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ABSTRACT

INVESTIGATION ON THE STRUCTURAL, MECHANICAL AND OPTICAL
PROPERTIES OF AMORPHOUS OXIDE THIN FILMS FOR GRAVITATIONAL
WAVE DETECTORS

Amorphous oxide thin films grown through physical vapor deposition methods like ion
beam sputtering, play a crucial role in optical interference coatings for high finesse optical
cavities, such as those used in gravitational wave detectors. The stability of these atomically
disordered solids is significantly influenced by both deposition conditions and composition.
Consequently, these enable the tuning of structural, mechanical, or optical properties.

The sensitivity of current gravitational wave interferometric detectors at the frequency
range of around 100 Hz is currently limited by a combination of quantum and coating thermal
noise (CTN). CTN is associated with thermally driven random displacement fluctuations in the
high reflectance amorphous oxide coatings of the end-test masses in the interferometer. These
fluctuations cause internal friction, acting as an anelastic relaxation mechanism by dissipating
elastic energy. The dissipated internal elastic energy can be quantified through the mechanical
loss angle (Q!). These unwanted fluctuations associated with mechanical loss can be reduced
through modifications of the atomic network in the amorphous oxides. Specifically, the
combination of two or more metal cations in a mixed amorphous thin film and post-deposition
annealing are known to favorably impact the network organization and hence reduce internal
friction.

The first study of this thesis reports on the structural modifications between amorphous
TiO2 with GeO2 and with SiO,. High-index materials for gravitational wave detectors such as
amorphous TiO2:GeO: (44% Ti), have been found to exhibit low mechanical loss post-annealing

at 600°C. Reaffirming annealing to be a major contributor to reducing mechanical loss this thesis



examines: a) cation interdiffusion between amorphous oxides of TiO; with GeO, and with SiO;
and b) the modifications to the structural properties, both after annealing. The annealing
temperature, at which this interdiffusion mechanism occurs, is key for pinpointing structural
rearrangements that are favorable for reducing internal friction. Furthermore, to determine
whether diffusion occurs into SiO; after annealing is also important, given that the multi-layer
mirrors of gravitational wave detectors utilize SiO; as a low-index layer. The study of cation
interdiffusion used nanolaminates of TiO2, SiO2 and GeO; to identify cation diffusion across the
interface. The results show Ge and Ti cation interfacial diffusion, at temperatures above 500°C.
Instead, Si cations diffuse into TiO, at a temperature around 850°C and Ti into SiO; at around
950°C. These temperatures correspond to an average of 0.8 of the glass transition temperature

(Tg), with Tg=606°C for GeO2 and Tg=1187°C for SiO,. These findings support previous research

by our group in amorphous GeO;, which showed that elevated temperature deposition and
annealing at 0.8 Tg, leads to favorable organization of the atomic network which is associated
with low mechanical loss.

The second study of this thesis investigates the structural, mechanical, and optical
properties of amorphous ternary oxide mixtures following post-annealing. These mixtures consist
of TiO2:GeO, combined with SiO; and ZrO,, as well as TiO5:SiO,; combined with ZrO,. Candidate
high index layers, such as amorphous TiO2:GeO3 (44% Ti), and TiO2:SiO2 (69.5% Ti) exhibit low
mechanical loss after post-annealing at 600°C, and 850°C, respectively. The inclusion of a third
metal cation is shown to delay the onset of crystallization to temperatures around 800°C. The
addition of a third metal cation also modifies the residual stress of the ternary compared to the
binary materials. There is an indication of densification when annealing past 600°C. The
reduction in residual tensile stress, combined with the higher crystallization temperature of the
ternary mixtures, present attractive properties. These properties will expand the parameter space
for post-deposition processing, mainly of the TiO,:GeO, -based mixtures, to further reduce
mechanical loss. This advancement paves the way for amorphous oxide coatings for gravitational

wave detectors with lower mechanical loss, aligning with plans for future detectors.
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Chapter1

Introduction

Amorphous oxides grown via ion beam sputtering are the preferred coating
material in highly reflective mirrors that act as test masses for gravitational wave
interferometric detectors. Reducing the dominant thermal noise from these
amorphous coatings is crucial to increase the sensitivity of detecting minute spacetime
strains and capture complete astrophysical events. Thermal noise results from random
displacement fluctuations in the coating, which experience internal friction, causing
an anelastic relaxation mechanism by dissipating elastic energy. The dissipated
internal elastic energy can be quantified through the mechanical loss angle (Q-1). It
has been shown that the high-index layer contributes the most to coating thermal
noise (CTN). Consequently, research efforts have focused on mitigating the CTN of
current implemented amorphous coatings, consisting of TiO2:Taz0s5 (22.5% Ti), with
potential candidates for future upgrades including TiO2:GeO2 (44% Ti), which lowers
the CTN by approximately 32% in a multilayer stack with SiO after annealing to
600°C, [62] with the goal of reducing it by 50%. Post-deposition annealing has been
found to reduce mechanical loss, with concurrent studies linking it to atomic
rearrangement leading to greater medium-range order in the amorphous structure,
specifically observed for amorphous Germania annealed and deposited at
temperatures of 0.8 of the glass transition temperature (Tg). [34] Furthermore, doping
has been found to reduce mechanical loss, as observed in TiO2:Ta20s (27% Ti), by

creating a thermodynamically stable structure consisting of a ternary phase after



annealing to 600°C. [39] Interdiffusion between two distinct amorphous oxides, as
observed between TiO2 and Ta20s as nanolaminates after annealing to 650°C, has also
shown a greater contribution to reducing mechanical loss.[94] Understanding the
implications behind the structural rearrangements of these amorphous oxides after
annealing is currently of interest to identify necessary steps to reduce mechanical loss.

This work investigates the interdiffusion mechanism between TiO2 with GeO2
and with SiO2 to further understand when interdiffusion occurs and verify known
structural changes occurring after annealing that would enable diffusion across the
interface to a more thermodynamically favorable structure. Additionally, another study
aims to investigate the addition of a third oxide into TiO2:GeO2 and TiO2:SiO2, both
potential candidates for gravitational wave detectors, to determine if a more stable
amorphous structure is created. Also, to study the structural integrity after annealing
to check for failure such as due to stress, which is a current issue with certain
amorphous coatings after annealing. All of this, in an effort to promote coating
candidates to further lower mechanical loss.

In this chapter, Section 1.1 reviews the structure, properties, and fabrication
methods of amorphous thin films. Section 1.2 introduces the application of the thin
films that are studied and the motivation to the work. In section 1.3, the scope ofthe

workisdescribed.

1.1 AmorphousThinFilms

1.1.1 Structure, Properties, and Fabrication of Amorphous Thin Films

Amorphous thin films play a pivotal role in contemporary technology. The

liquid-like random and disordered structure inherent in these solids imparts unique



characteristics that differentiate them from their crystalline counterpart. Noteworthy
applications encompass flat screen displays, optical data transmission systems, optical
windows and mirrors, as well as ion-conducting electrolytes essential for fuel cells and
batteries. [1-4] The atomic structure of amorphous solids lacks long-range
translational periodicity, a stark contrast to crystalline solids where atoms assume
equilibrium positions within a translational periodic array. Generally, the structural
ordering length scales of amorphous solids are categorized into Short-Range Order
(SRO), Medium-Range Order (MRO), and Long-Range Structure (LRS). Short-Range
Order (SRO) pertains to the arrangement of an atom concerning its nearest neighbors
and is characterized by coordination, involving the number of atoms, bond length, and
bond angle. Medium-Range Order (MRO), a subject of great interest, exhibits

substantial variation depending on the type of amorphous solid structure. [5]

Figure 1.1 Illustration of short-range order; and (b) medium-range order and polyhedron
connectivity. [6]

For covalent amorphous solids, SRO is defined within the 2-5 A range, while
MRO falls within the 5-20 A range, with lengths beyond that considered LRS. As seen

in figure 1.1, MRO represents an organized network arrangement past the SRO scale,



incorporating the type of angles (dihedral) and bond sharing to establish the next tier
of local ordering, such as superstructural units consisting of a collection of connected
polyhedra forming clusters and rings.[6] Both amorphous and crystalline phases may
share commonalities in the SRO and MRO.

Amorphous metal oxides can be classified into three distinct types based on
their network organization and structural roles: glass formers, intermediates, and
modifiers. The glass-forming ability can be determined by key properties such as
coordination number and bond strength. A glass former is usually characterized by a
low coordination number, contributing to a stronger bond between a metal cation (M)
and oxygen (O). In contrast, glass modifiers exhibit a high coordination number and
weak M-O bonds. [7] For instance, the addition of alkali oxides dissociating in a-SiO2
as modifiers results in the cleavage of M-O bonds due to the interaction with the
electropositive alkali metal cation, leading to an increased presence of non-bridging
oxygen and/or occupation of voids. [8] Intermediates occupy a structural position with
their coordination number and bond strength values in between or similar to glass
formers and modifiers. [7] A detailed examination of the atomic structure of amorphous
metal oxides reveals a three-dimensional arrangement of metal-centers linked to
oxygen atoms forming cages. (see Figure 1.2) Each polyhedron can connect through
corner, edge, or face sharing (see Figure 1.2). According to Zachariasen [9], glass-
forming ability is enhanced with a low coordination number, particularly when corner
sharing involves at least three shared corners in a three-dimensional network. This
results in a more open and less dense polyhedral structure. Amorphous GeO; and SiO,
exemplify strong glass formers, characterized by a structural framework model widely
acknowledged as a Continuous Random Network (CRN) with predominant covalent

bonding [6,10].



The short-range order (SRO) manifests as a tetrahedral structure where each
metal cation bonds to four bridging oxygens, forming GeOs and SiOs. Meanwhile,
medium-range order (MRO) adheres to the CRN model, comprising distorted
interconnected corner-sharing tetrahedra that form rings of varying sizes. [11,12] (see
figure 1.1) Techniques consisting of computational simulations paired with
experimental techniques such as Raman spectroscopy, X-ray and Neutron Diffraction
(total scattering), and so on, have been used to study the different ranges of these
amorphous oxide structures. [11-14] Additionally, other models such as the Modified
CRN, or Random Closed Packed (RCP) networks have been classified to other oxides

mainly containing higher coordination number.[15]

SiO, tetrahedron

corner-sharing edge-sharing face-sharing

Figure1.2: Schematic representation of (top) SiO4 tetrahedron, and (b) polyhedral connections
through corner-sharing, edge-sharing, and face-sharing configurations. [40,128]

The random ring distribution of amorphous oxides is appealing for applications.
Amorphous oxides can be produced with available techniques available techniques,
such as physical vapor deposition methods, capable of producing large-scale
homogeneous layers. Offering the flexibility to easily adjust composition and properties

(i.e., refractive index for optical applications) [16,17]. In the broader context of



materials, intrinsic optical properties are influenced by physical processes, including
electronic transitions, and lattice vibrations effects. In the case of amorphous
semiconductors which can be oxides, high transmission occurs in the visible region,
whereas in the UV region, optical absorption is induced by electronic transitions.
Disordered fluctuations in atomic positions and impurities /dangling bonds give rise to
a broad distribution of localized energy states within the bandgap, leading to the
formation of a mobility gap (see Figure 1.3) and a broadening of the density of states.
Consequently, this atomic disorder influences the emergence of an exponential

'Urbach' tail in the absorption coefficient edge [18,19].

Density of states

Delocalized Delocalized
states states

Mobility edges

Localized
states

l+— Mobility gap —* Eneigy

Figure 1.3: Schematic representation of the density of electronic states in amorphous
semiconductors. [18]

In terms of mechanical properties, the examination of stress has been a focal
point of investigation for amorphous thin films, and this subject is of current interest
due to its profound implications for the usability, durability, and reliability of
engineered devices. [21-22] Excessive tensile or compressive stress in the film is
capable of inducing material failure, manifesting as phenomena such as cracking or
buckling. Furthermore, stress exerts a notable influence on various other material
properties, including conductivity, permittivity, etc. [21] Residual stress is recognized

as the sum of intrinsic and thermal stresses. Intrinsic stress is commonly understood



to arise during the deposition process (such as sputtering, evaporation, etc.), and it is
influenced by factors such as nucleation growth, deposition temperature, deposition
rate, phase transitions, and other related parameters. A comprehensive understanding
of intrinsic stress remains elusive, primarily due to the intricate nature of the plasma
environment and deposition process. Conversely, thermal stresses are known to
originate from disparities in the coefficients of thermal expansion between the thin film
and substrate. [21-22]

Amorphous solids are traditionally fabricated through the rapid quenching of a
liquid phase initially at a temperature above its melting point (Tm), utilizing fast cooling
rates. This process bypasses the nucleation and growth of crystals, leading the material
below its Tm to a supercooled liquid state until reaching low-temperature regions, also
known as the glass transition temperature (Tg) range, where the viscosity becomes
sufficiently high to be exhibited as a solid within observable time scales. Consequently,
the supercooled liquid attains a metastable state as an amorphous solid or ‘glass’ due
to insufficient relaxation of the atomic configuration. [16,23,24]| The liquid to glass
making technique is called melt quenching. Nonetheless, amorphous thin films ranging
from angstroms to micron thicknesses can be effectively deposited using techniques
associated with Physical Vapor Deposition (PVD). Commonly employed PVD methods
utilize physical processes such as sputtering (ejection of atoms due to energetic
collisions with ions) and evaporation (vapor phase generation due to thermal energy
transfer). Within a vacuum chamber, a vapor flux is generated by either sputtering or
evaporating a solid material target. The extracted supersaturated vapor, composed of
energized atoms or clusters of atoms, is then directed onto a cold substrate. The
sticking probability at the substrate induces atom-by-atom condensation, forming a

thin film [23, 25]. PVD grows a different more stable amorphous structure,



unattainable through melt-quenching, due to its extremely rapid cooling.

Amorphous solids exist in a nonequilibrium metastable state, meaning that, for
liquid-quenched glasses (LQG), structural differences can develop over a long time,
resulting in undesired properties. The extent of structural rearrangement for stability
upon cooling from liquid state has been characterized by the fragility (degree of viscosity
near Tg) of the material. On the other hand, PVD has been recognized for its ability to
form stable amorphous packing structures, a process that would otherwise take many
years using physical aging techniques regarding LQG [16,24,38]|. PVD has a long
history of use in growing both organic [26,27] and inorganic [28-30] materials for
various applications. Moreover, the intriguing ability of PVD to create stable glasses
has sparked considerable interest and remains somewhat under debate. [38] As a
result, extensive investigation has been undertaken to comprehend the factors
contributing to the excellent thermodynamic and kinetic stability found in some vapor-
deposited amorphous materials. One notable recognition of vapor deposition is
attributed to the equilibration mechanism, involving enhanced atomic mobility on the
less constrained free surface. It is believed that this enhanced mobility leads to more
energetically favorable positions in the amorphous packing structure, where atoms
have sufficient time to reach these positions before being buried by other atoms.
[24,38,39] However, this is not a concluding observation as it has yet to be generalized
between organic and inorganic materials.

Kinetic stability can be characterized by examining the onset of devitrification
with respect to Tg (parameter linked to LQG processes) upon reheating. If the onset is
shifted to higher temperatures, it indicates greater kinetic stability, as more thermal
energy is required to rearrange atoms from their amorphous state [16,24,38]. As shown

in Figure 1.4, the concept of stability in amorphous materials is popularly discussed



with regards to the potential energy landscape (PEL) paradigm (see Figure 1.4). PEL
consists of a hypersurface representation (cross sectioned in 2D for simplicity) of the
total potential energy of the system as a function of all coordinates of the atomic
system. Kinetic stability would then correspond to the height of barriers between
basins. Conversely, thermodynamic stability can be assessed by observing the fictive
temperature (Ty, the temperature at which either the enthalpy or volume of a glass
state point intersects with the extrapolated equilibrium supercooled liquid. [16,24,38]
Stability is related to lower enthalpy values for the vapor deposited amorphous state
as compared to the LQG. In the PEL, a state would be more thermodynamically stable
the deeper it is in the potential energy. Reaching close to an equilibrium position.
[16,24,38] As seen in Figure 1.4, vapor deposited amorphous states reach more stable
packing structures than aged glasses, whereas the ‘ideal glass’ state corresponds to a
theoretical limiting factor of amorphous packing at deep levels corresponding to a
configurational entropy in similar magnitude as the crystalline state. [16,24]

However, there is ongoing investigation into the universal applicability of these
stability criteria, particularly in the context of organic and inorganic amorphous
structures, where the majority of research has covered organic materials [16]. Studies
showing stability characteristics in vapor deposited metals [31,32], semiconductors
[33], and oxides [15,34,35], to mention a few, have been studied. Vapor deposited Zr-
based amorphous metals showed an increase in crystallization onset and Tg with low
deposition rates and substrate temperatures below the Tg. [31,32] Similarly, the
deposition of amorphous Si and GeO; at high substrate temperatures (~0.8 Tg) induces
structural reorganization alongside a reduction in low-energy excitations. The
relaxation mechanism is associated with coating internal friction, contributing to noise

in the context of highly sensitive gravitational wave detection [33,34,36,37]. In addition,



post-deposition annealing also causes a reorganization in amorphous GeO., similarly,
a restructuring can be seen with the ratio change of corner-shared to edge-shared
polyhedral in ZrO;:Ta>Os leading to lower mechanical loss. [34,129] Nevertheless,
substrate temperature, deposition rate, or post-deposition annealing are shown to play
a role in changing the configuration of amorphous structures that are
thermodynamically favorable in either organic or inorganic materials, however much

research still needs to be done on amorphous oxides.
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Figure 1.4: Schematic representation of the potential energy landscape (PEL) for glass forming
systems. Depicting the potential energy as a function of configurational coordinates of the
atomic system.[24]

1.2 Motivation

The work described in this thesis is dedicated to the structural, mechanical, and
optical investigation of physical vapor deposited amorphous oxide thin films intended
for application in the engineering of high reflection multilayer stacks for high finesse
mirrors of the intermediate and end-test masses in laser interferometer gravitational
wave detectors. A critical factor limiting the sensitivity of distance changes between

these mirrors is thermal Brownian noise, primarily induced by coating fluctuations
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resulting from the random motion of particles during operation. The intensity of this
noise is defined by the internal friction within the coating, quantifiable through the
measurement of the mechanical loss angle. The advancement of current and future
detector upgrades and concepts hinges on the development of novel mirror coating

materials aimed at mitigating Brownian thermal noise.

1.2.1 Gravitational Wave Detection

Gravitational waves emerged as a consequence of Einstein's general theory of
relativity, proposed in 1916 [41]. In this theory, gravity is conceptualized as the
curvature of spacetime caused by the presence of energy and mass of great magnitude.
Consequently, gravitational waves (GW) are generated when masses undergo
acceleration, propagating as ripples in spacetime at the speed of light. [42] Larger
distances or smaller source events of astrophysical origin result in a weakening of the
amplitude and hence a smaller strain effect (fractional length change) of GW as detected
on Earth. Gravitational waves travel perpendicular to their propagation direction (z-
axis), causing a deformation of space in a quadrupolar form, involving stretching and
compressing of spacetime along the x, y, and z-axis. [42,43] GW detection poses a
significant challenge due to their extreme sensitivity. The estimated strains influencing
on the arms of GWD from astrophysical events to be detected are on the order of ~10-
18 m or less. To put this into perspective, the radius of a proton is approximately~8x10-
16 m. [44]

Laser interferometers play a crucial role in addressing this challenge by enabling
the detection of minute strain changes between the interferometer arms. The
interferometers achieve this by measuring the phase change of the laser beam
circulating in the cavity of one arm versus the other as a gravitational wave passes,

causing destructive or constructive interference effects in the signal at the detector.
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This can be translated into strain measurements represented as (ALx-ALy)/L, where L
is the absolute distance of both arms, and ALy is the distance change sum in the x
and y direction. [42,43,44] Current ground detectors utilize a Michelson interferometer
with Fabry-Perot cavities (see Fig. 1.5). Some of these GW detectors have arm lengths
of 4 km because longer arm lengths result in more significant absolute strain changes
caused by the weak GW. The 4 km length in each arm involves a Fabry-Perot cavity,
which enhances sensitivity by allowing a high intensity beam through the arm.

Additionally, it provides the flexibility to extend the arm lengths if needed. [45]

| Mirror |
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Figure 1.5: Schematic representation of a basic Michelson interferometer with Fabry
Perot cavities. (Caltech/MIT/LIGO Lab)

On September 14, 2015, a groundbreaking moment occurred as the two
Advanced LIGO (Laser Interferometer Gravitational Wave Detector) interferometers,
situated in Hanford, WA, and Livingston, LA, successfully detected the presence of
gravitational waves for the first time [46]. These gravitational waves originated from the

collision of two black holes, positioned approximately 1.3 billion light-years away from
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Earth. This historic event marked a significant milestone in the field of astrophysics,
confirming the direct observation of gravitational waves as predicted by Albert

Einstein's general theory of relativity.
1.2.2 Thin Film Coatings in the Test Masses of Gravitational Wave Detectors

Current detectors, such as the Advanced LIGO, consist of suspended highly
reflective test mass mirrors placed at the end of the Fabry Perot cavity within the
interferometer. These Bragg mirrors weigh 40 kg with a diameter of 34 cm. The
substrate is made of fused silica and the coating consists of a multilayer stack of
amorphous thin films with alternating high (nn) and low (ni) refractive index to create
the interference for high reflectivity. Maximizing reflectivity at a specific wavelength (/)

at normal incidence can be calculated by tuning the thicknesses (tu.1) as the following:

tu = A/(4nn) (1.1)

t = A/ (4n) (1.2)

Noting that the bilayer has the high refractive index material on the top. In this way, at
every interface in the stack a part of the beam is reflected. The reflected beam has a
phase shift of 7, between the low index to high index interface, causing multiples of 27
as the relative phase difference of reflected beams causing constructive interference.
Furthermore, assuming a bilayer stack with thicknesses as shown above, the reflectivity

of a multilayer coating in air or vacuum can be approximated:

_ ns(nH/nL)ZN_l)z
Reven = (ns(nH/nL)2N+1 (1.3)
nf(ng/n)*N-ng 2
Roaa = (n,zi(nH/nL)ZN++nS) (1'4)

where Reven and Roda are the reflectivity for even or odd number of layers, ns is the
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refractive index of the substrate and N is the number of bilayers in the stack. The
ideal quarter wave thickness may vary depending on the bandwidth of the design

target.

0.5 urr
.2 i

Figure 1.6: Bright field TEM of a multilayer stack of amorphous Ti-doped Ta,Os (darker
layers) and SiOs. [47]

To meet the rigorous standards for optical performance, mirror coatings must
demonstrate both high reflectivity and extremely low optical absorption loss at the
operational wavelength (A = 1064 nm). The current configuration of the Advanced LIGO
detector employs amorphous SiO; and Ti-doped Ta»>Os as the low and high index layers,
respectively. This shift from pure Taz0s, chosen for its enhanced optical properties, is
illustrated in Figure 1.6, showcasing a mirror coating with exceptional optical
absorption loss measuring below 1 ppm [47]. The measured average absorption loss for
the mirror coating at A = 1064 nm was 0.14 + 0.05 ppm [48]. It is noteworthy that in the
field of amorphous oxide thin films, absorption loss can be associated with oxygen
deficiency [49] and defects. Post-deposition annealing serves as a valuable tool to

eliminate such defects and reduce absorption loss. [30]
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1.2.3 Coating Brownian Thermal Noise

Various noise sources impact the displacement sensitivity of gravitational wave
observatories. Figure 1.7. illustrates the noise budget of the Advanced LIGO
interferometer during the third observing run (03), which concluded in March 2020. [45]
Thermal noise emerges as a significant factor in the middle frequency range (~50 to 450
Hz), predominantly attributed to Brownian noise in the optical coatings. Consequently,
this has implications for the observatory's ability to detect GW within that frequency
range.

Coating thermal noise originates from thermally driven random displacement
fluctuations, commonly referred to as Brownian motion, within the coatings. This
phenomenon impacts the coherence of the reflected or transmitted beam. Brownian noise
is associated with a damping mechanism in the coatings, which is manifested through
internal friction and is governed by the fluctuation-dissipation theorem. [50]
Furthermore, internal friction, causing an anelastic relaxation mechanism by dissipating
elastic energy in amorphous coatings, must be minimized to reduce Brownian noise. The
anelastic behavior observed deviates from Hooke's Law, which describes a linear stress-

strain relationship.

— Measured 03
'''' Advanced LIGO design sensitivity
—— Total controls
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—— Thermal
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— Newtonian

Frequency [Hz]

Figure 1.7: Simplified gravitational wave noise budget for O3 observation of LIGO Hanford.[45]
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Equilibrium in strain is achieved after a certain period following the application or
removal of stress. A periodic stress and its lagged equilibrium strain can be formulated

as:

o = gye'®t (1.5)

£ = goel(@t=0) (1.6)

where ¢ is the applied stress and ¢ is the resulting strain with a phase lag of @ , also
known as the loss angle, to reach equilibrium. g, and ¢, are the amplitudes and w the

frequency. By further relating periodic stress and strain to complex elastic modulus (Y)

[51],
Y = :—" [1+i0(f)], (? < 1), one is able to further represent the mechanical loss angle:
P 1
0N = ;s =75 (17)

where P is the energy dissipated per cycle of oscillation, E is the total energy stored in
the oscillating system, f is the frequency and Q is the mechanical quality factor. Thus,
the determination of internal friction intensity involves employing experiments such as
coating ring-down methods to quantify the reciprocal of the quality factor (Q-1). [52]
Subsequent investigations conducted by Levin et al. [53] have advanced an analytical
formalism that correlates the fluctuation-dissipation theorem with interferometer
readout (displacement of test masses under internal thermal equilibrium). The theorem
states that a system characterized by higher damping, when subjected to an external
force, will exhibit increased thermal noise. This facilitates the computation of the power
spectral density distribution of thermal noise. The primary objective is to establish a
relationship between mechanical loss angle measurement and Brownian thermal noise.
This association is realized through the application of a hypothetical oscillating pressure

on the test masses' surface, mimicking the intensity distribution of the incident laser
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beam (i.e. Gaussian profile). Thus, the power spectral density of thermal displacement
becomes:

2kgT P
n2f2 2

Sp(f) =

(1.8)

where kg and T are the Boltzmann’s constant and the temperature of the mirror,

respectively. F, is the amplitude of the oscillating force distributed over the surface, and
P is the elastic power dissipation of the test masses, which contains the loss angle as
seen in equation 1.7. The dissipation term can be further evaluated by numerical
analysis of the integrated force through the volume of the mirror, considering the elastic
properties and mechanical dissipation at each point. The Brownian thermal noise power
spectral density for a coating on a half-infinite substrate can be approximated as:

_ 2kpT d
¢ m2fE; w2

Ee L Es
bc = TE (1.9)

where E; and E, are the substrate, and multilayer coating Young’s modulus, d is the total
thickness of the coating, and wis the beam spot size. Assumptions for this formula
encompass a homogenous mechanical loss, equal mechanical loss for shear and bulk
displacements. Also, a small incident beam spot size compared to the mirror diameter.
Overall, assuming the Poisson’s ratio to be negligible, and coating properties to be
isotropic. [54] One can deduce that reducing Brownian noise on the coating encompasses
reducing the coating thickness, reducing mechanical loss, decreasing the Young’s

modulus differences between coating and substrate, and increasing beam spot size.

1.2.4 Current Status of Coating Research on Coatings for Gravitational Wave
Detectors.

Ion beam sputtered (IBS) amorphous oxides have been the preferred coating

material for multilayered stacks in highly reflective mirrors designed for gravitational
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wave detectors for 1064 nm wavelengths. This preference is primarily attributed to their
ability to achieve exceptionally low levels of optical absorption at 1064 nm wavelength
and mechanical loss. In the initial interferometer configuration, multilayer mirror
coatings comprised of IBS amorphous SiO, and Ta»Os, resulting in optical absorption
plus scattering levels of approximately 1 ppm [57]. Notably, the high index layer,
represented by TaOs in this case, was identified as the primary contributor to
mechanical loss (~3.2 x 104, from 60 to 1100 Hz), surpassing the mechanical loss of the
low index layer SiO» (~4.5 x 10-5, from 50 to 900 Hz).[58] Subsequent investigations
focused on mitigating the mechanical loss from the high index layer, leading to the
selection of a TiO2:Ta;0s mixture coating with approximately 22.5% Ti content. Post-
treatment annealing at 600°C resulted in a significant ~40% reduction in mechanical
loss from TaxOs [47]. This particular mixture coating is presently employed as the high
index coating in laser interferometers, such as the Advanced LIGO.

A study aimed at comprehending the atomic structure in relation to the
mechanical loss [59] of IBS TiO2:Ta20s mixture thin films revealed that a 27% Ti cation
content corresponds to a thermodynamically stable structure characterized by a ternary
phase (TiTaisO47) occurring after annealing. In contrast, a Ti cation content of 53%
resulted in a phase-segregated structure. The mixture with the lower Ti percentage
exhibited a greater reduction in mechanical loss (~2.8 x 10-4, at 1kHz) after annealing to
600C, and a higher onset of crystallization, indicating a more stable amorphous
structure. Other materials were combined with Ta>Os, and the lowest mechanical loss
after annealing was observed in parallel with the formation of a ternary phase. This
phenomenon was evident in the case of ZnO: Ta;0s (~20% Zn) and TiO2:Ta20s5 (~27% Ti).
[15]

It has been widely observed that thermal annealing in amorphous oxides
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contribute to a reduction in room temperature mechanical loss. To gain a deeper
understanding of the structural reorganization occurring post-annealing, a combination
of molecular model simulations and experimental studies has been undertaken. In the
case of amorphous Zr0::Ta;Os mixtures, X-ray scattering techniques, coupled with
modeling, revealed alterations in medium-range connectivity followed after annealing up
to 800°C. This modification involved a shift from corner-sharing to edge-sharing
polyhedra, contributing to the reduction in mechanical loss. [60] Similarly, IBS
amorphous Ta>Os has demonstrated an increase in medium-range order, as determined
by Fluctuation Electron Microscopy (FEM), after annealing at 600°C, concurrently
leading to a decrease in mechanical loss. [61] Furthermore, Raman spectroscopy
measurements conducted on amorphous GeO; indicated an elevated ratio of six-
membered rings after annealing at 400°C. A greater population increase for as-deposited
and after annealing prior to ~400°C was observed with the deposition occurring at
elevated substrate temperatures (0.83 Tg). This mechanical loss was found to correlate
with a higher population of six-membered rings, which also signifies an increase in
medium-range order. [34]

Additional research has been conducted on binary amorphous oxide candidates
with the aim of achieving lower mechanical loss values in the high-index layer and
minimizing optical absorption. The next detector upgrade, referred to as Advanced LIGO
A+, targets a 2-fold reduction in total coating Brownian noise, translating to a 4-fold
reduction in mechanical loss measurements. In the course of this investigation, the
incorporation of TiO; into GeO, was explored at various cation percentages. This addition
to GeO2 was employed to elevate the refractive index, enhancing contrast with SiO; in a
multilayer stack and consequently reducing the overall multilayer coating thickness.

Subsequent examinations revealed that a 44% Ti content in a single layer (14 1nm thick)
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led to a decrease in mechanical loss to approximately 1.17x10-4, between 1kHz to 30
kHz, after annealing at 600°C for 10 hours, further reducing to about 0.96x10-4 for 108
hours, while remaining in an amorphous state. Additionally, the absorption was close to
2 ppm [30]. This TiO2:GeO, mixture underwent further refinement to diminish absorption
and integrate into a multilayer high reflector of TiO,:GeO> /SiO,, striving to meet the
specified benchmark for thermal noise. As of December 2023, work conducted by
Davenport et al. demonstrated that initial challenges related to blister defect formation
in the multilayer stacks after annealing were mitigated through the reduction of water
partial pressure and the control of coating stress using process parameters such as base
pressure and deposition temperature. Stack designs exhibit a coating Brownian noise
measured at 0.67-0.69 of aLIGO, with ongoing designs focusing on reducing the
influence of TiO2:GeO, thickness on thermal noise in the stack [62]. Other potential
binary amorphous oxide candidates encompass a TiO2:SiO2 mixture with a Ti content of
69.5%, demonstrating a coating Brownian noise reduction of 0.76 of aLIGO after
annealing at 850°C. Nevertheless, crystallization occurs at approximately 550°C [63],
and there is an emergence of blisters and cracking, which may be contingent on the
specific process utilized for deposition. [64]

Other alternatives to binary amorphous oxides are nanolaminate structures. This
approach involves the incorporation of nanometer-thick layers (<50nm) comprising two
or more intercalated amorphous oxides. Particularly, nanolaminate stacks have
demonstrated the ability to postpone crystallization when compared to single layers.
[68] Moreover, they exhibit potential for mitigating mechanical loss at cryogenic
temperatures, a critical consideration for the advancement of cryogenic GWD aimed at
further minimizing noise. [69]

Another noteworthy alternative is single-crystalline materials such as AlGaAs,
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with a mechanical loss hovering around 4 x 10-5, between 1 to 6 kHz, emerge as a
competitive candidate. [71] However, upscaling production to 34 cm mirrors and

birefringence is of technological concern.

1.3 Scope of the Work

In this thesis I investigate the atomic modifications in amorphous oxides and
their impact on the structural, mechanical, and optical properties during post-
deposition annealing for low CTN coatings for upgrades of upcoming gravitational wave
detectors. I have shown that post-annealing in close proximity to the glass transition
temperature influences structural changes, such as interdiffusion between two
amorphous metal oxides. Additionally, I explore in this thesis, ternary oxide single
layers, an area less studied compared to binary oxides, as potential high-index layers
for mirrors in gravitational wave detectors. The optical, structural, and mechanical
properties of different compositions are evaluated after annealing.

Thus, I organized the thesis as follows, Chapter 2 contains the description of the
techniques used to characterize and deposit the amorphous oxide thin films. In chapter
3, it involves two nanolaminates consisting of intercalating layers of stoichiometric
amorphous GeO;/TiO; and TiO2/SiO. deposited by IBS. The cation content for TiO,
GeO,, and SiO; acting as the top nanolayer was assessed for different post-annealing
conditions. The onset of crystallization and crystal structure evolution with annealing
was evaluated. In chapter 4, the study involves the deposition of ternary oxide mixtures
by IBS, consisting of TiO2-SiOz-doped GeOsz, TiO2-ZrOz-doped GeO,, and TiO2-ZrO»-
doped SiO,. The residual stress, optical absorption, thickness, refractive index, and
crystallization onset were explored for the different compositions after annealing to
different temperatures. Finally, Chapter 5 provides a summary of the work and outlines

research needed to comprehend the applicability of these films in advancing next-GWD.
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Chapter 2

Experimental Method

This chapter, section 2.1 provides a detailed description of the ion beam sputtering
deposition system used to grow the amorphous oxide thin films. Section 2.2 describes the
thin film characterization techniques to obtain the morphology, structure, composition,

and optical properties.

2.1 Ion Beam Sputtering Deposition

Thin films were produced in this work using ion beam sputtering. The process
involves accelerating energetic noble gas ions and directing them towards the surface of a
solid metal target. This collision induces the sputtering effect, wherein energy transfer from
ions much larger than the atomic bond energy, causes the dislodgment of target atoms
from the surface. The resulting sputtered atoms or atom groups travel to the substrate in
a vapor phase where it condenses. The substrate is strategically positioned in close
proximity and path of the sputtered species. The ability of physisorbed atoms to diffuse
beyond the point of impact is constrained and relies on the substrate temperature and
energy of the adatoms. Metal oxide formation occurs with an oversaturation of oxygen.
These reactive species combine with metal atoms at the target and on the substrate,

culminating in the creation of metal oxide thin films onto the substrate.
2.1.1 Biased Target lon Beam Sputtering
Laboratory Alloy Nanolayer System (LANS) manufactured by 4Wave Inc. was used
to deposit the amorphous metal oxide thin films mentioned in this thesis. This system

utilizes a negatively biased target to attract the positively charged noble gas ions for

sputtering. The theory of operation is the following:
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The plasma employed for sputtering is generated through the utilization of a
Hollow Cathode Electron Source (HCES) and a gridless End-Hall Ion Source, leveraging
the Hall effect as described below. The HCES primarily supplies electrons for the ionization
of the working gas, Argon (Ar), for plasma discharge. The ion source is designed to confine
electrons for impact ionization, subsequently accelerating the ions (Ar+) towards the

chamber which are then attracted by the biasing of the target for sputtering.

The HCES comprises a cathode tip and a keeper (see Figure 2.1). Argon gas is
introduced into the HCES to enhance free electron discharge. Current is applied and
regulated by the bias controller, which is current-controlled, determining the voltage
between the cathode tip (-) and ground (+). This regulates the electron emission from the
hot filament. Additionally, current is applied and regulated by the keeper controller, also
current-controlled, determining the voltage between the cathode tip (-) and the keeper (+).
This controls the electron discharge towards the chamber and ion source. The table below
shows the HCES, and ion source parameters used to enable a stable plasma for sputtering:

Table 2.1. HCES and ion source operation parameters for plasma generation

Operation step Filament Bias (A) |Cathode Bias (A) |Anode Vo|Anode Current (A)
Enabling HCES 1.5 8 -- --
Enabling lon Source 1.5 8 100 7.5
Deposition Step 1.5 6.2 60 5.7

Furthermore, the ion source serves as an anode with a truncated cone opening,
and a magnetic field is generated by a magnet positioned behind the smaller base of the
cone, situated behind the backing plate. The electrons discharged from the electron source
flow towards the anode while interacting with the magnetic field. The anode (+) attracts
these electrons, and the magnetic field increases their residence time, causing collisions
with the Ar gas, resulting in sufficient impact ionization. The interaction of electrons with

the magnetic field dictates the plasma discharge due to the voltage between the anode and
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cathode, subsequently determining the electric field used to accelerate the low-energy ions

for sputtering.

Hollow-cathode flow
controller 1 —
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Figure 2.1: Electrical diagram of the Hollow Cathode Electron Source and Ion Source for the
LANS.

The positively charged Ar flux is broad enough to reach the metal targets which
are positioned in a six-sided inverted carousel geometry in between the ion source and
substrate stage (see Figure 2.2). The ions reach the target at near normal incidence
based on the plasma divergence. Each target is electrically isolated to avoid cross
contamination and can undergo an asymmetric bi-polar pulsed DC bias or DC for
sputtering of conductive or semi-conductive targets. The target’s duty cycle can be
controlled by providing sufficient positive bias, typically 10V, to remove any dielectric
build up, also to attract electrons for etching. Target negative voltages ranging from -10
to -1000V are selected to alter the energy distribution of the sputtered adatoms.

Moreover, the pulsed DC frequency is adjustable, with a maximum value of 71.4kHz. In
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this system, up to 3 targets can be sputtered simultaneously, and the duty cycle and
frequency are independent of each other. Table 2.2 shows the gas and target parameters

to deposit different compositions of TiO» doped GeO..

Table 2.2. Deposition parameters for different compositions of TiO2 doped GeO,. Two metal
targets were used of Ti and Ge.

Material Dep time (s) lon Source Ar HCES Ar Oxygen (sccm) Voltage (V) Pulse width
(sccm) (scecm) (positive) (us)
Ge02 4200 51 20 6 -800 Ge: 50
Ti02:Ge02 (~10% Ti) 5210 48 20 12 -800 Ge:63/Ti:2
Ti02:Ge02 (~33% Ti) 16430 48 20 12 -800 Ge:80/Ti:2
Ti02:Ge02 (~44% Ti) 27000 51 20 12 -800 Ge:89/Ti:2
Ti02:Ge02 (~63% Ti) 42000 48 20 12 -800 Ge:96/Ti:2

Nevertheless, a plasma sheath (~2mm) is developed at the surface of the
negatively biased targets which accelerates positive ions entering the sheath. This
provides no effect from the target voltage variations on the plasma trajectories between
source and targets. In addition, the typical deposition substrate temperature is at an

average of 100°C.

Substrate
stage

All three targets
utilize pulsed DC bias.

Figure 2.2: Schematic of the target, substrate stage, and ion source configuration of the LANS.
(Right), Picture showing the same without the stage. (Left)
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In order to minimize ion scattering in the plasma, the pressure in the chamber
needs to be low enough to increase the mean free path of the particles in the plasma
allowing for a more efficient travel of sputtered atoms. A base pressure of less than 9x10-
8 Torr and operating pressure of ~ 4x10-4 Torr are common. In order to produce metal
oxide thin films, ultra-pure oxygen gas is flowed into the chamber in between the ion
source and substrate stage, but closer to the substrate stage in order for the metallic
adatoms to react with the oxygen on the substrate surface. In addition, the uniformity
of the film is enhanced by rotating the substrate stage, but its area is limited by the
sputtered plume hitting the stage dependent on the deposition system. A load-lock
component allows the extension and retraction of the stage to and from the main
chamber, which uses a high vacuum isolation valve located in between for the purpose

of pressure conditioning (see Figure 2.3).

Figure 2.3: Loadlock in substrate loading mode. (Right). Loadlock in mode of extension of
substrate stage into chamber. (Left)
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2.2 Thin Film Characterization

2.2.1 Ellipsometry

The thickness, refractive index and extinction coefficient of thin films can be
determined through Spectroscopic Ellipsometry. In this technique, a light beam with a
known polarization is directed onto a sample. The reflected light becomes elliptically
polarized (see Figure 2.4) due to the interaction of the electric field with interfaces of
varying plane parallel material layers. This measurement is continuous as a function
of wavelength over a spectral range of interest. The sensitivity of ellipticity is enhanced
when the incident angle is close to Brewster’s angle of the substrate. Subsequently, the
elliptically polarized reflected light is detected, and the ellipsometric angles, consisting
of the ratio of amplitude diminutions (¥) and the phase difference (A), are measured.
These parameters can be correlated with the complex Fresnel coefficients of reflection
ratio (p) which involves the s and p components of the decomposed electric field vectors

(Es and Ep). For an isotropic material the following relationship holds:

Ep
w2l .
p==L=|Fe@®%) = tanhpe'd 0<yp<90° & 0<4<360° (2.1)
S —_
Eg

({32 AP B (]

The E symbolizes the electric field vector and the subscripts/superscripts “i”, “r”, “s”,

({2

and “p” denote the incidence, reflection, s-polarization, and p-polarization,

respectively. The phase change between p and s polarization is the ‘0p — 557 term.

27



Linearly

Ellipticall
Polarized P ¥

Polarized

Figure 2.4: Schematic representation of ellipsometry technique.

It is also important to mention that the dielectric function (¢) and optical constant
dependence on wavelength/photon energy is called dispersion. For an optically
homogeneous and isotropic nonmagnetic optical material the following formula shows
the relation:

Je@) =1 ) = n(A) + jk(L) (2.2)

Spectroscopic ellipsometry captures ¥ and A values throughout different
wavelengths. In this study, we utilized a Horiba UVISEL spectroscopy ellipsometer. The
instrument employs parameterization techniques based on dispersion formulas to
determine optical constants. This involves fitting either an empirically derived model or
a classical oscillator model, which can have one or multiple oscillators, to align with the
experimental acquisitions of ¥ and A. The latter model is derived from equations of
motion that represent a material, such as a bound charge interaction with light, and
may include parameters with physical significance, such as bandgap. The fitting model
finds a solution to n and k directly (e.g Cauchy) or solves for the dielectric function (e.g.
Tauc Lorentz).

Each model is tailored to the specific characteristics of the material, whether it

be a metal, dielectric, polymer, etc. Additionally, the models are designed to
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accommodate specific spectral regions, in this instance, the total range that can be
measured is from 0.59 eV to 6.5 eV. The relationship between the thickness of the thin
film and the optical constants n and k is established through the Fresnel coefficients of
reflection (r). Furthermore, these parameters are interconnected with ¥ and A, as
illustrated in equation 2.1. Specifically, the equation outlines the relationship for an

air/film /substrate design.

i2
2B’ Tstotal =

—i2
raf,s + rfst,se B

1+ 1gpsTpsese 2P

_ raf,p + T'fst'pe_
1+ 145 pTrsepe”

(2.3)

rp,total -

where,

fif cos(8g)—Tiq cos(6)
raf,p = = — , rfst,p =..
fif cos(8f)+7ig cos(6q)

(2.4)

Tlg cos(8q)—7if cos(6 )

raf,s -

Trses = . (2.5)

fiq cos(0a)+7if cos(6f)’

the phase change () from top to bottom of the film contains the thickness (d),

g = Zn%\/ﬁ? _iZsin?(8,)  (2.6)

The subscripts "a,” "f," and "st" correspond to the ambient, film, and substrate,
respectively. O represents the angle of incidence or refraction. The integrated software
Delta2Psi provides a user interface for modeling thin films. The modeling process
involves stacking blocks to represent the experimental design as closely as possible.
Each block may contain a dispersion reference or a dispersion model specific to each
layer/multilayer and substrate material. Before fitting, the parameters provided
typically encompass the substrate's dispersion, number of layers, angle of incidence
(AOI), and thickness estimate. The unknown parameters mainly consist of the optical
constants of the film and its thickness. Introducing a roughness layer on the surface

may be necessary to achieve a more accurate goodness of fit. If the thickness is already
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known, it can serve as a fixed initial parameter, accelerating the fitting process. Once a
realistic model is established, the fitting process employs a numerical optimization
method, such as the Levenberg-Marquardt algorithm, for curve fitting through model
parameter estimation of the nonlinear function. This algorithm iteratively adjusts the
model's parameters to minimize the sum of squared differences between the
experimental and calculated values of ¥ and A. Nevertheless, the algorithm utilizes the
dispersion model to obtain the n and k values, which are iteratively adjusted along with
the thickness to ideally converge on a global minimum. The precision of thickness, n,
and k depends on the amount of information provided. In this case, it relies on the
spectral range being fitted. The ideal fitting range for various materials and models can
be discovered in literature. Additionally, besides noting a high Chi-square value
indicating failure, other indicators include negative thickness values, negative
dispersion values, and for transparent materials, an index of refraction that increases
with larger wavelengths. Moreover, by employing an AOI of 60 degrees, a spectral range
between 1 to 5 eV, and utilizing a multi-oscillator model known as the Tauc-Lorentz
model with 3 oscillators, one can derive the optical constants of a TiO2:GeO single-layer

mixture, as illustrated below:
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Figure 2.5: Refractive index and extinction coefficient of a single layer of TiO2:GeO2 (~44%Ti).
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2.2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is employed for the examination of the
atomic composition and chemical state of amorphous oxide thin films. The focus is on
understanding their oxidation states and the bonding environment of elements present
at the material's surface. This technique relies on the photoelectric effect, wherein high-
energy X-ray photons bombard the surface, leading to the emission of photoelectrons
from atomic inner shells. The energy of the incident X-ray photon (hv) needs to be high
enough to overcome the binding energy of the inner-shell electrons (Ep), sample or
spectrometer work function (¢s,, ¢5p), and provide enough kinetic energy (Eg), to the
emitted photoelectron for travel to the detector. The following relationship applies:

E;* = hv — Eg — ¢gsq (2.7)
where EQ® is the photoelectron’s kinetic energy after leaving the surface. In addition, the

following work function relations are considered:

B + fa = B’ + bsp (2.8)
where E,fp is the photoelectron’s kinetic energy detected by the spectrometer. Thus, eq
2.7 can be rewritten as:

E.P = hv — Eg — ¢, (2.9)

The detected kinetic energy of the photoelectrons is shown to be independent of the
sample's work function, representing the energy difference between the material’s Fermi
energy level and vacuum level. On the other hand, the binding energy depends on the
atomic number of the material and can be calculated since hv is a stable energy value,
and ¢, is a known calibration constant for energy measurements, specific to the
instrument. While different X-ray sources may alter the measured kinetic energy, the

binding energy remains the same per material. Consequently, XPS enables the
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identification of elements due to their unique atomic number.

Moreover, XPS facilitates the examination of oxidation states, as each state
contributes to distinct binding energy positions, influenced by changing barriers arising
from the electronegativity of neighboring atoms. Thus, a discernible trend of higher
cation binding energy emerges as the oxidation state of the atom increases. Generally,
it is useful to study the changes in the atomic environment by comparing spectra with
those found in literature. Furthermore, the area of the peaks correlates with the quantity
of specific elements present in the sample. Quantification of atomic percentage can be
achieved by dividing each element’s peak area with their corresponding relative

sensitivity factor, a calibration factor.

Angle-resolved XPS enables the non-destructive probing of the sample at
various take-off angles, thereby increasing/decreasing the information depth (D). This
depth serves as an approximation of the sample’s probing thickness, from which 95%
of the detected photoelectron signal originates. (See Figure 2.6) The following formula
can be used for this approximation:

D = 3;sin (6) (2.10)
where 1; is the inelastic mean free path, and 8 is the take-off angle, with respect to the
surface of the sample. Eq. 2.10 is derived from the Beer-Lambert relationship for a 1400
eV X-ray source. The A; can be calculated from the TPP-2M formula [72], using the
QUASES-IMFP-TPP2M software. This formula requires the bulk density and bandgap of

the material.
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Figure 2.6: Schematic representation of varying angles effect on the information depth (D).

The efficiency of the photoelectron collection relates to the sensitivity of the
instrument, expressed as counts per second. Electronic core-levels within an element
will have different photoionization cross sections, reason why empirical relative
sensitivity factors are used to obtain estimates of atomic composition with varying
orbitals in mixtures. The shift in binding energy due to charging effects in the sample
requires a correction by referencing an undisturbed energy peak such as C 1s. However,
errors may arise due to improper deconvolution of the peaks. In terms of quantification,
uncertainties can be calculated using the Monte Carlo procedure in CasaXPS, which is
used to estimate the uncertainties associated with the parameters obtained from the
peak fitting process. It involves randomly sampling the fitting parameters within their
uncertainty ranges and recalculating the peak fitting for each set of sampled
parameters. By analyzing the distribution of the fitted parameters obtained from the
Monte Carlo simulation, statistical measures such as standard deviation or confidence
intervals can be calculated. These measures provide estimates of the uncertainties
associated with the fitted parameters, reflecting the variability introduced by
measurement noise and fitting algorithms. As an example, the Si 2p photoelectron

signal is shown, which corresponds to the electrons emitted from the 2p orbital of silicon
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within a silica network. Assuming a bulk density of 2.2 g/cm3 and a bandgap of 9.1 eV
for silica. The following figure shows the approximation of the information depth at

different take-off angles, as well as the intensity signal of the peak:
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Figure 2.7: High-resolution Si 2p spectra using angle resolved XPS.

In this work, XPS measurements were carried out with a Physical Electronics
PE 5800 ESCA/ASE system equipped with a monochromatic Al Ka X-ray source.
Depositions for XPS purposes were done on p-type Si (100) wafers. A take-off angle of
45° was used for all scans. The neutralizer operated at 20 uA to counteract the charging
effect on the surface. High-resolution scans were obtained from the sample’s surface.
The instrument’s base pressure was around 3x10-° Torr. The C 1s peak position at
284.8 eV was used to calibrate the binding energy scale of the spectra. CasaXPS

software (version 2.3.24) was used to analyze the spectra.

2.2.3 Photo-thermal Commonpath Interferometry (PCI)

The optical absorption of amorphous oxide thin films was determined through
Photo-thermal Commonpath Interferometry (PCI), employing a pump/probe technique,
as shown in Figure. 2.8, based on the thermal lensing effect. The examination of optical

absorption occurred at the wavelength of the pump beam, set at 1064 nm, with powers
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in the range of 5 to 8 W detecting absorptions down to ~1 ppm. A red He-Ne laser served
as the probe beam, detecting the absorption effect induced by the pump on the material.
The probe beam is characterized by a larger beam diameter and low power to avoid
absorption contributions. Nevertheless, the pump beam is focused to interact with the
material of interest, resulting in localized heating and a consequent alteration in the
refractive index at the center of the probe beam. Subsequently, the heated region of the
material acts as a small thermal lens at the center while in contact with the probe beam.
As a result, the probe beam diffracts from the center of the probe beam and acquires an
on-axis phase shift, distinct from the undistorted region of the probe. The resulting

phase distortion (4¢) term shown below can be multiplied to the complex amplitude of

the probe wave:
exp(—idep) ~1 —ide (2.11)

Thus, the probe consists of two waves, where the undistorted probe wave is
represented by unity and the weaker distorted wave is represented by —id¢e . At the
waist region (w) of the probe beam, interference patterns are not formed by the two

waves due to being out of phase by —”/2. The diverging wave from the distorted

region interferes with the undistorted region, with the point of maximum intensity
contrast occurring at the Rayleigh distance (zz) of the weak distorted wave from the
origin (z=0), where zz = nw2_, / 4,. Here, Ap=AI/I, where Al represents the difference
between maximum and minimum intensity, and I denotes the intensity of the
undistorted probe wave, assuming a Gaussian wavefront. The maximum signal can

be probed at this point using a photodiode. [73]
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Figure 2.8: Schematic representation of the Photothermal Commonpath Interferometer used.
[74]

Moreover, sensitivity is maximized by employing a chopped pump beam at a
specific frequency, inducing periodic heating. This periodic heating leads to a
periodic distortion of the probe beam wavefront. The signal is detected by the
photodetector, and the signal-to-noise ratio is enhanced by the lock-in amplifier
synchronized with the chopping frequency. Consequently, the sensitivity of PCI relies
on the amplitude of the AC signal acquired as the pump power increases and is
absorbed by the material without reaching the damage threshold. Also, in this
technique, the transverse resolution depends on the pump spot size, while the
longitudinal resolution is influenced by the pump/probe crossing angle and changes
in the index of refraction. The measured signal is converted into voltage, with peak
voltages compared to a calibrated sample of known voltages which is proportional to
absorption, through a linear relation. In practice, depositing thin films on fused silica
enhances the contribution solely from the film due to the much lower coefficient of
thermal expansion of fused silica. Optical absorption measurements as low as 1 ppm

can be measured. [73]
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2.2.4 Carrier Frequency Interferometry (CFI)

The radius of curvature (RoC) of the amorphous oxide thin films were obtained
through Carrier Frequency Interferometry (CFI) technique. The RoC can be used to
obtain the residual stress of the coating after deposition and/or annealing. The
technique uses a Michelson interferometer set up, as seen in Figure 2.9, a He-Ne

collimated beam is expanded to form a planar wavefront, this wavefront is directed onto
a beam splitter which reflects and transmits the beams to a flat (< ’1/ 4) reference sample
and the sample of interest. The beam reflects from each of these samples and recombine
at the beam splitter which then travels to the CCD detector. With equal arm lengths,

between beam splitter and samples, interference fringes are created when recombined

and detected.

Reference Plate

@
)Kj:’— D —

Beam
Splitter

Tested Sample

Figure 2.9: Schematic representation of Carrier Frequency Interferometry used. Modified
from [75]

Due to the curvature of the test sample, a deformed wavefront reflects off which
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causes a modulation of the phase. The following formula represents the intensity field
of the interference signal, if a tilt (¢) about the y-axis is implemented between the two
wavefronts:
gx,y) =a(x,y) + b(x,y) cos(anox + W(x, y)) (2.12)

where a(x,y) and b(x,y) represents variations in the background intensity, and fringe
visibility, respectively. f, = sin(¢) /1 is the carrier frequency on the x-axis. W(x,y) is the
phase modulation due to the test sample wavefront deformation. In order to obtain the
RoC, the Fourier transform of the interference fringe patterns are taken, as shown in
Figure 2.10, the frequency domain shows the a(x,y) term at the center, and b(x, y) term
would be shifted from the center at a distance determined by f, which is the dominant
contributor to the modulated signal. The shifted signal of interest would then be filtered
out, clearing any noise contributions, and then implementing an inverse Fourier
transformation. Ideally, the imaginary and real part of the result would then need to be
computed using an arctan operation to obtain the phase of the interference fringe
pattern. Thus, the phase distribution of the deformed wavefront is given, which
represents the 3-dimensional image of the RoC, in a wrapped form between -m to +mx.
The 3D image then follows an unwrapping procedure which aims to reconstruct the
true, continuous phase from the wrapped phase values. It involves identifying the
discontinuities in the phase and adding or subtracting multiples of 27 to ensure a
smooth, continuous phase profile. The reconstructed 3D surface can then be fitted using
a Zernike polynomial, to calculate the RoC, such as the zJ (however, limited to the
defocus wavefront type). The residual stress of the film (of) is obtained from the RoC,

which uses the Stoney equation:

Ehi (1,1
o = s (R,, + Rb) (2.13)
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where R, and R, are the RoC after and before deposition. h; and h; are the thickness of
the substrate and film, respectively. E; and v, are the Young’s modulus and Poisson’s
ratio of the substrate, respectively. The Stoney equation is based on several
assumptions, including uniform film and substrate thickness, infinitesimal strains and
rotations, homogeneous and isotropic materials, and other specific stress and curvature
conditions. It is widely used but has limitations, particularly when the curvatures are
high or when the assumptions are violated. [78] Errors in the measurement of ROC
originate when the sample is very flat, due to the fitting of a Zernike polynomial (curved
hypersurface) to a flat surface. Thus, a very flat surface may generate high amounts of

errors to be usable.

()

Figure 2.10: a) Interferogram of 30 m RoC calibration sample, b) Fourier transform domain,
and c) RoC 3D representation after phase unwrapping.

2.2.5 X-ray Diffraction (XRD)

In this study, X-ray diffraction (XRD) is employed to investigate the onset of
crystallization in amorphous oxide thin films following annealing. Additionally, the
evolution of the crystalline structure is examined. The technique utilizes X-rays with

wavelengths on the order of angstroms, comparable with the spacing between atomic
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lattices. Consequently, the incident X-rays interact with the electron clouds
surrounding the atoms, resulting in elastic scattering of the X-rays in directions
dictated by the periodic arrangement of the crystal lattice. XRD operates in
accordance with Bragg’s law, where X-rays incident upon the crystal lattice at a
specific angle undergo constructive interference if the path length difference between
two adjacent lattice planes is zero or a multiple of the X-ray wavelength. This event
produces a reflected scattering pattern referred to as the diffraction pattern.
Therefore, Bragg’s law articulates the conditions necessary for constructive
interference to manifest, contingent upon the angle of incidence (0) between the
incident X-ray and the crystal lattice plane, the X-ray wavelength (4), and the

interplanar spacing (d). The expression is detailed below:

sing =2 (2.14)

where n is the diffraction order. Therefore, the angular positions, and intensities of
the diffraction peaks identifies the crystal lattice structure and orientation present.
In terms of data collection, the sample is rotated at various angles while being
bombarded by X-rays. The rotation of the sample allows the different crystal (hkl)
planes to align with the incident X-ray beam for diffraction pattern creation. A
detector measures the intensity of the diffracted X-rays at different angles. The
diffraction pattern intensity peaks as a function of 26, which helps to determine the
crystalline phase of the forming crystal. The broadening of the peaks, for instance,
hints to smaller crystallite size because the diffracted X-rays sample a distribution of

lattice planes with different orientations.
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Figure 2.11: Schematic representation of Bragg diffraction in a crystal [76]

In ordinary XRD, the diffraction pattern is typically collected at a wide range of
angles (20) around the sample, covering both low-angle and high-angle diffraction.
However, in this work, Grazing Incidence XRD is used which involves the detector
typically positioned at low incidence angles (~0.5° to 4°) from the surface. This is
conveniently above the critical angle for which below total internal reflection occurs.
While the detector is moved on the normal 20 circle. This configuration maximizes the
sensitivity to surface scattering and enhances the detection of diffraction signals
arising from thin surface layers. Typically, for GIXRD, a Bruker D8 Discover
diffractometer with a Cu Ka source at grazing incidence angle is used to examine the
amorphous states of amorphous thin films. The diffracted beam was collected by a

scintillation detector as a function of 26 in the range between 10° to 50°.
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Figure 2.12: GIXRD results for a TiO2:Tax0s (27% Ti) single layer film after annealing to
different temperatures. [59]

2.2.6 Spectrophotometry

This study employs spectrophotometry to acquire transmission spectra of
amorphous optical coatings. These spectra aid in discerning the presence of absorbing
species in the sample, such as a non-stoichiometric oxide exhibiting defects like oxygen
vacancies or contributions from metallic free electron transitions. Additionally, the
optical bandgap for amorphous structures can be approximated using the Tauc plot,
which relies on the proportionality expressed as, ((@(E)hv)/™ < hv — E,) where a is the
absorption coefficient, hv is the photon energy, and E; is the bandgap. The parameter
n is contingent upon the type of electronic transition and the band structure of the
material [77]. Fundamentally, the technique involves directing photons within the UV-
IR wavelengths towards a sample, where the light can either be absorbed, transmitted,
reflected or scattered. Transmittance is subsequently measured as T = I/Io, where I is
the intensity of the transmitted beam, and lo is the reference intensity of the beam
before interacting with the sample. For this investigation, a Perkin Elmer Lambda 1050

Spectrophotometer is employed. This instrument features three detectors, enabling the
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measurement of spectra within the range of 175 nm to 3300 nm. Specifically, a
photomultiplier, a cooled InGaAs detector, and a PbS detector are utilized for the
respective wavelength ranges of 175-186 nm, 860-2500 nm, and 1800-3300 nm. This
spectrophotometry utilizes a double monochromator to improve the measurement
linearity by reducing the stray light. In addition, it uses a double beam configuration,
where a single light source is split into equal intensities, one beam goes to the reference
side, and the other beam goes to the sample side. This allows simultaneous comparison
in real time between sample and reference beam, reducing measurement error due to
source fluctuations. Below shows the transmission of a SiO; (top layer) and HfO»

antireflective coating for 1030 nm target with an incidence of 0°.
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Figure 2.12: Transmission spectra of a 1030nm AR one sided coating using SiO» and HfO,.
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Chapter 3

Cation Interdiffusion Between Amorphous Oxide TiO2> with GeOz and
with SiO»

This research is motivated by the need to identify key processes that occur in
thin film metal oxides of TiO2:GeO2 and SiO; which are the components of multilayer
dielectric stacks being investigated for coatings of the end and intermediate test masses
of aLIGO interferometer. The combination of TiO2:GeO2/SiO; in the engineering of
multilayer dielectric stacks has the potential to reach a coating thermal noise
approaching 0.5 that of aLIGO, a goal of the OS5 plans for the Hanford and Livingston
detectors. [130] Assessment of cation interdiffusion with annealing is important

because the process can lead to changes in coating thermal noise.

3.1 Introduction

Cation interdiffusion has been observed in amorphous oxides. In an experiment
that used a nanolaminate structure consisting of a 1.6 nm thick layer of TiO> and SiO»
and 6 nm of Ta;0Os, Le et.al showed that annealing to 650°C causes the Ti to diffuse into
the Taz0s layer and vice versa. The use of a nanometer thick bilayer sample is necessary
to be able to probe the variations in the bonding network using X-ray Photoelectron
Spectroscopy. [94] Interestingly, post-annealing to 650°C for 10 hours did not cause Ti
to diffuse into SiO; and vice versa. The implications of these results are twofold: the Ta
and Ti cation diffusion that occurs at around 650°C is key for the network to organize

into a state that favors the reduction of mechanical loss, seen for TiO2:Ta>0s (27% Ti).
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[59, 94] The lack of diffusion of Ti into SiO> upon annealing to 650°C ensures the
reflectivity of the multilayer dielectric stacks to remain constant throughout the
annealing process, as interfaces remain atomically sharp. Also, the lack of diffusion did
not contribute to lowering the mechanical loss. Using the same strategy as seen in [94],
the experiment consisted of identifying cation diffusion on TiO; with GeO; and TiO, with
SiO,. Nanolaminate stacks were deposited by ion beam sputtering and annealed to
different temperatures. X-ray photoelectron spectroscopy was used to identify any
diffusion while probing the topmost nanolaminate. The results indicate cation
interdiffusion between TiO», and GeO; occurs after annealing at 600°C, and similarly
between TiO, and SiO; after annealing between 900°C and 1000°C. The onset of cation
interdiffusion takes place at an average of 0.8 of the glass transition temperature (Tg)
corresponding to the glass network formers, GeO> and SiO,. The onset of crystallization
of TiO, in anatase form is observed after annealing to 700°C and 600°C for the
TiO2/GeO2 and TiO2/SiO2 nanolaminates, respectively. The differences in ionic radius
and known modifications in the atomic range-order occurring close to the Tg could

activate the interdiffusion.

32 Experimental Methods

Nanolaminates of TiO,/SiO; and GeO>/TiO, were prepared by reactive biased
target ion beam deposition technique using a LANS system manufactured by
4Wave.Inc.[103] and described in section 2.1.1. The operational parameters for

deposition are described in Table 3.1.
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Table 3.1: Deposition parameters for each TiO2, GeO; and SiO; nanolaminate

Material  Deposition rate(nm/s) Oxygen (sccm)  Target Voltage (V) Duty Cycle
TiO2 0.0033 3 -800 2%
Ge02 0.02 6 -800 11%
Si02 0.008 3 -800 25%

The initial chamber base pressure of ~5x10-8 Torr. Figures 3.1 and 3.4 show
four designs consisting of TiO2/SiO2 and GeO./TiO2 nanolaminates of 2 pairs grown
on top of sapphire and a Si (100) wafer, respectively. The thickness of the top nanolayer
was chosen due to its capacity to significantly inhibit the detected photoelectron signal
from the bottom nanolayer. Moreover, the top nanolayer was switched between both
oxides found in the stack. TiO; as the top nanolayer was deposited with an approximate
thickness of 30 nm. The bottom layer contained either SiO, or GeO; with a thickness
of around 9 nm, this is equivalent to a Ge and Si cation ratio of ~30 atom%. GeO; and
SiO2 as the top nanolayer were deposited with an approximate thickness of 13 nm and
15 nm, respectively. In the same order, the bottom TiO> nanolayer was roughly 3 nm
and 7 nm. Each sample represented two pairs of TiO;/SiO; and GeOy/TiO:
nanolaminates. These stacks were post-annealed in air by ramping up the annealing
temperature at 1.5 °C/min and soaking at a set temperature for 10 hours with a Fisher
Scientific Isotemp programmable furnace.

Moreover, diffusion studies at increased annealing temperatures were
performed by obtaining a high resolution XPS spectra of each relevant element of the
nanolaminate. XPS measurements were done on 4 layered amorphous oxide
nanolaminates of TiO. alternating with GeO; and SiO. For the GeO;/TiO:
nanolaminates, the Ge 3d, O 1s, and Ti 2p orbitals were measured. Conversely, for the

TiO2/SiO2 nanolaminates, it involved the Si 2p, O 1s, and Ti 2p orbitals. X-ray
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Photoelectron Spectrocopy parameters are described in section 2.2.2.

Grazing Incidence X-ray Diffraction (GIXRD) measurements were performed
utilizing an X-ray Diffractometer PANalytical X’Pert system equipped with a Cu-Ka X-
ray tube source. A fixed incidence angle (0) of ~3° from the surface was maintained, with
scanning regions between 10 to 50° of 20, where 0 represents the angle between the
incident beam and the diffracted beam. The XRD samples were designed to have 15
pairs of the same thickness as the GeO./TiO; XPS sample, however, the TiO2/SiO,
sample had a thickness of 11nm for TiO2 and 7 nm for SiO,. This was done to obtain a
better diffraction signal from the nanolaminates.

Spectrophotometry was done for the GeO,/TiO> nanolaminates XRD design,
between 200 nm and 1200 nm spectral range, after consecutive anneals to 500C and

600C for 10 hours.

3.3 Results and Discussion

In a general scope, metal-oxide nanolaminate stacks have the ability to enhance
material properties compared to thicker single oxides. Consequently, these
nanolaminates enter a broad number of fields. [82,83,84,85,86] The presented study
optimizes the design of nanolaminates to examine the diffusion of cations within the top
nanolayer. The X-ray Photoelectron Spectroscopy (XPS) technique, known for its shallow
probing depth, was used for this purpose. This approach builds upon the methodology
employed in previous study with identical deposition processes [94]. Moreover, the study
involves two nanolaminates consisting of intercalating layers of stoichiometric

amorphous GeO>/TiO, and TiO»/SiO, deposited by ion beam sputtering. The cation
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content for TiO2, GeO,, and SiO: acting as the top nanolayer was assessed for different
post-annealing conditions. The onset of crystallization and crystal structure evolution
with annealing was determined from Grazing incidence X-ray diffraction (GIXRD). In the
GeO;/TiO2 and TiO2/SiO2 nanolaminates, Ti cation diffusing into the GeO, and SiO;
nanolayer is identified after annealing for 10 hours at temperatures of 600°C, and
1000°C, respectively. Additionally, Ge and Si cations diffusing into the TiO> nanolayer
are identified after annealing at temperatures of 600°C and 900°C for 10 hours,
respectively. The intermixing for both nanolaminates occurs at an average of 0.8 of
reported glass transition temperature (Tg) of the glass network formers (GNF) in the
stack. The initiation of interdiffusion is discussed in relation to modifications in the
range order of the GNF upon annealing.

Figure 3.1 shows the XPS spectra of the GeO2/TiO2 nanolaminate designs for the
as-deposited sample and after annealing at 600°C for 10 hours. The spectra obtained
from the sample in which GeO; is on top, is shown on the left of the figure. On the right
of the figure, the XPS spectra obtained from the sample in which TiO is the top layer is
shown. For both designs, the top nanolayer is fully oxidized and remains the same after
annealing (Fig. 3.2 & 3.3); a Ge 3d orbital with oxidation state of Ge#* (binding energy
of 33.1+0.1 eV) and Ti 2p with oxidation state of Ti* (binding energy of 458.74+0.1 eV
for Ti 2p3z/2 and 464.510.1 eV for Ti 2p1/2). The contribution from Ge3* is negligible for
the as-deposited sample and disappears completely after high temperature annealing.
The Ti 2p doublet peak remains stoichiometric through all the annealing runs with a

constant doublet energy separation of 5.74+0.02 eV. For the left section, the Ti 2p doublet
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peak in the as-deposited GeO./TiO2 nanolaminates is attenuated from the XPS analysis
depth. Similarly, for the right section, the Ge 3d peak in the as-deposited sample is
insignificant.

Annealing shows a pronounced influence in the XPS spectra of the GeO3/TiO»
nanolaminates. For the left section, the Ti 2p and O 1s signal remains similar to the as-
deposited sample at annealing temperatures up to 500°C. After annealing at 600°C, the
Ti 2p doublet peak (Ti 2ps;2 and Ti 2p1,2) emerges, which indicates Ti cation diffusion
into the top GeO: nanolayer. The O 1s peak fitting supports the contribution from
emerging Ti** species. The Ti 4* species contribution to the Ti 2p and O 1s orbital
increases after annealing at 700°C. (Fig. 3.2). The Ti cation percentage, shown in Figure.
3.10, shows an additional increase of ~4% after annealing to 700°C. For the right
section, the Ge 3d and O 1s peak remains similar to the as-deposited sample at
annealing temperatures up to S00°C. After annealing at 600°C, the Ge 3d peak emerges,
which indicates Ge cation diffusion into the top TiO2 nanolayer. The O 1s peak reveals
the contribution from emerging GeOx and Ge# species. (Fig. 3.3) Similarly, after
annealing to 700°C, the Ge 3d and O 1s peaks reveal a ~6% additional increase of Ge
cation diffusion. The cation percentage is plotted in Figure.3.10.

Figure 3.4 shows the XPS spectra for two designs of the SiO,/TiO2 nanolaminates
for the as-deposited sample and after annealing at 900°C for 10 hours. The spectra
obtained from the sample in which SiO; is on top, is shown on the left of the figure. On
the right of the figure, the XPS spectra obtained from the sample in which TiO; is the

top layer is shown. For both designs, the top nanolayer is fully oxidized before and after
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annealing; a Si 2p orbital with oxidation state of Si++ (binding energy of 103.440.1 eV)
and Ti 2p with oxidation state of Ti**. The Ti 2p doublet peak remains stoichiometric
through all the annealing runs with a constant doublet energy separation of 5.7+0.02
eV. For the left section, the Ti 2p doublet peak in the as-deposited SiO2/TiO2
nanolaminates is removed from the XPS analysis depth. Likewise, for the right section,

the Si 2p peak in the as-deposited sample is insignificant.
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Figure 3.1. XPS spectra for Ti 2p and Ge 3d signatures of the GeO,/TiO; nanolaminate’s top
nanolayer for as deposited, and after annealing for a soaking period of 10 hours at 600°C
and 700°C. (Red dotted line is the fitting baseline).

As seen in the GeO;/TiO2 nanolaminates, annealing shows changes in the XPS
spectra of the top nanolayer in the TiO,/SiO; nanolaminates. For the left section, the

Ti 2p and O 1s signal remains similar to the as-deposited sample at annealing

50



temperatures up to 900°C. The Ti 2p doublet peak emerges after annealing at 1000°C
for 10 hours, which indicates Ti cation diffusion into the top SiO. nanolayer. The O 1s
peak fitting supports the contribution from emerging Ti* species (Fig. 3.5). For the
right section, the Si 2p and O 1s signal remains similar to the as-deposited sample at
annealing temperatures up to 800°C. The Si 2p peak emerges after annealing to 900°C
for 10 hours, which indicates Si cation diffusion into the top TiO2 nanolayer. Annealing
to 1000°C, shows an additional ~8 % increase in Si cation content within the TiO»
nanolayer and an increase in Si** species. The cation content can be seen in Figure.

3.10.
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Figure 3.2: XPS spectra for O 1s and Ge 3d signatures of the GeO2/TiO2 nanolaminate’s top
nanolayer for as deposited, and after annealing for a soaking period of 10 hours at 600°C and
700°C. Ge 3d remained fully oxidized after annealing (Red dotted line is the fitting baseline).
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Figure 3.3: XPS spectra for O 1s, and Ti 2p of the GeO2/TiO2 nanolaminate’s top nanolayer for
as deposited, and after annealing for a soaking period of 10 hours at 600°C and 700°C. Ge 3d
for annealing temperature of S00°C is shown. Ti 2p remained fully oxidized after annealing.
(Red dotted line is the fitting baseline).

X-ray diffraction patterns of the GeO,/TiO; nanolaminates are shown in Figure.
3.7, for as deposited and after annealing at 500°C, 600°C and 700°C for 10 hours.
Similarly, the X-ray diffraction patterns for the TiO»/SiO> nanolaminates are shown in
Figure. 3.8, for as deposited and after annealing at 600°C, 800°C, 900°C, and 1000°C
for 10 hours. For the GeO,/TiO, nanolaminates, onset of crystallization in the TiO,

anatase phase is detected after annealing at 700°C and corresponds to the (112) plane.
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Figure 3.4. XPS measurements of Ti 2p and Si 2p peaks of the SiO,/TiO, nanolaminate’s top
nanolayer annealed for a soaking period of 10 hours at 900C and 1000C.
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Figure 3.5: XPS spectra for O 1s, and Si 2p of the SiO2/TiO2 nanolaminate’s top nanolayer for
as deposited, and after annealing for a soaking period of 10 hours at 900°C and 1000°C. Si 2p
remained fully oxidized after annealing (Red dotted line is the fitting baseline)
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Figure 3.6: XPS spectra for O 1s, and Ti 2p of the SiO2/TiO2 nanolaminate’s top nanolayer for
as deposited, and after annealing for a soaking period of 10 hours at 900°C and 1000°C. Si 2p
for annealing temperature of 800°C is shown. Ti 2p remained fully oxidized after annealing.
(Red dotted line is the fitting baseline).

The temperature for incipient crystallization of the TiO2> nanolaminate is delayed
to a higher annealing temperature between 600°C and 700°C in comparison to the
TiO2/SiO; nanolaminates that show diffraction peaks after annealing at 600°C. This is
because the reduced TiO; thickness in the GeO./TiO2 nanolaminates affects the
crystallization threshold as a result of a higher surface-area-to-volume-ratio
contribution to the Gibbs free energy. [88,95] The TiO2/SiO2 nanolaminates show onset
of crystallization after annealing at 600°C. The (101), (112), and (200) planes
corresponding to the TiO, anatase phase are detected after annealing at 600°C, and
800°C. In addition, the (110), and (210) planes corresponding to the TiO, rutile phase
appear after annealing at 900°C. This structural change in TiO2 has been reported in

TiO2/SiO; alternating layered films with equal thicknesses of 6.5 nm.[96] Using
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Scherrer’s equation [97], the crystallite size obtained from the full width half maximum
of the (112) plane anatase diffraction peak of the TiO,/SiO. nanolaminates after
annealing at 900°C is calculated to be ~10.6 nm, which is the same as the thickness of
the as-deposited TiO,. After annealing to 1000°C the thickness is calculated to be ~ 15
nm. This exceeds the initial nanolaminate thickness and suggests that the interface has
been destroyed as a result of TiO» diffusion to form a larger crystal. This agrees with the
results obtained by Le et.al using TiO2/Ta20s nanolaminates. [94] Moreover,
spectrophotometry was conducted on the TiO,/GeO. nanolaminates with the same
design as the XRD samples. The measurements revealed a change after annealing to
600°C, providing additional evidence of structural alteration in the film due to

interdiffusion. This is illustrated in Figure 3.9.
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Figure 3.7. X-ray diffraction patterns of the GeO>/TiO2 nanolaminates, for as deposited and
annealed at 500°C, 600°C and 700°C for 10 hours.
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Figure 3.9. Spectrophotometry of TiO>/GeO: nanolaminates (XRD sample design) after
annealing to 500°C and 600°C.

These results show that for the GeO:/TiO, nanolaminates, onset of cation
interdiffusion occurs somewhere between an annealing temperature of 500°C and
600°C. Additional takeaways for diffusion are observed. As seen in Figure 3.1, on the
left section, Ti cation diffusing into the GeO, network shows a peak energy separation

of the emerged Ti 2p doublet as 5.86+0.02 eV which is greater than 5.7 eV
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corresponding to a Ti 4 species in pure TiO».[92] Similarly, a shift in the Ti 2p3,2 peak
of 458.7 €V [92] in pure TiO: to about 459.6 eV is observed, which affirms a decrease
in electron density. This can be attributed to the bonding interaction surrounding the
titanium atom as a representation of an atomic mixture. These modifications to the
XPS spectra result indicate atomic mixing, that is Ti-O-Ge bonds are forming. A similar
energy separation in the Ti 2p doublet peak has also been observed after intermixing
occurred between Tax0Os/TiO; nanolaminates upon annealing at 650°C. [94] and in a
Tas0s5:TiO2 single layer mixture upon annealing at a lower temperature of 300°C. [93]
In contrast, the Ge cation diffuses within the TiO»> nanolayer in a reduced oxidation
state, as seen in the emerged Ge 3d peak (Fig. 3.1, right), which can be attributed to
the large negative Gibbs free energy of formation for TiO, in comparison to GeO,. [104]
Nevertheless, the diffraction patterns show that the nanolaminates retain their
amorphous structure due to a thinner TiO2; and are also in a mixed state after annealing
at 600°C.

For the TiO,/SiO2 nanolaminates, cation interdiffusion is not symmetrical, Si
cation diffusion into the TiO2 nanolayer occurs somewhere between 800°C and 900°C.
As seen in the GeO,/TiO2 nanolaminates, the Si cation diffuses in a reduced oxidation
state of Si+*, and SiOx as shown in the Si 2p (Fig. 3.4, right) and O 1s peaks (See Fig.
3.6) This can also be attributed to TiO, having a large negative Gibbs free energy of
formation compared to SiO,. [104] The onset of Ti cation diffusion into the SiO,
nanolayer occurs between 900°C and 1000°C. In this case, the Ti 2p doublet peak
energy separation is 5.7 eV which shows that the titanium is diffused but not
interacting with the Si atoms. This can be credited to phase segregation due to a semi-
crystallized TiO2 nanolayer [93]. The diffraction patterns show that the nanolaminates

start to crystallize after annealing at 600°C in the anatase phase. The asymmetry of
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diffusion in the TiO>/SiO; nanolaminate stack could be attributed to the larger ionic
radius of Ti** (0.0605 nm, [106]) compared to Si*(0.04 nm, [106]). Instead, a more
symmetrical diffusion can be seen in the GeO,/TiO, nanolaminate stack due to a
closer ionic radius between Ti* and Ge**(0.053 nm, [105]). Differences in ionic radius
between metal oxides have been shown to play a role in the enabling/disabling of
cation diffusion. [79,80] It is interesting to note that the onset of interdiffusion occurs
in the annealing temperature range where TiO2:GeOs (Ti 44%) and TiO2:SiO; (Ti 69.5%)
single layer mixtures in HR stacks were found to have the lowest mechanical loss
[107, 108], in this case, after annealing at 600°C and 850°C for ~100 hours,
respectively. This follows the same trend between a TiO2:Ta20s single layer mixture
and TiO./Ta20s nanolaminates. [94]

Amorphous SiO; and GeO; lack long-range order and are characterized by an
atomic bonding network that follows a continuous random network with
interconnected rings distributed throughout [109]. Ring size statistics have served as
a metric for quantifying the degree of medium range order [99, 110, 111]. It has been
noted that annealing closer to the Tg leads to a favorable thermodynamic
reorganization in the range order for both amorphous GeO; and SiO,. It is instructive
to plot the results of this work in terms of the ratio of the annealing temperature (Tan)
with Tg, where Tg is taken equal to 606 °C for a-GeO, and 1187°C for a-SiO». [91] In
Figure.3.10, cation interdiffusion takes place just before the temperature range
corresponding to the glass transition (Tg) of the network-forming oxides in the
nanolaminates. This corresponds on average to 0.81 of the Tg. Additionally, it has
been noted that annealing closer to the Tg leads to a favorable thermodynamic
reorganization in the range order for both amorphous GeO: and SiO». In a study [98],

annealing amorphous GeO. close to 500°C for 10 hours results in a 72% increase in
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the population of six-membered rings within the film. This indicates an enhancement

in the medium-range order for amorphous GeO..
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Figure 3.10 Ti cation % of the GeO>/TiO> and TiO»/SiO; nanolaminates and Ge/Si cation %
of the GeO,/TiO; and TiO,/SiO; nanolaminates as a function of annealing temperature (Ta)
divided by the glass transition temperature (Tg) of GeO2 and SiOs.

Similarly, research on SiO; glass in [100] from IR reflectance measurements reveal

structural relaxations after annealing close to 900°C indicating an increase in bond
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angle for Si-O-Si. Molecular dynamic simulations validate the experimental results,
shown as 50% reduction in 3 and 4-membered rings following rapid annealing at around
1027°C, contributing to an increase in the medium-range order. [99] Similarly, in-situ
neutron total scattering measurements unveil a decrease in ring size of 4 or fewer for
fused silica highlighted after annealing at 950°C [112]. Interestingly, experimental, and
simulated data shows growth in ring size as a means to enhance atomic integration into
the amorphous silica network [101, 102, 113, 114, 117]. Nonetheless, the dissociation
of bonds that drives the reorganization towards larger ring size distributions within the
GNF could potentially activate the interdiffusion mechanism with TiO; at the interface.
Hence, the structural relaxations as transitions from short to medium range order close
to the Tg of the glass network former, as well as influences from varying ionic radius
from the different oxides could conceivably exert an influence on the interdiffusion

mechanism.

34 Conclusion

This study demonstrates that cation interdiffusion takes place between amorphous
oxides of TiO, with GeO,, and SiO; near the glass transition temperature (Tg) of the GNF
in the nanolaminate stack. The observed increase in the ring size of the GNF upon
annealing, as documented in literature, along with differences in ionic radii, may have
a potential influence on the initiation of interdiffusion. Interestingly, the temperature
range within which interdiffusion occurs aligns with previously reported low mechanical
loss values observed in single-layer TiO; films mixed with GeO, or SiO» used in mirrors
for gravitational wave detection. This observation is consistent with mechanical loss

findings involving TiO./Ta20Os nanolaminates and its mixed form upon annealing.
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Chapter 4

Investigation on the structural, mechanical and optical properties of
ternary amorphous oxides of TiO2GeO: with SiO2 and ZrO: and
Ti025102Zr0O2

Present and future laser interferometric gravitational wave detectors require
increased sensitivity in the mid-frequency range (~50 — 400 Hz), as the cavity suspended
test mass mirrors are fundamentally affected by noise contributions arising from
thermally driven fluctuations in the amorphous coatings, known as Brownian motion.
Reducing Brownian thermal noise is crucial for achieving higher sensitivity, and this
has been demonstrated to occur after annealing. Towards the goal of reducing coating
thermal noise in TiO2:GeO, (44% Ti) below its present low record of 0.67 aLIGO, ternary
alloys of TiO2:Ge02:Si02, TiO2:Ge02:ZrO2, and TiO2:Si02:ZrO; with ~12% SiO, or ZrO,
were deposited by ion beam sputtering. TiO2:SiO; (69.5% Ti) is also another candidate
with low thermal noise after annealing. The residual stress, optical absorption, and
crystallization behavior with annealing were evaluated. The addition of ~12% of SiO; or
ZrO, is demonstrated to enhance the stability of the amorphous structure of the ternary
oxides to higher annealing temperatures when compared to its binary counterpart.
Furthermore, adding ZrO, leads to higher residual tensile stress when compared to

adding SiO..

41 Introduction

Detecting gravitational waves provides unique insight into extreme astrophysical

phenomena, such as black hole mergers [118], neutron star collisions [119], and much
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more. However, the gravitational waves as spacetime distortions felt on earth are
extremely small (~10-18 m or less, [44]) and thus, require highly sensitive detectors.
State-of-the-art detectors, such as the Advance Laser Interferometer Gravitational Wave
Observatory (a-LIGO) consisting of 4-km arm length Michelson interferometer with
Fabry-Perot cavities were built to capture these minute displacements. Still, current
limitations for a more frequent and sensitive detection are partly due to noise
contributions in the mid-frequency range (~50 — 400 Hz), where quantum and thermal
noises are present. [45] Thermal noise can be predominantly attributed to the thermally
driven random displacement fluctuations, referred to as Brownian motion, within the
suspended mirror amorphous optical coatings in the interferometer. This motion
associates with a damping effect as internal friction, acting as an anelastic relaxation
mechanism by dissipating energy after each cycle of oscillation. The internal friction can
be quantified by the mechanical loss angle (Q-1). [52] Extensive research has been
conducted to reduce mechanical loss. Currently, Ta;0s5:TiO2 (27% Ti) acts as the high
index layer and is known to contribute more to thermal noise, with a single layer
mechanical loss of ~2.4 x 10-4. Other binary amorphous oxide mixtures, such as
TiO2:GeO7 (44% Ti) and TiO2:SiO, (69.5% Ti), represent promising candidates for the
high-index coating layer for the next LIGO detector upgrade (Advanced LIGO A+) for its
reduced contribution of coating thermal noise (CTN). This consists of 0.67-0.69 of
aLIGO (~6.3x10-2! m/Hz1/2) after annealing to 600°C for TiO2:GeO2 with SiO2 HR stack
[62], and 0.76 of aLIGO after annealing to 850°C for TiO2/SiO2 with SiO2 HR stack.

Nonetheless, crystallization occurs at approximately 550°C [63], and there is an
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emergence of blisters and cracking, which may be contingent on the specific process
utilized for deposition. [64]

Following the observation that in TiO2:GeO,, and Ti02:SiO, , the mechanical loss
for a high index material reduces with the addition of Ti to a-GeO; and a-SiO,, I
synthesized thin film amorphous oxide samples containing a third cation. Exploring the
individual contributions, such as of pure SiO,, known to have the lowest mechanical
loss with a low index of 1.47 at a wavelength of 1064 nm. Similarly, the other attractive
candidate is ZrO,, known to have a low mechanical loss (3x10-4, at 1kHz) among the
high index materials with an index of 2.2. However, ZrO; has around 4 times the Young’s
modulus of SiO», a large mismatch would increase coating thermal noise. (See Eq. 1.9)
Adding both SiO; and ZrO; have shown improvements in the crystallization threshold
from 600°C up to 750°C and 800°C, respectively, when mixed with Taz0s. [15] Annealing
has also shown a network reorganization when adding ZrO, to TayOs, attributed to a
majority of corner-shared polyhedral bonds. [129]Moreover, incorporation of ZrO, into
Ta20s5:TiO2 has been investigated with different compositions, main results showed an
increase in the crystallization temperature by more than 150°C from a binary mixture
of Tas0s5:TiO2 (~27% Ti), and a reduction of mechanical loss by a factor of 1.5 of
Advanced LIGO. However, cracking issues appear before crystallization. [120]

In this study, the structural properties of ternary amorphous oxide mixtures
comprising TiO2:Ge02:Si02, TiO2:Ge02:ZrO2, and TiO2:SiO2:ZrO, grown through ion
beam sputtering were investigated. Annealing was conducted at soaking temperatures

of 600°C, 700°C, and 800°C for 10 hours in air. Subsequently, investigation of the
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thickness, refractive index, residual stress, optical absorption, and crystallization were
performed post-annealing. The results indicate a delayed onset of crystallization for all
four ternary samples compared to the binary oxides. TiO2:Ge02:SiO, and
TiO2:Ge02:ZrO, exhibit a weak diffraction intensity, with incipient crystallization
observed after annealing to 800°C. On the other hand, TiO::SiO,:ZrO, remains
amorphous up to 800°C. However, this alloy experiences tensile stress failure, evidenced
by coating cracking after annealing at 700°C.

The quarter-wavelength optical absorption at A=1064 nm remains approximately
3.7 +/- 0.7 ppm after annealing at 700°C for all ternary oxides. A 1.6 reduction is seen
for TiO2:GeO: based ternaries after annealing at 800°C. Furthermore, all ternary oxides
exhibit a shift in residual stress towards tensile behavior. TiO2:Ge0,:SiO2> demonstrates
the lowest shift in residual stress, achieving a 467 MPa stress increment after annealing
at 700°C, while Ti0O2:Si0O2:ZrO, with higher Ti content exhibits the maximum residual
stress, reaching around 870 MPa increments after annealing at 700°C. In addition,
residual stress is studied for pure ZrO,, SiO, as well as binary oxide mixtures consisting

of TiO2:GeO;2 and Ti02:Si0s.

4.2 Experimental Methods

Amorphous ternary oxide mixtures were synthesized through the reactive biased
target ion beam deposition technique utilizing a LANS system manufactured by
4Wave.Inc.[103], process shown in section 2.1.1. -900 V used for sputtering. High-purity
grade oxygen at a flow rate of 16 sccm was introduced into the chamber close to the
substrate to promote the growth of ternary oxides, maintaining an initial chamber base

pressure of approximately ~5%10-8 Torr. The deposition temperature for each sample
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was maintained at around 100°C.

The design criteria for the ternary oxide single-layer mixture encompassed
achieving a high index at 1064 nm (n>1.87) similar to that of TiO,:GeO: which
demonstrated the lowest mechanical loss. [30] Furthermore, specifications included
ensuring low absorption in as-deposited films (<10 ppm), a thickness exceeding 170 nm,
and restricting the added percentages of Si and Zr to below 14%.

X-ray Photoelectron Spectroscopy (XPS) was performed on the as-deposited
samples to determine the cation composition estimates. XPS technique shown in section
2.2.2. The cation compositions were estimated using the Si 2p, Ge 3d, Ti 2p, and Zr 3d
orbitals. Table 4.1 presents the pulse width (positive bias time) and deposition rate,
corresponding to the displayed composition average estimation of different samples
grown.

Table 4.1. Deposition conditions on each metal target operated simultaneously. The pulse
period used was of 100 us for the Si and Ge targets, 20 us was used for the Ti target. Binary
oxides and ZrO; used 12 sccm of O,. SiO; used 4scem of Oa.

d.p stands for different target positions.

Pulse Deposition Average cation %
Mixture Target Width Rate (nm/s) estimate
(ps) (as deposited)
TiO2:Ge02:Zr0, (1) | Ti/GelZr 3/94/99 0.0066+0.0002 44.2+0.5/ 44+1.4/ 11.8+0.9

Ti02:Ge0,:Si0,(2) Ti/Ge/Si 3/95/94 0.0076+0.0002 | 50.2+1.4/37.8+0.9/12+0.6

TiO02:Si02:Zr0O- (3) Ti/Si/Zr 3/91/96 0.0061+0.0002 59+0.9/27.7+0.8/ 13.3+0.4

Ti02:Si02:ZrO; (4) Ti/Si/Zr 2/92/96 0.006+0.0002 62+1/25.2+1.6/12.7£0.5

TiO2:GeO, (5) Ti/Ge 2/89 0.0096+0.0002 ~42/58

TiO2:GeO-, (6) Ti/Ge 2/88 (d.p) 0.0087+0.0002 ~45/55
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Ti02:Si02(7) Ti/Si 2/85 0.0072+0.0002 ~62/38

Si0(8) Si 50 0.024+0.0002 100

Zr0,(9) Zr 2 0.01=0.0002 100

In general, the oxides would be deposited on a Si (100) wafer for Grazing Incidence
X-ray Diffraction (GIXRD) and XPS measurements. A 25.4 mm diameter, 1 mm thick
UV fused silica substrate is utilized for stress measurements, while a 6.35 mm thick UV
fused silica substrate is employed for optical absorption measurements. Furthermore,
consecutive annealing steps were conducted on each sample in air at temperatures of
600°C, 700°C, and 800°C for 10 hours for the ternary oxides, with a ramp rate of
0.8°C/min using a Fisher Scientific Isotemp programmable furnace. The same
procedure done for the binary and single material oxides at 400°C, 500°C, 600°C, and
700°C with a ramp rate of 1°C/min. Grazing Incidence X-ray Diffraction measurements
were performed utilizing an X-ray Diffractometer PANalytical X’Pert system equipped
with a Cu-Ka X-ray tube source. A fixed incidence angle (8) of 3.5° from the surface was
maintained, with scanning regions between 10 to 50° of 20, where 0 represents the angle
between the incident beam and the diffracted beam.

The optical absorption loss at 1064 nm for each ternary sample before and after
annealing was measured using photothermal common-path interferometry. [73] The
radius of curvature was measured using the carrier frequency interferometry [75]
technique before, after deposition, and after annealing. Stoney’s equation (See Eq. 2.13)

was then applied to calculate the residual stress. Thickness and refractive index were
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determined using UVISEL Horiba spectroscopy ellipsometry with an incidence angle of
60° in the spectral range of 1eV to 5 eV. The fitting of ellipsometric data was performed
using the DeltaPsi software employing a Tauc-Lorentz three oscillator dispersion model
for the ternary and binary oxides. A Cauchy and classical oscillator dispersion model

were used for SiO; and ZrO., respectively.

4.3 Results and Discussions

The crystallization onset was investigated after annealing at 700°C and 800°C,
as illustrated in Figure 4.1. In TiO2:GeO; based ternary mixtures, the addition of both
SiO; and ZrO; enhances the amorphous structure up to annealing at 700°C. This is
higher than a single layer of TiO2:GeO: (~44% Ti) grown (see Fig 4.2.), as well as, reported
[123] After annealing to 800°C, a weak diffraction peak corresponding to the (101) plane
for TiO, anatase was observed in both samples. The peak area was more pronounced in
the ZrO.-doped sample (1), potentially indicating an earlier incipient crystallization
between annealing temperatures of 700°C and 800°C, compared to the SiO2-doped
sample (2). Conversely, for both TiO2:SiO2:ZrO, mixtures, no diffraction peaks were
observed even after annealing to 800°C. Sputtered TiO,:SiO. with around 60% Ti
crystallizes at 600°C (see Fig 4.3). Nevertheless, the ternary mixtures presented in this
study were selected from a group demonstrating a high crystallization onset. The latter
was observed to decrease as a result of minor increments in Ti content, highlighting a

high sensitivity to such alterations.
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Figure 4.1. GIXRD measurements for ternary mixtures of TiO2:GeO3:SiO2, TiO2:GeO2:ZrO,, and
Ti02:S102:Zr0O>
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Figure 4.2: XRD of a single layer of TiO2:GeO» with 44% Ti grown in the LANS. Crystallization visible after
annealing to 700C.
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Figure 4.3: XRD measurement of a single layer of TiO,:SiO2 with around 60% Ti grown in the
LANS, crystallized after annealing to 600C.

Figure 4.4 illustrates the residual stress contributions of TiO2:GeOz-based
ternary compositions after annealing at 600°C, 700°C, and 800°C. Additionally, binary
oxide mixtures are presented for 600°C and 700°C annealing temperatures.
Furthermore, a TiO2:GeO: single-layer mixture, comprising approximately 44% Ti,
deposited at 60°C, is shown. It is evident that TiO2:Ge02:SiO2 (2) exhibits the lowest
tensile stress increment among all ternaries after annealing at 700°C and 800°C. In
comparison to the binary oxides, the lower Ti content TiO2:GeO> with approximately
42% Ti displays reduced tensile stress increments. Increasing the Ti content to
approximately 45% achieves similar residual stress increments to TiO2:GeOz-based
ternaries at 600°C; however, the binaries are known to crystallize at 700°C (see Fig 4.2).
The reported value of TiO2:GeO; with 44% Ti indicates higher stress increments at
600°C. Following stress relaxation after annealing at 800°C, the surface of the
TiO2:Ge0O2:ZrO, sample exhibits a "roughened" texture. (see Fig 4.7), not seen for

TiO2:Ge02:SiO; after stress relaxation (see Fig. 4.8).
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Figure 4.4: (Top)-Residual Stress with annealing of TiO2:GeO; based ternaries and
binaries. (Bottom)- Residual Stress increment (A) with annealing. Green Arrow indicates X-ray
diffraction peak is observed.
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Figure 4.5 illustrates the residual stress contributions of the TiO2:SiO;-based
ternary mixtures annealed at 600°C, 700°C, and 800°C. A TiO2:SiO; binary mixture
containing approximately 62% Ti is shown. Additionally, reported TiO,:SiO; single-layer
mixture with approximately 69.5% Ti, grown at Laboratoire des Matériaux Avancés
(LMA) is presented. The film has a thickness of approximately 500 nm, with an
annealing ramp rate of about 0.83°C/min and a soak time of 10 hours [121]. Both
TiO,:Si0O2-based ternary oxides (3 and 4) exhibit lower stress increments after annealing
at 600°C compared to the grown TiO2:SiO, (7) and the reported single-layer TiO2:SiO»
[121]. Further annealing to 700°C, the TiO.:SiO; ternaries increase by about 400 MPa
of tensile residual stress. Despite these films displaying no incipient crystallization after
annealing at 800°C, tensile failure is observed in the coating as propagated cracks after

annealing at 700°C. (see Fig.4.6)
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Figure 4.6: Surface image of TiO,:Si0.:ZrO; after annealing to 700C. Cracking is visible.
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Figure 4.7: Surface image of TiO,:GeO,:ZrO; after annealing to 800C. Roughened surface is visible.

Figure 4.8: Surface image of TiO,:GeO,:SiO» after annealing to 800C. Pristine surface
Figure 4.9 presents the residual stress contributions for the binary mixtures of
TiO2:GeO,, Ti02:Si02, and pure materials of SiO»> and ZrO, annealed at 400°C, 500°C,
600°C, and 700°C. Both SiO; and ZrO, exhibit compressive stress after deposition, as

observed in all the ternary and binary mixtures. ZrO», however, demonstrates a notably
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high compressive stress of approximately -1.7 GPa up to 600°C annealing, whereas SiO»
registers around -100 MPa. Following annealing at 700°C, ZrO, experiences a shift of
approximately S00 MPa towards more tensile stress, yet remains in compressive mode;
similarly, SiO» undergoes a shift of approximately 75 MPa towards tensile stress while
also remaining in compressive mode. Regarding the binary mixtures, as noted,
TiO2:GeO2 with approximately 42% Ti exhibits lower tensile stress contributions
compared to a higher content of 45% Ti at 600°C. A higher stress contribution is

observed for TiO2:SiO: (7) with 62% Ti.
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Figure. 4.9: (Top)- Residual Stress with annealing of TiO2:GeO; and TiO2:SiO2 based
binaries. (Bottom)- Residual stress with annealing of pure SiO, and ZrO,.
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Figure 4.10 depicts the optical absorption measurements normalized to quarter-
wave thicknesses at 1064 nm for each ternary oxide single layer. Following annealing
at 700°C, the optical absorption remains approximately at 3.7+/-0.7 ppm for all ternary
oxides. For the TiO2:GeO2-based ternaries (1 and 2), the absorption reduces by a factor
of 1.5 after annealing at 800°C to 2.45 +/- 0.5 ppm. A reported value of a single layer of
TiO2:GeO7 with 44% Ti deposited in the LANS is plotted after 600°C annealing for ~10
hours [123]. Furthermore, an absorption spike is observed for the TiO2:GeO2:ZrO,
sample (1) after annealing to 600°C, reaching 23 ppm and then dropping to around 4.2
ppm after annealing at 700°C. Deposition parameters such as oxygen flow may be
adjusted to avoid the origin of defects or vacancies in this temperature region, leading

to the spike.
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Figure 4.10. Absorption loss at 1064 nm with annealing for all ternaries.

Figure 4.11 presents normalized thicknesses and refractive indices at wavelength
of 1064 nm for the ternary mixtures. The thickness for all samples in this study is
approximately 198 +/- 10 nm. A reduction of 3% and 4.5% is observed in the thickness

after 600°C of post-annealing for TiO2:Ge02:SiO2 and TiO2:GeO2:ZrO,, respectively.

76



Conversely, a 2.5% reduction is noted for the thickness after 600°C of post-annealing
for both the TiO2:Si0.:ZrO, samples (3 and 4). In general, regarding the refractive index,

a slight decrease is observed at 600°C followed by an increasing trend after annealing

at 700°C.
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Figure 4.11. (Top)-Normalized thickness of ternaries with annealing. (Bottom)-
Refractive index at 1064nm of ternaries.

Figure 4.12 depicts the changes in binary mixture thicknesses and refractive
indices at 1064 nm with annealing. A notable decrease is observed for TiO2:GeO, with
42% Ti (5), showing a reduction of 2.7% after 600°C of post-annealing, accompanied by
an increase in the refractive index within the same temperature range. TiO2:SiO2 (7)

remains unchanged in terms of both thickness and refractive index. As for the pure
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materials, the thicknesses and refractive indices remain relatively constant after

annealing to 600°C, with a refractive index of 1.47 for SiO; and 2.2 for ZrO, at a

wavelength of 1064 nm. (not shown)

1017 T 1 £ 1947 i TiSiOx 62% Ti(7)
I 1910X o 11
2 c 1.937 2 TiGeOx 42% Ti(5)
g 1 n A § 192+ TiGeOx 45% Ti (6)
S 2191t I
_E 0.99 ) n
- | S 1901 ¢
$098F | 3189t
= =188
© o
g 097 & Tisiox62% Ti(7) 2 187" %
5 L TiGeOx 42% Ti(5) ©
Z 096" TiGeOx 45% Ti (6) g 1.86 |
[ L
S 1.85
0.95 — . ' ‘ ‘ 1.84 — : : ' '
As-dep 400C 500C 600C 700C As-dep 400C 500C 600C 700C

Annealing Temperature (°C)

Annealing Temperature (°C)

Figure 4.12. (Left)- Normalized thickness with thickness of binary mixtures. (Right)- Refractive
index at 1064nm with annealing of binary mixtures.

These findings demonstrate that the addition of approximately 12% of SiO> or

ZrO; stabilizes the amorphous structure of TiO2:GeO2 and TiO2:SiO2 up to annealing

temperatures of 700°C and 800°C, respectively. Incipient crystallization in the anatase

phase is observed after annealing to 800°C for TiO2:GeOz-based ternaries, further

suggesting an earlier onset for the TiO2:GeO2:ZrO,; sample between 700°C and 800°C,

due to a more developed diffraction peak. The addition of Zr, which possesses the largest

ionic radius in this study, is known to impede crystal growth by obstructing the

amorphous base network due to its size and low mobility [124,125]. Conversely, SiO; is

recognized as a 'strong glass' due to its strong chemical bonding with oxygen. Studies

have shown that adding SiO. into Ta>Os increases the crystallization temperature,

attributed to the formation of a more rigid and stable network, thereby increasing the
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coordination number of Ta-O while also reducing oxygen vacancies [126].

The residual stress increments for the TiO2:GeOz-based ternaries are observed to
be lower when mixed with SiO, than with ZrO,, a more pronounced difference after
annealing to 700°C and above. Furthermore, the binary oxide mixture of TiO2:GeO, with
approximately 45% Ti shows similar residual stress contributions after annealing to
600°C as the ternaries, whereas the 42% Ti sample exhibits lower stress increments,
even at 700°C. It appears that a higher Ti content leads to a greater tensile stress
increment. Sputtered TiO> has been reported to have tensile stress and to further
increase after annealing; attributed to phase transformation. [127] However, it is
important to note that the TiO2:GeO2:SiO; ternary has lower residual stress
contributions with higher Ti % than TiO2:GeO2:ZrO., which could indicate a greater
individual contribution of SiO; to the coefficient of thermal expansion of the ternary film.
Nevertheless, the TiO2:GeO, with 44% Ti, grown in a different deposition system (Veeco
Spector), shows greater tensile stress increments, attributed to being deposited at a
lower deposition temperature of 60°C [122] After annealing to 800°C, the tensile stress
reduces by ~274MPa for the TiO2:GeO2:ZrO; film, and ~347MPa for the TiO2:GeO2:ZrO»
film. Stress relaxation is known to occur due to film failure such as cracking for a film
that has excessive tensile stress. In this study, TiO2:GeO2:ZrO, exhibited a roughened
surface after annealing to 800°C, suggesting a dislocation mechanism in the film
resulting in relaxation. [21] Interestingly, TiO2:Ge0O,:SiO, showed no alteration in
surface morphology, indicating that the latter was able to withstand deformation and
followed a different pathway of relaxation.

For the TiO2:SiO.-based ternaries mixed with ZrO,, increasing the TiO, content
results in a greater tensile stress contribution, with the effect becoming more

pronounced after annealing to 700°C. Both ternary films undergo tensile stress failure
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as cracking after annealing to 800°C, which could be attributed to the high Ti content.
Comparing between TiO,:SiO»-based ternaries and binaries, adding ZrO, seems to exert
an influence on lowering the residual stresses at 600°C post annealing. On the other
hand, between the binary mixtures, the same trend is seen where the sample with lower
Ti content (62% vs 69% Ti) demonstrates lower tensile stress increment at 600°C and
700°C post-annealing. Overall, the TiO2:SiO, ternaries and binaries demonstrate greater
residual stress increments compared to the TiO,:GeO»-based ternaries at 700°C, with a
higher Ti content in the TiO2:SiO.-based mixtures emerging as a potential factor.
However, TiO,:SiO; based ternaries at 600°C show similar stress behavior as TiO2:GeOx-
based ternaries.

The measurements of thickness and refractive index suggest a densification
restructuring occurring in all the ternaries after annealing between 600°C and 700°C.
This densification, whether caused by vacancy annihilation or phase transformation,
can be attributed to the generation of tensile stress. This stress arises from the attempt
of the laterally constrained changing film to conform to the fused silica substrate. [21].

Regarding optical absorption, for the TiO2:GeO»-based ternaries, the absorption
as deposited is approximately 3.2 ppm, indicating good stoichiometry. Through the
annealing runs at 600°C and 700°C, the absorption increases to around 4.5 ppm, which
remains consistent for TiO2:Ge02:Si0.. However, for TiO2:GeO2:ZrO,, a spike to around
23 ppm occurs at 600°C of annealing. Similarly, it can be observed that the film is less
dense due to a reduction in refractive index and a slight increase in thickness. This

suggests a state containing vacancy defects causing higher absorption. Adjusting
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deposition parameters, such as oxygen flow or employing different annealing
procedures, may be necessary to reduce the absorption spike.

For selection purposes, TiO2:GeO3:Si0O; is the alloy that has the most prospects,
as it does not crystallize to 800°C of annealing . It shows a lower rate of increase in
tensile residual stress and did not exhibit signs of stress failure or surface morphology
roughening after stress relaxation. However, one drawback of this sample is its low
refractive index at 1064nm compared to the other films, which would hinder further
reduction of the number of layers if implemented onto a Bragg reflector. TiO2:GeO2:ZrO»
appears to be effective up to annealing temperatures ranging from 700°C to 800°C,

before the occurrence of stress relaxation.

44 Conclusions

Incorporating approximately 12% amorphous ZrO, and SiO. into amorphous
TiO2:GeO2 and Ti02:SiO, respectively enhanced the stability of the binary counterpart,
as its crystallization is 600C and 550C, to higher annealing temperatures of, 700°C and
800°C respectively. Moreover, SiO» appears to reduce the tensile stress increments when
added to TiO2:GeO., in contrast to ZrO,, particularly at annealing temperatures beyond
600°C. Introducing ZrO; to TiO2:SiO, seems to decrease the tensile stress contributions
compared to a binary oxide mixture with similar Ti content after annealing at 600°C.
However, it rises to stress increments equal to or greater than the binary mixture after
700°C. The observed densification in the ternary films after 600°C post-annealing leads
to tensile stress behavior. Optical absorption is at its lowest for the TiO2:GeOz-based
ternaries after annealing at 800°C, whereas for the TiO2:SiO»-based ternaries, it occurs

at 600°C. TiO2:Ge02:SiO2 exhibits the least change in stress, thickness, and refractive
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index, and achieves low absorption at 800°C with insignificant levels of incipient
crystallization, motivating further examination for mechanical loss. Similarly,
TiO2:GeO2:ZrO, proves useful in annealing temperatures between 700°C and 800°C,
despite the failure modes observed after stress relaxation, which were not observed for

TiOQIGeOQ . SiOz .
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Chapter5

Summary and Outlook

This study investigates the cation interdiffusion between two distinct amorphous
oxides after post-annealing, specifically TiO, with GeO» and with SiO». The interdiffusion
mechanism occurs within the temperature range of 500°C to 600°C for TiO, and GeOx.
Conversely, in the case of TiO; and SiO;, an asymmetry in the diffusion process is
observed, with Ti diffusing into the SiO; network between 900°C and 1000°C, and Si
diffusing into the TiO, network between 800°C and 900°C. This finding expands upon
previous research, which indicates structural relaxations altering the medium range
order at annealing temperatures in the proximity of the reported glass transition
temperature (Tg). In amorphous GeO. the network organization leads to an increase of
the population of large rings at the expense of small rings. In 44% Ti doped GeO., a
balance between Ge-O-Ti and Ge-O-Ge bonds with minimum Ti-O-Ti bonds. The
similarity in the ionic radius of Ti and Ge, make it possible for the restructuring of the
atomic network. This is not the case for SiO; and TiO,. The ionic radius of Si in a Si-O
bond is smaller than in Ti-O bonds which offers a larger barrier for the diffusion of Ti
into SiO; as indicated by the higher annealing temperature required. The results of this
work offer insights on the behavior of the mixtures of TiO2:GeO; and TiO,:SiO;. For
TiO2:GeO2, the cation interdiffusion enhances the formation of Ti-O-Ge bonds at a
temperature that is accessible with the current annealing protocols of TiO2:GeO3/SiO»
coatings. The prevalence of Ti-O-Ge and Ge-O-Ge bonds in annealed TiO2:GeO: is key
to reducing mechanical loss in the material. The inability of Ti to diffuse into SiO. at
600°C annealing ensures TiO; :GeO2/SiO, multilayer stacks will not suffer degradation
of their optical properties with annealing due to smearing of the composition at the

TiO2:GeO,/SiO; interfaces.
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The results obtained from the ternary materials open new opportunities to design
high index layers of TiO2:GeOs-based mixtures with very good optical properties, with
reduced tensile stress as is the case when adding Si and also higher crystallization
temperature. Reduced residual tensile stress in TiO2:GeO2:SiO, provides flexibility in
the design of the high reflector stacks. In work done by our group, it was shown that
coating delamination can be prevented if the multilayer stack is compressively stressed
after annealing to 600°C for 10 hrs. SiO, adds compressive stress, TiO2:GeO, adds
tensile stress to the stack. The higher crystallization temperature is advantageous from
the standpoint of reducing mechanical loss, as the parameter space to post-anneal the
coatings is expanded.

For future research, it would important to measure the mechanical loss
specifically for TiO2:Ge0O2:SiO2 or TiO2:GeO2:ZrO; after annealing between 700°C and
800°C, for consideration in future-generation gravitational wave detectors. Analysis of
the bonding network in the ternary alloys will contribute to the understanding of the
structural modifications occurring with the addition of Si or Zr to TiO2:GeO:. In
particular, it will be very valuable to understand if the addition of a third cation
contributes or not to reducing the density of Ti-O-Ti bonds that play a detrimental role
in mechanical loss. In addition, obtaining the density and young’s modulus which
plays a role in thermal noise reduction is also important.

To further explore the minimization of mechanical loss in TiO2:GeO;> (44%Ti), it
would be valuable to investigate high-temperature deposition, given recent findings on
a more ordered structure deposited at high temperatures, which resulted in a 44%

reduction of room temperature mechanical loss for GeO.. [34]
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