pressure or rotation speeds is beneficial.
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Fig. B.2 Planarization efficiency as function of (a) rotation speed of the table and (b)
pressure on the wafer.
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C. Effect of wafer temperature on the optical
properties of reactive co-sputtered Al>Osz layers

The influence of the deposition temperature on the optical properties of Al,O3 films has
been studied using ALD [5] and RF reactive sputtering [6,7]. The first study showed
that a Al,O3 layers deposited at 300 °C had minor OH- bonds, an amorphous structure
and the highest refractive index (i.e., 1.639 + 0.001 at A = 1550 nm) compared to the
layers deposited at lower temperatures (i.e., 150, 200 and 250 °C). Slab losses as low as
0.04 £ 0.02 dB/cm have been demonstrated at 1549 nm with this fabrication method.
The second study showed a minor decrease in refractive index with increased
temperature (i.e., temperature range between 350-500 °C). The optical losses of the
Al>O3 films reduced from 5 dB/cm to ~0.3 dB/cm at 633 nm for deposition temperatures
of 350 °C and 550 °C, respectively.

A preliminary study was done to investigate the influence of temperature on the
refractive index of rare-earth ion doped Al,Oz when deposited through a molybdenum
mask and undoped Al;Os layers deposited without a mask. The first represents the
deposition of the active regions in single-layer active-passive Al,O3 areas and the latter
the overgrown passive Al,Os layer in the CMP assisted integration scheme. The undoped
Al;O3 layers, deposited without mask, are made with a relative oxidation state of the
target of nox = 5.0 £ 2.0 %.The active Yb3*:Al,O3 regions are made with a power of 35 W
on the Yb-target and with an oxygen flow of 2.5-3.0 sccm” through a mask with 13%
open surface. The set temperature was varied between 480 °C and 611 °C. All process
settings are summarized in Table C.1. The refractive index is determined using an
ellipsometer (Woollam M2000UI) and a qualitative measure of the guiding of light was
performed with the prism coupling setup at a wavelength of 632.8 nm.

Table C.1: Settings for deposition of Al2Os layers
Al - target | Yb - target

Power (W) 200 35
Ar (sccm) 25.0 5.0
0, (sccm) for Yb3*:Al,O3 2.5-3.0

MNox (%) for A|203 45-7.2

Set temperature (°C) 450 - 611

Target-wafer distance (inch) | 6.0

*Study performed before material study (Chapter 4). More research has to be done to identify the optimal
oxidation state of the target as function of oxygen flow for different ytterbium concentrations and wafer
temperatures.
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The refractive indices, for both series, are shown as a function of the set wafer
temperature in Fig. C.1. It can be seen that there is a slightly increase for the undoped
Al;O3 layers deposited without mask. A step like increase from ~1.69 to ~1.72 is
observed for the Yb3*:Al,Os layers deposited trough the mask. The refractive index of
~1.72 becomes close to the refractive index of sapphire (n~= 1.75 [8]), the crystalline
form of Al,Os. It is likely that the energy is sufficiently high to form a polycrystalline
phase in the amorphous Al>O3 layer, which can also be achieved by ion source assisted
magnetron sputtering [9] and with post processing of deposited layers by
annealing [10,11] or re-sputtering [12]. The undoped Al.O3 layers deposited at a set
temperature < 550 °C had propagation over at least 5 cm at a wavelength of 632.8 nm
while the layers above this temperature were lossy (propagation <1 cm). All layers
deposited through the mask did guide light over the full length of the regions (i.e., total
length of 14.7 mm) without observable losses.
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Fig. C.1 Refractive index as function of set temperature for Yb%*:Al,Os layers deposited
through a molybdenum mask with 13% opening and undoped Al2Oz layers (error margin
in refractive index of 0.001).

A higher deposition temperature is expected when depositing through a molybdenum
mask due to the fact that molybdenum has a low emissivity compared to silicon
(emissivity molybdenum ~0.1 [13] and silicon ~0.7 [14]) and it will therefore reflect
thermal radiation from the wafer backwards causing an increase in wafer temperature.
The set temperature is measured through a quartz window on the backside of the wafer
holder in the AJA ATC 1500. The actual wafer temperature cannot be monitored during
the deposition and therefore a calibration curve is made. A thermocouple is mounted on
asilicon wafer with 8 um thick SiO with a silver past (PELCO® high performance silver
paste) to measure the wafer temperature. Another mask, with 28 % open area, was used
during the calibration because the openings on the mask with 13 % open area, where not
sufficiently large in the center of the wafer to mount the thermocouple. The wafer is
mounted, with or without mask, in the holder of the machine. The holder cannot rotate
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during the calibration due to the connecting wires. This will lead to an estimated
deviation of +10°C in temperature compared to the wafer temperature during
deposition. The calibration is done under normal process settings (i.e., work pressure
~4 mTorr, oxygen flow of 2.5 sccm and argon flow of 25 sccm and 5 sccm on Al and
Yb-target, respectively) without power on the targets. The set and wafer temperature are
measured after 15 minutes when both temperatures are stabilized. The calibration curves
(Fig C.2(a)) show that the wafer temperature is higher with mask than without mask. An
estimation for the wafer temperature with a mask with 13 % open area is made based on
those calibration curves. Figure C.2(b) show the refractive indices for both undoped
Al,O3 layer and Yb3*":Al,O3 regions as function of wafer temperature. Form this graph
can be seen that the temperature for layers deposited without mask are not sufficient to
reach the higher (i.e. ~1.72) refractive index. The maximum set temperature is 611 °C
on the AJA ATC 1500 and therefore no high refractive index layers can be fabricated
based on temperature increase without mask. This is valuable information for the
fabrication of refractive index matched single-layer active-passive Al,O3 layers.
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Fig C.2 (a) Temperature measured at the wafer interface with and without shadow mask
as function of set temperature. (b) Refractive index at 1030 nm measured with
ellipsometer for undoped Al203 layers deposited without mask and Yb®":Al.Os regions
deposited through a mask with 13 % area.
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