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ABSTRACT OF THE DISSERTATION

Chemical Mechanical Polishing

and Direct Bonding of YAG and Y,0;

by
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Doctor of Philosophy in Materials Science and Engineering
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Professor Mark S. Goorsky, Chair

Current limitations in both single crystal and polycrystalline (ceramic) solid state laser
technologies for high power applications stem from thermal effects that cause
degradation in both lasing efficiency and beam quality. YAG and Y,03 have favorable
material properties for producing these high power lasers. The objective of this
dissertation was to formulate chemical mechanical polishing (CMP) processes for YAG
and Y03 resulting in smooth surfaces, (< 1 nm RMS roughness), defect free, and
subsequently suitable for direct bonding. The CMP process has been used in conjunction
with surface activation to form YAG-YAG and Y,03-Y,03 bonded elements showing a

proof of concept for the fabrication of composite laser elements. YAG single crystals



were successfully polished with a 70-nm colloidal silica solution containing NaOH (pH
9.9). X-ray photoelectron spectroscopy measurements provided insights to the chemical
impact of the NaOH. After NaOH exposure, YAG showed complete removal of Al from
tetrahedral sites and a change in the Y3, and Y5, peak area ratios, indicating that the
surface of YAG was sufficiently modified to allow the silica particles to abrade the
byproduct surface layer. The final surface roughness after polishing was measured at 0.1
nm RMS roughness with no scratches deeper than 0.3 nm. YAG single crystals were also
polished with a 70-nm Al,O3 slurry containing NaOCI (pH 11.4), however AFM
measurements showed that the surface produced, 0.5 nm RMS roughness with no
scratches deeper than 6.0 nm, was not as good as polishing with the colloidal silica slurry
which was attributed to the effect of the chemical action of NaOH with the YAG surface.
Polishing polycrystalline Y,03 required a slurry with less aggressive chemical reactions,
so the NaOCI/Al,Os slurry was used to successfully polish the substrates to RMS
roughness values of 0.5 nm and scratches no deeper than 1.0 nm. Triple axis diffraction
rocking curves and double crystal x-ray diffraction imaging were used to demonstrate
that the CMP process also removed subsurface damage that was present in the as-
supplied material. The triple axis technique was also successfully employed for the first
time to demonstrate that the polycrystalline Y03 subsurface damage was also significant

reduced after the CMP process.

After CMP and surface treatment, YAG-YAG and Y,03-Y,03 were bonded together and
annealed at 1425 °C with no applied pressure. Cross section and plan view high

resolution transmission electron images of the YAG-YAG bonded interface revealed a



defect free bonding interface. Light transmission measurements showed that 90% of the
interface area was bonded at room temperature contact and was further strengthened with
annealing at 1425 °C for 72 hours. These conditions possess a much lower thermal
budget than those previously shown to be required to bond YAG without a CMP step.
The CMP and surface treatment processes that have been developed are applicable
towards the creation of solid state laser composite elements and enable further progress

and development for high power laser applications.
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Chapter 1. Introduction to the Dissertation

1.1. Overview
Light amplification by stimulated emission of radiation (LASER) is one of the

greatest enabling technologies of the twentieth century. Lasing has been achieved with a
wide variety of hosts in the form of solids, liquids, and gases. Specifically, the
advancement of solid-state lasers (SSLs) since the invention of the first ruby laser has
seen tremendous leaps in conversion efficiency and maximum output power. SSLs have
many favorable material properties, such as high thermal conductivity, high chemical
stability, mechanical durability, long operational lifetime, and versatile output
characteristics (average and peak power, pulse width, repetitition rate, and wavelength)
[1]. Many potential applications depend upon the ability to engineer new types of SSLs
by synthesizing new host materials doped with various rare earth elements as the active
ions, to generate desired optical parameters mentioned above and by integrating grown
material into new types of structures. Significant progress has been made in applying SSL
technology to diverse fields of study such as scientific research [2,3], medical [4,5],
military [6,7], and commercial [8,9] applications. Further development into improving
SSL technologies will provide benefit to all of the above areas.
1.2. Solid-State Laser Materials

SSLs have emerged as one of the most widely used lasing media and have been
developed for many new applications, such as glass lasers in nuclear fusion reactors,
mechanical processing, and medical applications [10]. SSLs can be made of either

crystalline or non-crystalline materials. Common SSL media are made of hard and brittle



oxides such as Ruby, Yttrium Aluminum Garnet (YAG, Y3Als01), Yttria (Y203),
Sapphire (Al,O3), and Lithium Niobate (LiNbO3) which are all common host materials.
Doping these host materials with rare earth elements (Nd, Yb, Er) or transition metals
(Cr*? or Fe*?) allows for emission of wavelengths ranging from UV to Mid-IR [11].
These materials exhibit high stiffness, high strength, and wear resistance therefore are
typically prone to machining damage during growth and processing, which leads to these
media to be vulnerable to brittle fracture. Thus when these SSL materials are subjected to
high thermal stresses during operation, they tend to fail by crack propagation [12]. Since
most applications use SSLs that are made from single crystal material, it is clear that
improvement of materials processing is just as critical as the development of the crystal
growth technology of these materials.
1.3. Yttrium Aluminum Garnet (YAG)

Single crystal YAG composes a majority of the SSL market, because it is a
material that exhibits desirable characteristics for laser gain media (large cross-section of
stimulated emission, long fluorescence lifetimes, low laser thresholds, and high energy
conversion efficiencies) [13]. YAG is a colorless, optically isotropic crystal which has a
garnet cubic structure. When doped with neodymium, for example, Nd:YAG crystals lase
in the IR region at 1.06 um. The wavelength emitted along with other important
mechanical properties listed below in Table 1.1 [14] are all attractive properties for laser

operation.



Table 1.1 : Physical and optical properties of Nd:YAG

Melting Point 1970 °C

Knoop Hardness 1215 kg/mm?
Density 4.56 g/cm®
Thermal Conductivity 12 W-m*K™?
Coefficient of Thermal Expansion 80 10-6 °C_1, 0950 °C

Almost all of the YAG used to fabricate SSLs are single crystals. The boules
were initially grown by the Verneuil process [15], but now the Czochralski process is
typically used due to increases in laser amplification energy and laser beam quality [16].
YAG boules take a month or longer to grow and only contain a fraction of optically
homogenous regions in the boule which are (regions are) suitable for use in an SSL
(~60% area) due to intrinsic core and facets that form during growth [17]. This severely
limits the fabrication of large dimension SSL, which in turn, constrains the design limits

of high-powered SSLs.

Recent developments in ceramic technology have shown promise in the
fabrication of polycrystalline ceramic laser materials. One of the largest problems with
polycrystalline materials being used as a host material, is the issue of grain boundaries
which disrupt the efficient amplification of the beam due to scattering. Successful laser
oscillation from ceramics was first demonstrated in 1964 using Dy:CaF,, but the initial

results of a poor beam quality and lasing efficiency dissuaded any further development in




the field of ceramic laser media [18]. The field was reopened with renewed interest when
Ikesue demonstrated a highly efficient polycrystalline Nd:YAG ceramic laser at room
temperature in 1995 [19]. His work demonstrated that ceramic materials can possess
lasing performances equivalent to that of single crystal material. Ceramic laser materials
offer advantages in ease of fabrication, shape, size, and control of dopant concentrations,
which were unable to be met through single crystal growth. Current state of the art
ceramic laser material has optical quality that is comparable to high quality single crystal
counterparts, and increased performance and potential applications are expected from
further development in this technology.
1.4. Yttria (Y,03)

Y,0;3 is another material that has been studied and developed as a promising
active host material, because of its favorable material properties such as a refractory
nature, stability, and optical clarity over a large spectral range [20-23]. One important
property of note is the thermal conductivity of Y,03 is two times higher than YAG
making it a more suitable candidate for high power (multi-kW) SSL applications [24].
However, it was only the advancement of ceramic laser technologies that led to Y,03 as
the host material , because single crystal Y,03 has a high melting temperature (2430 °C)
making it difficult and costly to grow large-sized Y,O3 single crystal boules, when
compared to YAG for example. Ceramic Y,0;3 fabrication and growth is a far easier task,
as the sintering temperature necessary is “only” 1700 °C [25]. Studies in this area have
led to the development of very successful sintering methods that are able to produced

highly transparent Y,0O3 ceramics that are suitable for laser oscillation [26]. Development



of ceramic laser technology has opened up new materials of interest (such as Y,Os

material properties as listed in Table 1.2 [27].) as next generation laser media.

Table 1.2 : Physical and optical properties of Nd:Y,03

Melting Point 2430 °C

Knoop Hardness 940 kg/mm?®
Density 5.04 g/cm’
Thermal Conductivity 17 W-m™K™*
Coefficient of Thermal Expansion 6.7 x 10-6 OC-l, 0250 °C

1.5. Present Motivations
Current laser media are typically fabricated from single crystals or glass of a

uniform design and simple composition, which has served as the foundation of SSL
research and applications in the twentieth century. Past research and efforts have been
devoted to laser media, which has resulted in a constantly improving power output, beam
quality, pulse generation time through research of amplifying the emission generated
from these media [28]. Most of the research and development in this field has been
focused on improving optical quality, producing larger dimension media, or growing
single crystals with new compositions. These past techniques have now begun to reach
their limitations in the performance that are able to be achieved in SSL technology. New
laser structures have been designed to meet the demands for ever increasing output power

and beam quality. One of these designs is called a composite laser element, which is




formed by bonding different media with two or more differing compositions. An example
of a composite laser was first demonstrated in 1995 and realized increased levels of

performance that could not be achieved by simple laser element designs [29].

The most common way to form these composite laser elements from single crystal
materials is by first optically polishing the bonding surfaces to have very low RMS
roughness (< 1 nm) and very high flatness. Previous works in literature have shown that
for standard mechanical polishing (Al,O3 or diamond abrasives), it introduces subsurface
damage that extends 1 pum into the substrate [76]. Removing the subsurface damage via
etching has been shown by Marion to improve the mechanical fracture strength, but
leaves the surface unusable for bonding [77]. Further studies have shown laser damage
threshold tests to be improved by finer polishing methods [72]. There have been no
published studies about the influence of CMP on the mechanical strength or lasing
performance of YAG or Y,0s;. The crystal surfaces are then brought into contact with
each other under high temperature (~1600 °C) for long periods of time (> 100 hours), to
undergo what is normally referred to as diffusion bonding [30]. This technique is capable
of producing composite laser elements, but these composites an have several materials-

related issues:

1. The orientations of the bonded crystals can be different from each other, leading to

synthetic grain boundaries [31].

2. Current bonding processes are limited to bonding of flat surfaces and thus only simple

design composites can be produced [32-33].



3. Surface roughness at the bonding interface forms interstices which result in poor
thermomechanical properties in the composite element, which is not resistant to high
power laser damage. 4. Subsurface damage introduced during lapping and mechanical
polishing steps also reduce laser damage threshold by reducing the fracture strength,
providing sites for light-absorbing contaminants to reside, and by causing atoms near the

fracture surfaces to be easily ionizable [72].

5. The diffusion distance of laser active ions is limited, and it is not possible to control

the microstructure of the bonding interface.

The largest issue stems from how these surfaces are initially polished. The surface
roughness at the interface means only partially contacted points are generated during the

bonding process as seen in Figure 1.1 [33].
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The defects at the interface absorb the thermal energy and as a result the beam quality

and lasing efficiency decrease. In addition, the partial bonding and defects at the interface

leads to low bond strength compared to the bulk strength of the starting materials, which

prevents composite elements from being produced for industrial use.

In an effort to improve the bonding technology that is used to fabricate these

composite elements, the study of the preparation of the surface of the material was a

deemed critical component for successful bonding. It was found that the industry

standard method of polishing YAG and Y ;03 left residual subsurface damage and defects

on the surface. Chemical mechanical polishing was assessed for the preparation of the



surface of the lasing material. It was found that CMP was a technique that reduces the
amount of subsurface damage and surface defects, resulting in increased performance
and efficiencies in the development of composite laser elements. Once the surfaces were
sufficiently prepared, bonded YAG-YAG and Y,03-Y,05 structures were created as a
proof of concept and to study the properties of the bonded interface.

1.6. Dissertation Outline

In this thesis, the full process methodology of CMP and wafer bonding and the
characterization of both are provided. Chapter 2 emphasizes the theories and models
behind CMP and wafer bonding. Chapter 3 focuses on the characterization methods used
in this study, including surface sensitive techniques for characterizing the CMP process
and the bonding interface characterization for analyzing the bonding quality. Chapter 4
details the CMP processing conditions of single crystal YAG, including the
characterization of the surface via atomic force microscopy (AFM), x-ray difraction
(XRD), and x-ray photoelectron spectroscopy (XPS). Chapter 5 details the CMP
processing conditions of polycrystalline Y,O0g3, including the characterization of the
surface via AFM, XRD, optical microscopy, and surface profilometry. Chapter 6 details
the bonding of the YAG/YAG and Y,03/Y,03 structures, including the bonding area
evolution as a function of annealing, and the microstructure of the bonded interface of the
YAG/YAG sample. Chapter 7 concludes the entirety of the work and proposes several

ideas that should be accomplished in future works.



Chapter 2. Background and Theory

2.1. Chemical Mechanical Polishing
Chemical mechanical polishing (CMP) is one of the leading techniques in

industrial and research environments to achieve both local and global planarization
requirements, and is applicable to numerous materials (metals, semiconductors, oxides,
etc.) [34]. CMP is one of the enabling techniques in fabricating functional optoelectronic
materials, due to requirements of low surface roughness such that electromagnetic
radiation can be transmitted or reflected at the surface without scattering loss by non-
uniformities or defects at the surface. CMP is also able to produce damage-free surfaces
without any residual strain which is an essential quality for materials to be used in high

power lasing applications [28].

In the CMP process, the surface to be polished is pressed against a rotating
polymer based pad while a slurry or combination of abrasives and chemicals are

dispensed onto the pad, as shown in Figure 2.1.

10
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The platen (and polishing pad attached to it) rotates at a user designated speed typically
measured in revolutions per minute (RPM), which is strongly correlated to the material
removal rate. The jig sits on top of the polishing pad, which both holds the wafer and
applies uniform force while pressing the wafer into the pad, so uniform removal occurs
across the entire surface of the wafer. A chemical slurry consisting of abrasive particles
and a mild corrosive (typically an oxidizer of the material to be polished) is dispensed
onto the pad at a constant rate. The chemistry in the slurries is designed to react to the
surface of the wafer and mechanically weaken it, which is then more easily abraded by
the particles in the slurry leading to a smooth surface of high planarity. The desired CMP
process will not promote the generation of brittle fractures on the sample surface, but will

remove the surface by means of plastic deformation to produce a mirror finish [34].
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There are many factors and variables involved in the CMP process, such as the abrasive
material, abrasive size, chemistry of the slurry, type of pad, rotation speed, force, and etc.
all of which will determine the polishing removal rate, surface roughness, defect

concentration, and surface planarity.

What makes chemical mechanical polishing different from traditional polishing
methods is the chemical action on the surface. In mechanical polishing, a harder material
is used to scratch and chip away softer materials as a removal mechanism. This method
tends to leave residual scratches on the surface (and subsurface damage) as will be seen
later in Ch. 4. During the CMP process, the chemistry is chosen to modify the sample
surface such that it becomes softer than the abrasive material and thus can be more easily
abraded away than the pure substrate by mechanical action. Although the CMP process
seems quite simple, achieving a more fundamental understanding has been limited due to
the large number of variables for each polishing experimental design. These include the
slurry (such as particle material, size, chemistry, pH, concentration, flow rate), pad (type,
conditioning), tool (down pressure, linear velocity), and time-dependent contributions

from the pad and slurry make the process difficult to understand and to control [34].

2.1.1 Material Removal
CMP uses slurry that has abrasives that are hard enough to remove the softer

“modified” surface while leaving the harder substrate underneath the surface damage
free. The removal mechanisms and model behind CMP was first developed by Preston
[35]. He found that the removal rate was linearly dependent on the applied pressure and

formed what is called the Prestonian model for CMP (Eq. 2.1).
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Material Removal Rate =k,-V-P Eqg. 2.1

Here k, is Preston’s coefficient, V is the velocity, and P is the pressure. The Preston
coefficient is used to combine the effects of surface chemistry, solution chemistry and
abrasion. Conventional CMP models center around this approach, as the mechanical
removal of material by abrasive particles is the major removal mechanism, but even with
uniformly distributed pressure during polishing, there are experimentally observed

removal rate changes from edge to center which are not apparent in Preston’s model [36].

Numerous models have been proposed for material removal mechanisms during
CMP to include friction-abrasion, mechanical removal, formation of reaction product
film, and chemical dissolution. With these new models, it is presumed that the chemical
action between the abrasives and surface enhance the mechanical removal and possible

vice versa [37].

Liu’s study of CMP of silicon, led to a modified version of Preston’s model to
include the chemistry, pad, sample, and abrasive parameters [38]. He proposed that the
interaction between the abrasive particle and the wafer surface can be modeled as an
elastic penetration of a spherical particle into the wafer surface with a uniform pressure P
and sliding along with velocity V (Figure 2.2). This interaction helps disseminate the
important parameters of the Preston’s coefficient, and more describe in more detail the

modified material removal rate equation (Eq. 2.2).
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Figure 2.2 — Mechanics of abrasive/surface contact based off of Liu’s model
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Removal Rate = Ce(H

where C. is coefficient to account for chemical reactions, H,, is the hardness of the
sample, H, is the hardness of the pad, E;s is the Young’s modulus of the abrasive, and Ey,
is the Young’s modulus of the sample. With this model, there is a clear relationship
between removal rate and processing parameters and can act as a guideline for the
parameters to adjust for troubleshooting and gain insight into the smoothing rate of the
surface.
2.2. Wafer Bonding

A second main objective of this thesis is to develop bonding techniques that are
suitable for the fabrication of composite laser elements. The ability to create a bond that
is both transmissive and has good thermomechanical properties is crucial to the feasibility
of using composite elements for high power laser applications; therefore a thorough
understanding of the mechanisms of bond formation between surfaces is necessary.
Attributes of a successful bonding technique include large area uniform bonding, strong

mechanical strength, and minimum increases in optical absorption. The requirements and
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mechanisms for wafer bonding will be discussed in order to narrow the preferable
processes to foster the successful bonding of these composite elements. Wafer bonding
techniques have been shown to successfully bond together a large range of materials such
as semiconductors (Si, GaAs, InP, etc.), metals, (Au, Ti, Cu, etc.) and oxides (SiO»,
Al,O3, YAG, Y03, etc) [39]. Successful bonding of all materials requires strict controls
for the surface cleanliness, surface roughness, and surface flatness and that the chemical

nature of the bonding mechanism is understood.

2.2.1 Wafer Bonding Requirements
Wafer bonding requires that the two surfaces to be bonded together possess a

large surface area that can be intimately contacted. There are quantitative measurements
that are used to determine whether the surfaces fall within the requirements for successful
bonding. The surfaces curvature, measured in cm™, must be low as possible to allow
maximum area contact without the need for excessive bonding pressures (which may
damage/fracture the element). The total thickness variation (also known as ‘flatness’) ,
which is defined as the difference between the highest and lowest point of the surface,
must also be minimized Lastly, the roughness of the surface, typically measured by an
AFM, is given as the root mean square (RMS) deviation of the average height of the
surface. Van der Waals bonding between the surfaces requires that areas on the surface
are brought to less than 1 nm to the opposing surface, which requires the RMS roughness

to be less than 1 nm [40].

Particle contamination on the surface will physically impede surfaces from

bonding, leading to bubbles (microvoids) at the bonding interface. A model for sphere
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shaped incompressible particles can be used to predict the bubbles radius based upon the

theory of elastic deflection of thin plates and is given by Eq. 2.3 [39].

hl/z 2Et\ff ]1/4

Rbubble ~ T *[3(1_02) Eg. 2.3

Where h is the particle radius, y is the surface energy of the unbonded region, E is the
Young’s modulus, ty is the thickness of each wafer, and v is the Poisson’s ratio. The
predicted bubble radius for two YAG samples of 5 mm thickness with a bond strength
energy of 0.25 mJ/cm? is 3.4 cm for a 100 nm sized particle (approximate size of slurry
abrasive) [41]. It is clear that the presence of particles, especially leftover from the CMP
slurry, will severely inhibit the bonding. In this study, the maximum starting radius of the
samples was approximately 1.2 cm, so any particles on the surface will prevent bonding

from occurring.

To minimize and eliminate the particles on the surface, the wafers undergo special
cleaning treatments after CMP, which is discussed in Chapter 4. In addition, wafer
bonding was carried out in a cleanroom environment, in which a constant downward
laminar flow of filtered air will push down any airborne particles below the height at
which bonding takes place. Even people in cleanroom attire will continuously shed
particles, so it is important to minimize the surface exposure time between processing and

handling steps that may contribute contaminants to the surface and prevent bonding.
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2.2.2 Wafer Bonding Mechanisms
Current knowledge and research about wafer bonding mechanisms was mainly

driven by the successful commercial adaptation of producing silicon on insulator
substrates (SOI) via wafer bonding. The model that was proposed by Tan, Stengl, and
Gosele for silicon bonding is the foundation for which most material bonding systems
[42]. First, the bonding is classified as either hydrophobic (low polarity) or hydrophilic
(polar) in nature. Hydrophobic surfaces are typically covered by a monolayer of
hydrogen, which does not adhere well to polar water molecules. Hydrophilic surfaces are
typically terminated by species of high electronegativity like a hydroxide or oxide which
forms hydrogen bonds with the polar water molecules. This results in chemisorbed layers

of water on the surface, which assists in the bonding process.

Formation of the hydrogen bonds is a three step process. The wafers to be bonded
have a thin oxide on the surface, which react with water molecules forming X-OH on the
surface. The bonding first occurs when the hydrophilic surfaces with adsorbed water are
brought close together (< 1 nm) allowing the water molecules to form hydrogen bonds

bringing the surfaces together (Figure 2.3).
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Figure 2.3 — Hydrogen bond formation when hydrophilic surfaces come into contact

The wafers are then heated so that the hydrogen bond bridges are shortened through the
evaporation of water, thus bringing the wafers closer together. When the water
evaporates, the interface bond becomes hydrogen bonding directly between surface
groups [=X-OH — OH-X=]. Annealing the bond causes a condensation polymerization
reaction to occur producing high strength covalent bonds (X-O-X) at the interface. Water

is then able to diffuse out along the interface or into the bulk (Figure 2.4).
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Figure 2.4 — Covalent bonding of two surfaces, after annealing

If the bonding surface is hydrophilic (surface terminated with hydroxyls —OH),
then the surface there contain a few monolayers of water molecules. These water
molecules are able to extend outwards via hydrogen bonding and form a bridge of water
molecules across both surfaces (Figure 2.3). This fact allows for a relaxed surface
roughness requirements for bonding, and can increase the bonding strength and the
bonding yield. To strengthen the bond, heat treatments are typically performed in which
the water by-products diffuse from the interface to the outside. Capillary forces bring the
two surfaces into closer contact, such that direct chemical bonds can begin to form across
the interface and the bonding energy can increase as high as the bulk strength of the

material [43].

Since the van der Waals dispersion force is applicable to almost all substances in
intimate contact, in theory, it is possible to be able to bond two solid plates of almost any
material at room temperature given sufficiently flat and clean surfaces. In practice it is

very difficult to achieve optically smooth and flat surfaces that meet the wafer bonding
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requirements, so it would be very beneficial to create a reactive bonding surface to
alleviate the surface smoothness requirements, by surface activation (making the surface
hydrophilic). Some common silicon surface treatments that have been used for
hydrophilic bonding are RCA1l (H,O,+NH;OH+H,0), RCA2 (H,0,+HCI+H,0), and
Piranha (H,0,+H,SO4) [44]. It has also been shown that plasma treatments are also able
to activate the Si surface, in which plasma treated surfaces are hydrophilic as well [45].
The background knowledge from Si surface treatments will be used as a basis for
chemical and surface treatments to consider towards creating hydrophilic YAG and Y,03

surfaces.
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Chapter 3. Description of the Characterization
Techniques

3.1. Introduction
CMP modifies the surface, so a combination of surface characterization

techniques will provide a detailed study of the effects of CMP. Wafer bonding
experiments will convert the surface into an interface, so characterization techniques for
studying interfacial properties are performed. Atomic force microscopy (AFM) is
extensively used in this study to measure the surface roughness and particle
contamination after CMP processes. AFM will be used to determine whether the wafer
surfaces are smooth enough after CMP. Optical microscopy is used to determine the
initial surface flatness of the polycrystalline Y,03 samples, as difference in the grain
heights can easily be observed. Optical microscopy is also another quick method in order
to check for particle contamination. High resolution X-ray diffraction (HRXRD) is used
to determine the reduction of sub-surface damage that can be achieved by the CMP
process. X-ray photoelectron spectroscopy (XPS) is used to determine the chemical state
of the surface before and after exposure to the slurry chemistry. This will give insight to
the surface modification during CMP and provide evidence for the polishing mechanism.
When the bonded structures are fabricated, infrared imaging is used to measure the
bonded area. To observe the interfacial microstructure, a focused ion beam (FIB) is used
to create plan-view and cross-section transmission electron microscope (TEM) samples
which are then imaged using a TEM. The following sections will briefly describe the

operating principles of each of these characterization techniques.
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3.2. Atomic Force Microscopy
Atomic force microscopy measures topographic features of the sample surface at

a nanometer height scale, and thus is very good tool for measuring the surface roughness
and cleanliness of the surfaces prior to bonding. The basic operation of an AFM is as
follows and can be seen in Figure 3.1, there is a sharp tip (radius ~ 10 nm) on a cantilever
that is attached to a piezoelectric. Scanning the sample involves the motor rastering the
cantilever over the sample surface in an x-y pattern, during which the cantilever is
oscillating near its resonant frequency. During oscillation, the tip begins to approach the
surface morphology close enough that the van der Waals forces act on the cantilever
which causes a decrease in the resonance frequency (as detected by a laser reflection and
photodiode). The feedback loop in the system will adjust the height of the cantilever to
maintain this constant resonance frequency and will record the height at that spot. By
rastering across the sample area, a surface topography is generated at the end of the scan.
The AFM software takes the surface topography map and calculates the root mean square
(RMS) surface height roughness of the sample. Scans of multiple 40 pm x 40 um areas
(largest area possible on this system) are performed on sample surfaces using a Quesant
Q-Scope 250 AFM to determine if the sample surface is clean (particle free) and smooth

enough (< 1 nm RMS roughness) for wafer bonding purposes.
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Figure 3.1 — Schematic diagram of an AFM
3.3. Optical Microscopy

Observation of the sample surface via optical microscopy technique is a
complementary to AFM measurements in order to inspect large regions for particle
contamination to determine wafer bonding feasibility. Whereas the AFM maximum scan
area is a 40 pm x 40 um and takes minutes to complete, optical microscopy is able to
image much larger regions (2 mm x 2 mm) much quicker (seconds). In addition, optical
microscopy is a useful tool in determining whether the grains on the surface of the
polycrystalline Y,0; are at the same height. Since the sample surfaces are usually a flat
mirror polish, a microscope with differential interference contrast (DIC) is used to
enhance the surface topography. The light source on the microscope passes through a
birefringent Nomarski prism, which splits the beam into orthogonally polarized beams

with small splitting angles and a relative phase shift. The beams then pass through the
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objective lens and hit the sample surface. When the beams reflect off a flat area on the
surface, they will be reflected and recombined in the prism in phase, producing an even
contrasted image. When the beams reflect off slightly displaced areas of the surface, and
are recombined by passing through the prism again, the beams will be out of phase during

recombination and cause interference and contrast in that area of the image [46].

3.3. High Resolution X-ray Diffraction
High resolution X-ray diffraction is used to determine the reduction of subsurface

damage before and after CMP of the samples. Manufacturing processes such as slicing,
grinding, and lapping will introduce subsurface damage into the samples, which seen as
microstructure changes, dislocations, and microcracks. X-ray diffraction is a useful non-
destructive technique that is able to determine any lattice deformation of the crystal. The
evaluation of subsurface damage can be accomplished by taking rocking curve
measurements of strong diffraction peaks. Crystals with little or no subsurface damage
will have a narrow FWHM indicating that periodic nature of the crystal is perfect or
nearly perfect. Crystals with substantial subsurface damage will have a broader FWHM,
which is caused by non-uniformities in the crystal by local expansion, contraction, or

tilting of the crystal lattice [47-50].

For this work, HRXRD scans were taken on two different instruments. The first is
a Bede D1 high-resolution diffractometer with a sealed copper x-ray tube source, a
MaxFlux specular mirror to produce a parallel beam, which provided necessary intensity

to characterize the polycrystalline Y,03, a two bounce channel-cut (220) Si collimator
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crystal to select Cu Ka; wavelengths (1.54056 A), and a two bounce channel-cut (220) Si
analyzer crystal. The second instrument is a Bede D3 high-resolution diffractometer with
a sealed copper x-ray tube source, a (111) Si channel-cut collimator and a (220) Si
analyzer crystal, which was used to characterize the single crystal YAG samples due to
higher resolution.
3.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is used to examine the chemical state of the
surface before and after exposure to the slurry chemistry to determine the material
removal mechanism. During an XPS measurement, the surface is bombarded with
monochromatic X-rays which are energetic enough to cause the ejection of core-shell
electrons from the atoms at the surface. The ejected electrons will have a kinetic energy
that is equal to the difference between the incident X-ray energy and the binding energy
of the electron in that atomic core shell. The chemical species that is present on the
sample can then be identified by matching the energies of the observed peaks to the
National Institute of Standards and Technology X-ray Photoelectron Spectroscopy
Database [51]. Quantification of the composition of the surface can be calculated by

having adequate reference samples measured by the same tool.

The shapes of each photoemission peak provides information about the chemical
bonding that occurs on the surface, as the differences in the electronegativities between
various bonding species will cause core level chemical shifts in energy relative to known
bulk peak energy positions. For example the binding energy of the Carbon 1s peak is

284.5 eV for bulk carbon, but additional peaks may appear at 285.9 eV if alcohol (C-O)
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is present or at 287.3 eV if carbonyl (C=0) is present [52]. This information is useful for
studying how the surface is modified by various chemical treatments, which can provide

evidence for the material removal mechanism during CMP.

For this work, the XPS measurements were performed on an Omicron system
with a base pressure of 10 or better, monochromatic Al Ka radiation (1486.6 V), and a
20 eV band pass energy. The measurements were taken at a take-off angle of 20° between
the surface and detector to enhance the signal from the bonding surface. The peak
deconvolution was performed with the free XPSPEAK program and involved the
subtraction of a Shirley background and curve fitting with a sum of 70% and 30%
Gaussian and Lorentzian lines respectively.

3.5. Bonded Area Imaging

To measure the area of the bonding that occurs upon contact and further heat
treatment, an infrared camera setup is used (a regular camera can also be used in this
case, since some samples are transparent). In this setup, light is directed through the
bonded sample to the camera. The bonded regions will appear in the images as areas with
a uniform grayscale intensity level. Areas in which there is incomplete bonding, such as
around particles or edges of the wafer, will show up as interference fringes due to the
changes in index of refractions from the sample-air-sample interface. The grayscale
intensity contrast will be periodic for every half wavelength change of the gap height,
such that voids greater than 200 nm high can be imaged with lateral resolution of 0.5 mm
[53]. These images can be further processed to calculate the percentage of the bonded

area which is quantified by the number of pixels in the bonded region divided by the total

26



number of pixels of the sample area. This metric can be used to determine any changes in
the bonding area that may occur with subsequent annealing processes.
3.6. Transmission Electron Microscopy
Transmission electron microscopy imaging allows for direct observation of the
bonded interface to examine the microstructure. The TEM produces an electron beam
that has a narrow energy and angular divergence via an electron gun and a series of
magnetic lenses. This electron beam is focused onto a portion of a very thin (~100 nm)
sample, which is electron transparent at this thickness. The sample is still able to scatter
the electron beam, which results in a spatial distribution of the electron beam energy
giving contrast to the image, which is recorded with CCD. In this simple description
above, the image contrast will result from mass and thickness of the specimen, in which
thicker or more massive regions of the sample will scatter more electrons and will appear
‘dark’ and the thinner or less massive regions of the sample will scatter less electrons and

appear ‘bright’.

In addition to mass-thickness contrast, another main contrast mechanism is
diffraction contrast that arises since the wavelength of electrons in the beam are much
smaller than the distances between atoms, diffraction occurs due to the periodic nature of
a crystal. The incident electron beam is therefore split into the transmitted beam and
multiple diffracted beams that are deflected by small angles determined by electron
energy, crystal orientation, and lattice parameters. The diffraction pattern produced can
be used as a guide for orientating the sample while inside the TEM, which is important

for producing high resolution TEM images. When the sample is correctly oriented along
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a major zone-axis, and a high magnification image is formed, it is possible to resolve the
lattice fringes resulting from the phase contrast between each diffracted and transmitted
beam. The resulting HRTEM image will appear to be an atomic resolution image of
atoms in the actual crystal, but is not actually correct since the location of each fringe
does not necessarily correspond to the location of the plane of atoms [54]. HRTEM is a
very powerful technique for observing the crystal structure of the bonded interface and
the orientation of the crystals at the bonded interface. The lattice imaging described

above will allow for the observation of defects that may appear in the interface.

The samples for this study were first prepared by cutting the bonded structures
with a wire saw using a SiC slurry. The (now) exposed bonded interface was then
mechanically polished with diamond paper. A NOVA 600 Focused lon Beam tool was
used to extract cross section and plan view samples of the bonded interface via a Ga*
source. The HRTEM images were taken on a FEI Titan TEM at an accelerating voltage

of 300 kV.
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Chapter 4. CMP of Single Crystal YAG

4.1. Introduction
In order to prepare YAG for wafer bonding experiments, the surface must first

meet the smoothness requirements for wafer bonding (< 1 nm RMS roughness). A CMP
process was developed which successfully brought the YAG surface roughness to
acceptable values (< 1 nm RMS), removed scratches from the surface, reduced
subsurface damage from prior polishing steps, and maintained a surface devoid of
particles. This CMP process was characterized by AFM, XRD, and XPS in order to
assess its effectiveness over traditional polishing steps.
4.2. Experimental Setup

Commercially purchased undoped 12.5 mm and 25 mm diameter (111) YAG
substrates were used in all experiments. A Logitech PM5 CMP tool was used for all
polishing and cleaning steps. The pads used in this study were a harder Suba 500
polishing pad (Shore D 55) and a softer Politex Il polishing pad (Shore D 25).. The
slurries used in this experiment were commercially available 70-nm SiO; suspension in a
NaOH (4-6%) solution (pH 9.9) and a 70-nm Al,O3 suspension in a NaOCI (4-6%)
solution (pH 11.4). Samples were polished at 30 minute intervals with a slurry flow rate
of 5 mL / min and rotational speed of 35 RPM with a constant pressure of 20 kPa. The
samples were attached to a glass carrier with wax, which was then held to the polishing
jig via vacuum. Fiducial surface marks were also intentionally introduced prior to CMP
in one of the samples to quantify the removal rate. After polishing, a 10 minute cleaning

step was performed to remove any abrasive particles which would adhere to the surface.
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First the tool was rinsed with deionized (DI) water to remove any remaining slurry. The
polishing pad was then switched with a pad that has not been exposed to slurry. Samples
were then cleaned with two solutions kept separated prior to mixing on the pad: a
solution with a NaOCI to water ratio of 1:10 and a solution with a citric acid (CgHgO5) to
water ratio of 1:2 for 5 minutes. A commercial surfactant, Rodelene, was then added to
the pad and flushed with DI water for an additional 5 minutes. Pressure and rotation
speed were maintained for the cleaning step. After cleaning, the surface morphologies (40
um x 40 pm scans) were measured with atomic force microscopy (AFM) to determine

suitability of sample for wafer bonding.

4.3. Al,03; Based Slurry CMP Experimental Results

4.3.1 AFM Characterization of the CMP process
Initial AFM scans of YAG substrates were taken prior to being subjected to CMP

in order to determine the starting surface quality. All substrates had 40 um x 40 um scans
taken in 5 positions denoted by Figure 4.1 in order to detect non-uniformity during

polishing.

Top

eft Center Right

Figure 4.1 — Location of the AFM scan positions for each YAG substrate
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An example scan prior to polishing taken from the center position of a YAG sample is
shown in Figure 4.2, which shows the presence of scratches and particles on the surface.
The average RMS roughness values from the YAG substrates prior to polishing were 1 —
4 nm. In Figure 4.2 there is a small square box within the scan, this demarks an area in

which an even finer scan (5 pm x 5 um) was taken, which is shown in Figure 4.3.

IMAGE TYPE
Wavemode

~20.0

Z(m)

400 pm

Figure 4.2 — 40 um x 40 um AFM scan at the center position for a YAG substrate prior to

polishing
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Figure 4.3 - 5 um x 5 um AFM scan at the center position for a YAG substrate prior to

polishing

In Figure 4.3, the finer scan reveals the surface conditions of the samples much more
clearly, in which it is covered in scratches from 1 — 6 nm in depth (presumably through
commercial polishing steps) and a surface roughness of 1.0 nm. Initial AFM
measurements showed that none of the samples received met the strict requirements of

wafer bonding (< 1 nm RMS roughness and a particle-free surface).

The sample was then polished with Al,O3 in a NaOCI solution via the
methodology outlined in the experimental setup section and measured again by AFM.

Figure 4.4 shows the 5 um x 5 pum scan after polishing for 30 minutes, in which the
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measured surface roughness is 0.3 nm. Numerous scratches from 1-6 nm remain on the
surface, which is common when using abrasives harder than the polished material [55].
Polishing the YAG an additional 30 minutes yielded similar surfaces (0.3 — 0.5 nm RMS
roughness, 1-6 nm scratches), indicating the slurry is predominantly polishing the surface
mechanically, in which surfaces free from subsurface damage will not be obtained. AFM
showed no evidence that Al,O3 in NaOCI slurry improved the single crystal YAG

surface after polishing, so we moved onto a different slurry for CMP. .
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Figure 4.4 -5 pm x 5 pm AFM scan at the center position for a YAG substrate after
polishing with Al,O3, RMS roughness 0.3 nm, 1 — 5 nm scratches, similar to as received

state
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4.3.2 AFM Characterization of the Cleaning Process
The first experiment in post CMP cleaning is taken from the semiconductor

industry and is called a Standard Clean-1 or SC-1, which is a heated solution of deionized
water, ammonium hydroxide, and hydrogen peroxide [56]. This solution is typically used
to remove any organic residue and particles that may exist on the surface of silicon and
other semiconductor materials, however no literature has reported on its use on cleaning
Y AG surfaces. More specifically, the solution is composed of 1:1:5 ratio of
NH;OH:H,0,:H,0, in which the NH,OH and H,0O are first heated to 75 °C, then the
H,0, is added in, and the sample is immersed for 10 minutes. The AFM result from this

treatment is shown in Figure 4.5, which had an RMS roughness of 15.2 nm.
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Figure 4.5 - 40 um x 40 um AFM scan at the center position for a YAG substrate after

SC-1 treatment for 10 minutes
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The increase of the RMS roughness can be attributed to the depth of scratches increasing
from 1 - 6 nm to 20 - 60 nm. The increase in scratch depth was thought that SC-1 may act
as some defect revealing etch for YAG, but this interesting result was not pursued, as it
was detrimental to the main purpose of this study. In addition to the deeper scratches now
present on the surface, there are still particles that remain on the surface, showing that
this cleaning process was ineffective at improving the surface conditions of the YAG

samples.

4.4. SiO, Based Slurry CMP Experimental Results

4.4.1 AFM Characterization of the CMP process
A new set of samples were used that had not been exposed to the Al,Oj3 slurry for

this set of experiments, in which the samples were polished with a SiO; slurry suspension
in a NaOH solution. Similar AFM scans of YAG substrates were taken prior to being
subjected to CMP in order to determine the starting surface quality as seen in Figure 4.2.
All substrates were similar in nature with RMS roughness measurements of 1 — 4 nm and
scratches ranging from 1 — 6 nm in depth. The samples were polished with the methods
explained in the experimental set up section and AFM results were recorded. Figure 4.6
shows the AFM scan after polishing, the sample had a measured RMS roughness of 0.1
nm with some scratches still remaining with depths of less than < 0.3 nm. The surface is
also devoid of particles after the CMP cleaning process, without the need for any post-
CMP type cleaning. The SiO; slurry was clearly more effective at producing the desired

surfaces for wafer bonding applications.
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Figure 4.6 - 40 um x 40 um AFM scan at the center position for a YAG substrate after

polishing with SiO,, RMS roughness 0.1 nm

Large scratches were introduced onto a YAG wafer via a diamond scribe, and the
depth was measured by AFM to determine the total removal rate of the CMP process
seen in Figure 4.7. By measuring the change of scratch depth as a function of total CMP
time, over 60 minutes, the overall average removal rate was found to be 0.3 nm / min
which is shown in Figure 4.8. By polishing with a slow removal rate, the amount of

material lost is minimal and scratches can be completely removed from the surface.
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Figure 4.8 — Scratch depth versus total polishing time, removal rate was found to be 0.3

nm / minute
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4.4.2 XRD Characterization of the CMP process
YAG substrates can have surfaces unsuitable for high power laser applications

dependent on post-growth processing [64, 65]. The typical surface finishing these
materials receive is a mechanical polish with Al,O3 or diamond, which leaves
microscratches and residual subsurface damage. Therefore, CMP was also utilized to
remove any subsurface damage that was introduced during the wafering process. This
remaining subsurface damage limits the fracture strength, and ultimately the amount of

power the laser material can handle [66].

The presence of subsurface crystalline damage was measured with triple axis x-
ray diffraction (TAD) on a Bede D3 diffractometer[49, 67]. The instrumental broadening
is only ~3 arcsec with negligible low intensity tails, giving resolution sufficient to
observe changes in diffuse scatter in triple axis diffraction rocking curves of (444) [50,

68].

Figure 4.9 shows TAD omega scans of the (444) reflection of YAG before and
after a 30 minute CMP run. Variation in the scan only begins to occur at the low intensity
tails of the peak. The full width of the peak at 1/100 of the maximum intensity is sensitive
to small disruptions of the crystal structure especially adjacent to the surface as seen in
Figure 4.10. The FWHM, FW0.1M, FWO0.01M, and FW0.001M for one of the samples
are shown in Table 4.1 for comparison. The most noticeable aspect of these
measurements showed that all of the CMP trials resulted in a smaller FW0.001M,

indicating the reduction of sub-surface damage to the samples.
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Figure 4.9 - TAD omega scans of YAG (444) before and after CMP with NaOH/SiO, for

30 minutes.

Figure 4.10 — Drawing of exaggeration of crystal mosaicity near the surface which cause

diffuse scattering tails observed in Bragg reflections
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TABLE 4.1 TAD rocking curve breaths from Figure 4.9

FWHM [] FWO0.1M [] FWO0.01M[“] FW0.001M [] Area under peak []
Prepolish 8 15 28 74 150,000
15 minutes 8 14 19 31 138,000
60 minutes 8 14 19 24 130,000

X-ray topography (XRT) is another technique to image the subsurface damage of

our samples to compliment the rocking curves [69]. In the experimental setup, seen in

Figure 4.11, the x-ray beam diffracts from a Si 224 crystal which expands the incident

beam to a 3 by 5 inches beam.
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Figure 4.11 - X-ray Diffraction Topography Imaging Setup
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This incident beam then diffracts off our YAG sample that is positioned at the glancing
incident (10 4 0) Bragg angle. The diffracted beam then passes through an x-ray sensitive
film, which images the diffracting regions on the surface shown in Figure 4.12. XRT was
used to extract information from the subsurface layer. Subsurface damage leads to local

strain and deformation, which gives diffraction contrast in the images.

Before Polishing After Polishing

Figure 4.12 - Double crystal X-ray topographs (10 4 0 reflection; GI geometry) of a

single crystal YAG wafer, before and after polishing with SiO,/NaOH

On the left side of Figure 4.12, there is clear diffraction contrast from the sample that
arises from sub-surface damage from the wafer slicing and intial polishing steps
performed prior to our polishing steps. On the right hand side, the same YAG sample
after SiO, polishing is imaged and exhibits a reduced diffraction contrast indicating a
significant reduction in sub-surface damage, which complements the previous rocking

curve data.
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The correlation between fracture strength and subsurface damage has not yet been
investigated in this study, but it is of interest for determining whether X-ray diffraction as
non-destructive method to measure mechanical properties of these materials. The CMP
process was found to also reduce subsurface crystalline damage in YAG as indicated by
x-ray rocking curves reduction in FWXM. X-ray topography images showed a reduction
of diffraction contrast after polishing which corroborates a reduction in subsurface
damage for the YAG sample. CMP has been shown to improve the crystalline quality
over previous surface preparation techniques used on the substrates and can be a pathway

for further development and improvement of these materials for lasing applications.

4.4.3 XPS Characterization of the CMP process
YAG is a very hard and brittle material that is difficult to polish. The purely

mechanical finishing techniques common in industry utilize hard abrasives such as
diamond or Al,O3 and tend to leave scratches on the surface and residual subsurface
damage. CMP is an approach that utilizes chemical reactions to modify the surface which
can then be abraded away by softer abrasives such as SiO, to achieve the necessary
global and local planarization that is required for wafer bonding [73, 74], 7). The slurry
plays an important role in the CMP process, because it is an enabler for both the chemical
and mechanical removal mechanisms. However, the mechanism of YAG polishing during
CMP is not yet well understood and the author has found no published literature on the
subject. The present investigation is designed to study the CMP characteristics of YAG in
a basic NaOH solution and propose a removal mechanism based upon X-ray

photoelectron spectroscopy (XPS) measurements.
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In order to understand the effects of the slurry chemical reactions on the surface
of the YAG, the variations of chemical composition of the surface was analyzed XPS
measurements. Two samples were prepared, the first sample was prepared by mechanical
polishing with a 1 pm diamond film and cleaned with deionized water and N, dried. The
second sample underwent the same polishing conditions and then was immersed in a 5%
NaOH solution at room temperature for 30 minutes to simulate the slurry chemistry
during CMP. The sample was then rinsed with deionized water and dried with N,. Both
samples were transferred immediately to the XPS chamber after N, drying. Surface
characterization was performed using a monochromatic Al ka (1486.6 eV) and 20 eV
band pass energy. XPS measurements were taken at a 20° take-off angle between the
surface and the detector to enhance the signal from the surface. Aluminum 2p, Oxygen
1s, and Yttrium 3d spectra were analyzed for the presence of core level chemical shifts. A
neutralizer was used to eliminate charging in the non-conductive samples. Peak shifts
were removed by shifting the spectrum to the Carbon 1s peak located at 285 eV and
normalized by dividing spectrum intensity by the max intensity of the C 1s peak [80].
Peak deconvolution was achieved using with XPSPEAK program, utilizing curve fitting

with a sum of 70% Gaussian and 30% Lorentzian lines.

While investigating this polishing process, it was first thought that SiO, abrasives
should not be able to abrade the YAG surface because the hardness of SiO, is much
lower than that of YAG (7 vs 8.5 on Mohr’s scale). However, from the AFM
measurements it is clear that the surface is indeed being polished by the NaOH/SiO,

slurry. Therefore there must be some chemical reaction at the surface of the YAG, that
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enables mechanical polishing to occur and it is this reaction that is important in
controlling the final surface finish for CMP of YAG. To determine the chemical action
on the surface, XPS spectra was collected from samples of YAG that were taken prior to

the CMP step and one that was treated with a NaOH solution for 30 minutes.

Figure 4.13 shows the high resolution Al 2p spectra for the untreated and NaOH
treated YAG after background subtraction and deconvolution of the peaks. For the
untreated sample, the Al 2p lines are deconvoluted into two peaks centered at 73.1 eV
and 74.8 eV. Based upon previous studies, this splitting has been identified due to two
crystallographically nonequivalent aluminum ions identified in the garnet structure.
Based on the garnet structure, it has been ascribed that the Al 2p signal at the lower
binding energy corresponds to Al cations located at tetrahedral sites and the signal at the
higher binding energy corresponds to Al cations located at the octahedral sites [78]. The
NaOH treated YAG spectra lacks the lower binding energy line indicating, the selective
removal of Al cations from the tetrahedral sites. This suggests that there is some

chemical reaction occurring that is consistently removing aluminum from the surface.
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Figure 4.13 - The deconvoluted Al 2p XPS spectra of YAG a) untreated b) treated with

30 minutes of NaOH

Figure 4.14 shows the high resolution O 1s spectra for the YAG samples. For the
untreated YAG, the O 1s lines have been deconvoluted into three lines with energies of
529.2 eV, 530.6 eV, and 532.2 eV. The peak at 529.2 eV is associated with Y-O bonds,
peak at 530.6 eV is associated with Al-O bonds, and the peak at 532.2 eV is ascribed to
either C=0 or C-OH formed on the surface due to water absorbed by the surface [79].
The NaOH treated spectra only has two peaks, in which the density of Y-O bonds has
increased relative to the number of Al-O bonds (from ~1/2 to nearly 1/1), which confirms

that aluminum is preferentially removed from the surface during exposure to NaOH.
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Figure 4.14 - The deconvoluted O 1s XPS spectra of YAG a) untreated b) treated with 30

minutes of NaOH

Figure 4.15 shows the high resolution Y 3d spectra for the YAG samples. For the
untreated YAG the Y 3d lines have been deconvoluted into three peaks with energies of
156.3 eV, 158.2 eV, and 160.2 eV. The peak at 156.3 eV is associated with C-Y bonds
due to contamination, the peak at 158.2 eV is associated with Y 3ds;, and the peak at
160.2 eV is ascribed to Y 3ds/, [75]. The NaOH treated spectra only has two peaks left, in
which the peak intensity ratio between the Y 3ds, and Y 3ds, drops from 2.5 to 1.5
indicating yttrium bonds are also being broken during treatment. The carbon peak
disappears in the treated sample indicating the contamination is removed by NaOH

treatment
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Figure 4.15 - The deconvoluted Y 3d XPS spectra of YAG a) untreated b) treated with 30

minutes of NaOH

With the preferential removal of the Al atoms from the surface of YAG, the
surface begins to look more like Y,Oj3 in structure. Y,03 has hardness values in literature
as compared to YAG (Vicker’s Hardness of 650 kg/mm?2 vs 1700 kg/mm?2) [70, 71]. The
XPS spectra collected suggests that the NaOH solution selectively etches Al from the
Y AG surface and opens yttrium bonds, softening the surface which allows the SiO, slurry

to mechanically abrade the modified surface material.
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Chapter 5. CMP of Polycrystalline Y,03

5.1. Introduction
In order to prepare the Y,03 for wafer bonding experiments, the surfaces must

meet the strict requirements for wafer bonding. The CMP process was developed to
smooth the Y,0; surface to acceptable values (< 1 nm RMS roughness), remove
scratches from the surface, reduce subsurface damage from prior polishing steps, and
maintain surface devoid of particles. The CMP processes were characterized by AFM and
XRD and in order to understand the key steps in surface preparation.
5.2. Experimental Setup

12.5 mm polycrystalline Y,03 substrates doped with Nd or Er were fabricated at
Naval Air Weapons Station China Lake and used in all experiments. The polycrystalline
Y,03 samples required extra preparation steps prior to CMP to achieve desired surfaces,
since the substrates did not begin with flat and parallel faces. The samples used in this
experiment were first lapped by hand using a 20 um SiC dispersion on a glass lapping
plate to correct flatness and excessive RMS roughness (> 10 um). The samples were then
hand polished on a 6 uym diamond film then finished on 1 um diamond film prior to
CMP. The samples were attached to a carrier with wax surrounded by blanks to achieve

uniform flatness, as seen in Figure 5.1.
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Figure 5.1 — Mounting set up for polycrystalline Y,03 polishing. The sample of interest is

in the center

A Logitech PM5 CMP tool was used for all polishing and cleaning steps. The
pads used in this study were a harder Suba 500 polishing pad and a softer Politex Il
polishing pad, with mechanical properties listed in Table 4.1. The slurries used in this
experiment were a 70-nm SiO, suspension in a NaOH (4-6%) solution and a 70-nm
Al,O3 suspension in a NaOCI (4-6%) solution. Samples were polished at 30 minute
intervals with a slurry flow rate of 5 mL / min and rotational speed of 35 RPM with a

constant pressure of 4 or 20 kPa.

After polishing, a 10 minute cleaning step was performed on the same tool to remove
any abrasive particles from the surface. The pad used for the CMP step was then
substituted with a pad that has not been exposed to slurry. Samples were then cleaned
with two solutions kept separated prior to mixing on the pad: a solution with a NaOCI to

water ratio of 1:10 and a solution with a citric acid (C¢HgO;) to water ratio of 1:2 for 5
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minutes. A commercial surfactant, Rodelene, was then added to the pad and flushed with
DI water for an additional 5 minutes. Pressure and rotation speed were maintained for the
cleaning step. After cleaning, the surface morphologies (40 um x 40 pum scans) were
measured with atomic force microscopy (AFM) to determine suitability of sample for

wafer bonding.

5.3. Al,O3 CMP Experimental Results

5.3.1 Surface Morphology Characterization of the CMP process
Initial Nomarski images (Figure 5.2) and profilometer scans (Figure 5.3) of Y,03

substrates were taken prior to being subjected to CMP in order to determine the starting

surface quality (roughness is out of range for AFM measurements at this point).

Figure 5.2 — Nomarski image for polycrystalline Y,O3 substrate as received, grain

boundaries clearly present along with contamination of the surface.
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Figure 5.3 — Profilometer scan of the surface of polycrystalline Y,03 substrate as

received.

Figure 5.2 clearly shows the grain structure on the surface of the as-supplied Y,03
substrates, with a radius of 100 — 200 um. There is some form of contaminants on the
surface as well, which show up as the black specks on the image. The profilometer line
scan in Figure 5.3 shows the relative differences between the grain heights, in which
there is a ~+ 1 um difference in heights between the grains. The RMS of the initial line
scan was 0.79 um, which is too large for wafer bonding. It is also too large for CMP, so

grinding and lapping steps are required prior to CMP.

To remove the initial height differences, all samples were lapped with 20 um SiC
dispersion on a glass plate. Then they were further mechanically polished on a 6 and 1

um diamond paper. The microscope image in Figure 5.4 shows the surface after this
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treatment, revealing many scratches, but the grains and grain boundaries are no longer

visible.

1000.00pm

Figure 5.4 — Microscope image for polycrystalline Y,03 substrate after mechanically
grinding on 1 um diamond paper , scratches are present.Futhermore, the profilometer line
scan (Figure 5.5) of the Y,03 surface shows that the scratches do not penetrate deeply
into the sample. The RMS roughness of the line scan for the Y,03; sample after
mechanical diamond polishing is 6 nm, for reference a single crystal YAG sample was

also measured to be 1-4 nm, as noted in Section 4.3.1. This shows that the initial
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mechanical polishing is effective at flattening and ‘smoothing’ the substrate, such that

CMP can be performed

Z-height (nm)

0 200 400
X (um)

Figure 5.5 — Profilometer scan of the surface of polycrystalline Y,03; substrate after
mechanically polishing on 1 um diamond paper, and a single crystal YAG sample (offset

for clarity) for reference.

5.3.2 AFM Characterization of the CMP process
The initial surface preparation also is successful in reducing the area roughness enough to

be in the range of AFM measurements. All substrates had 40 um x 40 pm scans taken in

5 positions denoted by Figure 5.6 in order to detect non-uniformity during polishing.
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Figure 5.6 — Location of the AFM scan positions for each Y,03 substrate

An example scan after mechanical polishing but prior to CMP is taken from the center
position of an Y,03; sample is shown in Figure 5.7, which shows the presence of
scratches on the surface. The average RMS roughness values from the Y,03 substrates

prior to polishing were 10 — 20 nm.

Figure 5.7 — 40 pm x 40 um AFM scan at the center position for an Y03 substrate prior

to CMP.
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In Figure 5.7, the scan measures scratches 50 — 150 nm in depth. Initial AFM
measurements showed that none of the samples received met the strict requirements of
wafer bonding (< 1 nm RMS roughness and a particle-free surface) after this 1 um

mechanical diamond polishing step.

Once the samples were mechanically polished with diamond, the goal was to
determine whether residual subsurface damage and scratches could be further removed
via CMP. In order to CMP a polycrystalline material, careful consideration must be taken
into account as the mechanical properties of the material to be polished (Y,03) are a
function of the orientation of the grains [57]. This means that without careful process
control, over etching or over polishing of grains can easily occur and reduce the planarity
of the surface. As shown below, it was found that the SiO,/NaOH based slurry was very
aggressive in etching the Y,03; and promoted preferential polishing, so more focus was
dedicated towards finding process conditions in which the Al,O3/NaOCI slurry could

produce surfaces capable of wafer bonding.

The optical images in Figure 5.8 show how grains can be subjected to a
preferential polish during CMP of the polycrystalline Y,03; under various conditions,
resulting in a non-uniform surface (except for Fig. 5.8b, which was subjected to the less
chemically aggressive Al,03/NaOCI slurry). Non-uniform removal rates can be attributed
to the different grain orientations on the surface exhibiting different hardness or
chemical-mechanical polishing rates [58]. Improved conditions were found in Figure 5.8b

in which the removal rate of the grain and the intergrain materials are the same.
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Achieving the planarization of this surface with CMP requires a high removal rate of the
“high surface features” and a low/ negligible removal rate of the “low surface features”.
The difference in removal rates can be achieved on polishing pads that are more rigid and
less compressible, such that the pad will not conform to the surface of the sample and the

less force is applied to the “low features”, leading to higher removal rates of the high

features and lower removal rates of the low features [59].

Figure 5.8 — Optical microscope images of CMP processing Y,O3; with various
parameters: a) Pad: Suba 500, 4 kPa, b) Pad: Suba 500, 20 kPa, c) Pad: Politex, 4 kPa, d)

Pad: Politex, 20 kPa
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The AFM image in Figure 5.9 shows that the roughness after a 30 minute CMP
with Al,03/NaOCI of the Y,03 sample. Initially, the Y,03 had an RMS roughness of 16.0
nm with ~40 nm deep scratches, however after only 30 minutes of CMP the scratch
depths have been reduced to ~ 1 nm and the RMS drops to 0.4 nm. The RMS roughness
was measured by AFM on a total of 5 locations on the sample after each interval of
polishing; the average RMS roughness is 0.5 nm after 30 minutes of Al,O3/NaOCI. The
Y03 surfaces after the CMP and cleaning process are sufficiently smooth (< 1 nm RMS
roughness) and particle free (< 1 particle / 1600 pm?) to facilitate successful wafer
bonding. Longer polishing times did not lower the scratch depth, and it was determined
that surface was sufficient for wafer bonding experiments. However, further optimization

of the polishing process should result in surfaces that are smooth and scratch free.

20pm—

30pum—

Figure 5.9 — 40 um x 40 um AFM scan at the center position for an Y,03 after 30

minutes of Al,O3z/NaOCl CMP
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5.3.3 XRD Characterization of the CMP process
HRXRD was performed on the polycrystalline Y,03 samples on a Bede D1

system before and after CMP, to detect any reduction of subsurface damage. This
technique has been shown in limited applications but only using synchrotron sources [60,
61] and not for the study of subsurface damage in polycrystalline material. Using a lab x-
ray source proved both insightful and useful in characterizing the polycrystalline sub-
surface properties. Since the grains observed are > 100 um, the peak broadening due to
grain size is minimal and the FWHM can be measured for individual grains. Figure 5.10
shows a double axis diffraction powder scan for Y03 in which the (222) peak of Y,03 is

highlighted after a 20 um SiC lapping step

Intensity (cps)

26-m (degrees)

Figure 5.10 — Double crystal diffraction powder scan of polycrystalline Y,03 after 20 um

SiC lapping.
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A rocking curve (Figure 5.11) is then taken at the (222) position for Y,03. Within this
rocking curve, it is observed that there are multiple peaks each represents an individual

grain whose (111) orientation is within a £4.2° of the surface.
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Figure 5.11 — Double crystal diffraction rocking curve of polycrystalline Y,03 (222) after

20 pm SiC lapping.

Figure 5.12 was drawn to help illustrate what is occurring to produce this type of rocking
curve. In this figure, the x-ray beam illuminates multiple large grains with different
orientations, some of which have a (111) orientation that is almost parallel (within +4.2°)
with the sample surface. Small changes in the omega angle will satisfy Bragg’s law for
certain grains (the star indicates a grain in diffracting condition), and thus will produce
multiple diffraction peaks as seen in the rocking curve, one peak for each grain that is

correctly oriented.
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Diffracted beam

Figure 5.12 — Polycrystalline Surface with (222) planes drawn, incident X-ray beam
illuminates multiple grains at once, but only the grain marked by the star is in a

diffracting angle

Since the grains are very large, it is possible to optimize both the omega and chi angles
for diffraction of each grain using triple axis diffraction (TAD). TAD rocking curves of
the (222) plane for Y,0;3 of individual grains were taken after each lapping and polishing
step to determine if subsurface damage reduction was occurring. Figure 5.13 shows a set
of rocking curves for each lapping/polishing step, along with fitted peaks to determine the

FWHM.

60



Intensty (cps)
Intensity (cps)

1 1 1
7000 5500 5000 5500 5000 1000

@ {arcseconds)

Intensity (cps)
1 1
Intensity (cps)

1 ,:,‘ 1 1 1 ot 1
-10000 -2500 2000 -5500 =5000 5000 5500 5000 6500 7000

w@(arcseconds) w{arcseconds)

Figure 5.13 - TAD omega scans of Y,03 (222) a) after 20 um SiC lapping (FWHM 238”)
b) after 6 um diamond lapping (FWHM 129”) ¢) after 1 um diamond lapping (FWHM

94”) d) after Chemlox CMP FWHM(33”)

Table 5.1 shows the compilation of FWHM for the Y,03; samples after each step
of lapping and polishing, and a reduction in FWHM is observed, indicating that even for
polycrystalline samples that there is a significant amount residual subsurface damage that
is removed by the CMP process (for this diffractometer the instrumental broadening is
157, which can be subtracted from the measured 33”’) . Note that these FWHM values are

an average value of at least 5 different grains measured. The correlation between fracture
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strength and subsurface damage has not yet been investigated in this study, but it is of
interest for determining whether X-ray diffraction as non-destructive method to measure
mechanical properties of these materials. It is noteworthy that the crystalline quality of
the grains is improved with each subsequent polishing step, and can be used to further

improve the processing of ceramic laser material for high power laser applications.

TABLE 5.1 Compilation of TAD rocking curve FWHMs

Grit o FWHM
20 um SiC 238”
6 um diamond 1297
1 um diamond 94”
Chemlox 33”
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Chapter 6. Microstructure Characterization of
Bonded Structures

6.1. Introduction
In this chapter, bonding of the YAG and Y,03 samples that underwent the CMP

process is described. The ability to form a uniform bond across the entire sample surface
is essential to the process of building laser composite elements that can be used for high
power laser media. The thermomechanical strength must be able to withstand the
temperature gradients without fracturing at the interface. The bonded interface must also
have high transmissivity to maintain high lasing efficiencies. IR imaging measurements
will be used to provide information about the bonding quality. It was found that CMP
allowed surfaces to bond together at much lower temperatures than previously reported in
literature. In addition, TEM provides images of the interface layer microstructure which
found that after the high temperature annealing step there is direct crystalline contact
between surfaces indicating a high quality bond has formed.
6.2. Experimental Setup

Bonding requires two smooth surfaces devoid of any large particles, which was
achieved through the CMP process as discussed in Chapter 4 and 5. After the CMP
process, the YAG (111) single crystal samples were prepared for bonding by acetone and
IPA cleaning for 10 minutes each to remove any organic contamination. Samples were
then rinsed in deionized water and dried with N,. Samples were then subjected to an O,
plasma (100 W) for 2 minutes to produce a hydrophilic surface [62]. Samples were then

immersed into a dilute RCAL solution prepared in a megasonic cleaner (1:1:100 ratio of
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H20,:NH,OH:H,0) for 5 minutes. Next, samples were rinsed in deionized water and
dried with N,. Samples were bonded by bringing the surfaces together and applying
nominal pressure with tweezers. The samples were placed in an oven for a low
temperature anneal at 250 °C for 24 hours, to evaporate and diffuse any water trapped at
the interface. The samples were then placed in a tube furnace in air which was ramped to
1425 °C over a period of 12 hours, with temperature being held 1425 °C for 72 hours. No
external force was used during the annealing steps.
6.3. Bonded Area

Initial bonding trials were successful at producing only small bonded areas (<

50%), despite maintaining a particle free surface and a smooth surface (< 4 A RMS

roughness) as seen in Figure 6.1. It was thought that the small bonding area was caused

by poor flatness of the samples, which is later addressed.

Figure 6.1 — IR Images of YAG/YAG bonding (10 mm diameter) a) as bonded (room

temp), b) annealed at 250 °C for 24 hours, c) annealed at 1425 °C for 72 hours
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The sample in Figure 6.1 has a bonding area % of 26% - 19% —> 68% after each
respective heat treatment. The bonding area first decreases and then ultimately increases
by a large amount from the higher temperature anneal. The increase in bonding area may
be attributed to as the sample is heated up, the surfaces are expanding and are forced into
contact with each other resulting in a stronger bond. However, this is still not desirable
results, as initial bonding should occur over the entire surface of the sample given a flat,
smooth, and clean surface. It was determined that the lapping and polishing procedures,
were having a rounding effect in which the surfaces were losing their flatness. By
adjusting the polishing mounting scheme as seen in Figure 5.1, the bonding area rose to

90% at all stages of post bonding annealing as seen in Figure 6.2.

-'h\

Figure 6.2 — IR Images of YAG/YAG bonding (10 mm diameter) with optimized
polishing process (90% area bonded) a) as bonded (room temp), b) annealed at 250 °C for

24 hours, ¢) annealed at 1425 °C for 72 hours
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Polycrystalline Y,03; bonding was also achieved using the same processes and techniques
and can be seen in Figure 6.3. The image clarity is not as good, because the surfaces of
the as-received wafers are rough as noted before and only the surface that was used for

bonding was polished using CMP.

Figure 6.3 — IR Image of Y,03/Y,03 bonding (10 mm diameter) with optimized polishing

process after annealing at 1425 °C for 72 hours

The maximum bonded area of the Y,03/Y,03; sample was only 50%, which is attributed
towards incomplete process optimization of the lapping and CMP step, in which the
flatness can still be improved.
6.4. Interface Microstructure
To investigate the bonding quality and the microstructure of the interface,
HRTEM was used to image the cross section and the plan view specimens of the
YAG/YAG interface that was annealed at 1425 °C for 72 hours. Figure 6.4 shows a

HRTEM image of the bonding interface.
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Bonding Interface

Figure 6.4 — Cross section of bonded YAG/YAG interface after annealing. [023] Zone
Axis.

The cross section image is aligned to the [023] zone axis and gives atomic resolution of
the bonded interface. Diffraction patterns were also taken from the top wafer and from
the bonded region, to observe whether any interfacial layers exist. The atomic resolution
obtained from both wafers combined with slight deviations of the diffraction patterns,
indicate that the wafers were bonded with a < 3° twist. The presence of well fused
crystalline regions is indicated by continuous lattice fringes of both crystals at the
interface and matching single crystal diffraction patterns. No thin intermediate layers or
defect features were found at the interface which could act as potential scattering sites.

This shows the potential for CMP and wafer bonding to be used to a create composite
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laser elements with minimal loss in optical quality. In addition the lack of these
interstices shows a bond that has potential for greater thermomechanical properties,
which is an important element for high power lasing applications [33]. Plan view images
of the same sample were taken as seen in Figure 6.5 to capture a greater area of the
bonded interface (~25 pm?). Again no defects were observed in the plan view images
under various bright field and dark field conditions indicating high quality bonds were
achieved at lower temperatures and pressures (1425 °C and no applied pressure) than has
previously been reported in literature (~1550-1700 °C and ~100 kPa) [30]. The

improvements shown in this study demonstrate the effectiveness of the CMP process for

fabrication of future high powered SSL composite laser elements.

Figure 6.5 — Plan view of bonded YAG/YAG interface after annealing. [111] Zone Axis.

68



Chapter 7. Future Work

7.1. Summary
In this study, first CMP was performed on YAG and Y,0;3 substrates in order to

reduce the amount of subsurface damage and to smooth the surfaces such that they can be
subsequently wafer bonded. The sample surfaces were characterized with AFM, XRD,
XPS, and optical microscopy to guide the CMP process in producing the best possible
surface finish. It was determined that CMP provides additional benefits over conventional
polishing methods, such as the removal of fine scratches and reduction in subsurface

damage. This shows the necessity in CMP for producing high quality lasing material.

When surfaces met the requirements for wafer bonding, they were then subjected
to various chemical treatments to enhance the wettability of the surface to promote
hydrophilic bonding. Once the samples were bonded, they underwent heat treatments to
further strengthen and solidify the bonds. The bonded interface of YAG/YAG was
examined by HRTEM which determined the bonding quality of the interface was
continuous well fused crystalline regions with no observable defects, indicating that this
technique is promising for further developments of the bonding of YAG/YAG and
Y,03/Y,0;3 for high power laser composite element applications.

7.2. Y,03/Y,03 Bonding Interface Characterization
It would be of interest to reproduce the Y,03/Y,03 sample and produce a TEM

cross section and plan view samples to observe the microstructure of a polycrystalline
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bonded sample. This will help show the interfacial microstructure of the high quality
bonding that is achieved for the polycrystalline samples.
7.3. Bond Strength Characterization
YAG/YAG and Y,03/Y,03; samples were successfully bonded together via the
processes outlined above. However the bonding strength of the samples was not yet
measured. The bonding strength will play a crucial aspect in the amount of power that
can be put into any lasing element as the fracture points typically occur at the bonded
interface for current composite laser elements. Being able to produce a composite laser
element with a bonding strength near or equal to the bond strength of the starting material
would allow for high power laser applications to be realized.
7.4. Optical Transmission Characterization
The next important aspect is the optical transmission characteristics of the bonded
interface. The bonded interface should ideally be free from defects, thus have no
efficiency loss due to scattering when the laser passes through it. The optical transmission
is a critical aspect to determining whether the bonding can be successfully used to
produce composite laser elements using the aforementioned CMP and bonding processes.
7.5. Heat Transfer Characterization
Current composite laser elements still have poor thermomechanical properties due
to interstices that are formed at the interface. These interstices impede the heat transfer,
and thus the elements are not resistant to high power laser damage. Testing the

thermomechanical properties of the bonds produced in this study will help determine the
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feasibility and modifications that must be made to the process in order to realize a fully

functioning high power laser element.
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