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DIRECT BONDING DISSIMILAR OPTICAL MATERIALS

by Henry G. Stenhouse

This thesis presents the work conducted during this project on direct bonding of dissimi-
lar optical materials at the Optoelectronics Research Centre, University of Southampton.
It covers the history and background of the art, before progressing to the development of
unique bonding processes used during the research detailed. During this project, direct
bonding using chemical and plasma activation is successfully conducted on both amor-
phous and crystalline materials. Bonding of borosilicate glass is demonstrated in the
production of planar structured fibre preforms to be caned. Development of Nd:YAG
to sapphire bonds is reported, producing bonds of remarkable resilience, capable of sur-
viving dicing and polishing procedures. Zinc selenide to diamond and sapphire bonding
is presented using a plasma activated approach along with investigation of the resulting

bond’s limits, demonstrating the heat spreading benefits of a bonded diamond layer.
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Chapter 1

Introduction

Materials bonding is an expertise of vital importance to both academic and industrial
science. By uniting different mediums, the complimentary characteristics of each can
be merged. With their work widely integrated into modern industry, the fields of opto-
electronics and laser physics continue to push the limits of efficiency, functionality and
power. To facilitate this ever changing boundary, the material physics which lays the
groundwork demands equal effort to progress. Research into materials bonding is there-
fore focussed on expanding the viable roster of materials as well as improving efficiency

either through strength, optical transmission or other desired characteristics.

Direct bonding (DB) is a technique of joining two macroscopic surfaces, without includ-
ing an intermediate adhesive layer. This lack of a joining material is of notable interest
to laser physics, where improving optical transmission or avoiding high-power absorption
damage are crucial, as well as providing an optimal solution to heat extraction. Direct
bonding is a widely applicable technique, the extent of which is still being tested. As
a process, direct bonding has extensive background in the field of silicon wafer bonding
[1, 2], but it can also be adapted to a range of materials through tailored activation,

bonding and annealing stages.

In modern research, direct bonding holds noted interest as a method to combine the
benefits of dissimilar materials, allowing direct contact between, for example, a heat-
spreading layer and an active gain medium requiring cooling at higher powers. Applied
in this manner, it is possible to join bulk materials such as laser crystals. On this front,
direct bonding holds no dependence on factors such as lattice matching which are crucial
for epitaxial growth, providing an alternate method to develop devices such as planar
waveguide lasers [3, 4] or bulk, composite structures [5, 6]. However, while work on
bonding of crystalline and dissimilar materials expands, the methodologies applied are

not well documented.

This project aimed to develop a reliable bonding procedure at the University of Southamp-

ton before applying the knowledge to the joining of soft glasses and dissimilar materials.

1
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Direct bonding’s applicability to less conventional areas of research is demonstrated
in the production of planar waveguide fibres. For this purpose, soft borosilicate and
phosphate glasses which can be easily machined and polished are joined via fusing and
bonding to produce planar-structured preforms. These preforms are then drawn using

a fibre caning tower into planar fibres, retaining their preform design.

The iterative improvements during development are covered before demonstrating suc-
cessful bonding of two distinct composite devices (YAG-sapphire bonding and ZnSe-
diamond bonding).

1.1 The history of direct bonding

Direct bonding as an advanced research art has only seen the bulk of its use in the last
50 years, but its origin stretches as far back as the days of Newton. Newton observed
the circular interference pattern produced between spherical and flat surfaces, now la-
belled Netwon’s Rings. The occurrence was first noted by Robert Hooke in his book,
Micrographia [7], but was (as with many of Hooke’s works) attributed to Newton who

took the time to investigate and explain the phenomenon in greater clarity.

The appearance of these rings remained of scientific interest for some time [8], but it
wasn’t until the later work of van der Waals in 1873, London [9] and eventually Hamaker
in 1937 [10] that the mechanism by which two macroscopic bodies would attract was un-
derstood. Van der Waals (vdW) proposed the mutual attraction of molecules, while Lon-
don detailed the appearance of transient, induced dipoles between atoms and molecules
in gas (hence the dispersion force, usually the most prominent vdW interaction between
macroscopic bodies is sometimes termed the London-dispersion force, or London-vdW
force). Finally, Hamaker investigated the magnitude of forces between two spherical

particles before extrapolating to the macroscopic scale between a sphere and wall.

Contacting of two solid materials was noted well in advance of theoretical understanding.
Desagulier demonstrated in 1792 that two spheres of lead would bond when pressed
together [11], albeit with great deformation. The tendency of well polished metals
to stick together was termed “Ansprengen” by German workers, and found to occur
similarly with glasses. In 1936, Lord Rayleigh produced the first investigative account
of optical contacting [12], recording the joining of two well-polished, glass surfaces, joined

after thorough cleaning and evaporation of an intermediate benzene layer.

This phenomenon did not find a wider use until the bonding of silicon and sodium-glass
wafers by Wallis and Pomerantz in 1969, who joined surfaces through use of elevated
temperatures and applied voltage (a technique which came to be known as anodic bond-

ing) [13]. Since then, variants of direct bonding have largely been centred around silicon
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wafer bonding, introducing stages hydrophilic activation and post-bonding heat treat-
ment to strengthen the end result [14], as well as the beginnings of work focused on
the van der Waals joining of alternate materials such as GaAs layers to silicon, sap-
phire and other materials [15]. Comprehensive work was conducted by Gésele and Tong
into understanding and improving silicon wafer bonding with regards to bond strength,
activation and annealing stages [16]. DB finally found a purpose as a substitute for

traditional epitaxial growth.

In 1994, Haisma et al. produced a more comprehensive catalogue of materials directly
bondable to silica, silicon and between like materials [17], along with further progression
reports in later years [18, 19, 20] and proposing ideas to expand the application for direct
bonding [21]. This first study touched upon the dissimilar bonding of materials, and
in recent years this has seen a more invested focus, with the umbrella of DB widening
to include a multitude of techniques for dissimilar, bulk crystal bonding. It should
be noted that research into non-crystalline bonding is also an active field, including
investigations into the direct bonding of metals such as copper for chip stacking [22]. The
bulk of modern academic research, however, is centred in photonics and optoelectronics,
specifically around the joining of crystals and dissimilar materials, typically for use in

active devices.

1.2 State of the art techniques

Modern day direct bonding follows a few distinct paths, but each of these is adapted
based on the materials in question. No all-encompassing approach has been determined
and thus for each unique bond, activation, bonding and annealing processes must be
trialled to achieve the desired result. The general principles of the most commonly used

techniques are discussed here.

1.2.1 Room temperature bonding (Ar-beam activation)

Currently in extensive use, the room temperature bonding process (sometimes also re-
ferred to as Surface Activated Bonding, or SAB) has been demonstrated by multiple
groups, largely centred in Japan. In this approach, bonding faces are etched and acti-
vated using an Argon ion beam [23] or neutral Argon atom beam in a vacuum environ-
ment. The Ar atom beam both cleans and etches the surfaces which are then pressed to-
gether and form spontaneous contact [24]. Room temperature bonding has been achieved
between silicon and silicon oxide wafers, polymers, metals and glass [25, 26], as well as
crystals such as GaAs [27], BBO [6] and YAG [28]. Joining of silicon wafers through
this method has achieved bond strengths high enough to allow for dicing of the com-
posite. As the name suggests, a key benefit of the RTB technique is the lack of a



4 Chapter 1 Introduction

high-temperature annealing stage. Through this, bonds between dissimilar materials of

different coefficients of thermal expansion (CTE) can be joined.

1.2.2 Plasma activation

Another method applied to bonding of crystals and dissimilar materials is plasma acti-
vated bonding. In this route, microwave or Reactive lon Etching plasma is used to both
clean, etch and activate a surface, developing a hydrophilic surface state. Faces can then
either be brought into contact directly or with application of further solution. Typically,
oxygen or nitrogen plasmas are used for short time periods (1 minute or less) to avoid
damaging the material used, but longer durations have been tested at lower powers [29].
However, for different materials, Ho, Ar and even fluorine plasmas have been applied to

direct bonding.

Joining of bulk, dissimilar crystals (BBO and sapphire) has been demonstrated using
plasma activation [30]. Cu-Cu bonding [22], silicon-quartz, silicon to diamond-coated
wafers, and silicon-silicon wafer bonding [31, 32, 33] have also been demonstrated, with
the later achieving strength comparable to bulk when annealed at 350°C in an Ny at-
mosphere. In order to achieve bond strengths suitable for dicing between dissimilar
crystalline materials, high temperature annealing stages (typically between 200-800°C)
[34] are often conducted following contact. However, high temperatures can cause stress

fractures between materials that differ in coefficients of thermal expansion.

1.2.3 Ultraviolet Ozone (UVO) activation

Fan et al. have reported UVO-activated bonding of Si wafers [35]. Bonding faces are
exposed to UVO for time periods between 3 and 12 minutes to develop a hydrophilic
surface state. UV is a well-established cleaning procedure [36]. High energy UV light
(185nm and 254 nm) is used to clean and activate the surface. Similar to Plasma bond-

ing, post bond annealing is included to maximise strength.

1.2.4 Chemical activation

Depending on the desired bond and materials chosen, chemical treatment with acids and
bases can act as both a cleaning and activation stage. Sulphuric acid is commonly used
as a final cleaning stage for wafer bonds, and is often combined with hydrogen peroxide
(3:1) to produce Piranha Etch, a volatile mixture which excels at removing organics as
well as developing a hydrophilic surface state [37, 35]. Piranha etch is typically used in
bonding of silicon and silicates and was applied as a final stage activation for bonding

of borosilicate glass during this project.
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Hydrofluoric acid has also been applied as a final activation stage to produce hydrophobic
bonding [38] which may be of interest to avoid any residual water or OH at the interface.
Hydrofluoric acid terminates the surfaces of silicon wafers with hydrogen and fluorine
bonds which contribute to the bonding energy but typically result in a lower surface
energy than hydrophilic bonds [39, 20].

1.2.5 Alternate bonding techniques
1.2.5.1 Anodic bonding

Anodic or electrostatic bonding is a well established technique for semiconductor wafer
bonding, usually for joining glass and silicon wafers. Compared with most direct bonding
techniques, anodic bonding desires clean, smooth surfaces, but requires a much less strin-
gent surface roughness of <20nm RMS. Surfaces to be joined are placed into contact,
then with optional pressure applied, the bonding surfaces are heated to temperatures
between 300-500°C (depending on material) and a voltage between 100-1500 V is applied.
This encourages the diffusion of sodium ions from the bonding interface, forming a de-
pletion region. The bond forms as a combination of electrostatic and chemical effects,
producing an SiO layer in the middle. While surface requirements are reduced, anodic
bonding is suitable only for a select number of materials, requires high temperatures

and produces an interfacial layer.

1.2.5.2 TIon exchange & thermal diffusion bonding

Ton Exchange during annealing has been used with Direct-UV writing to produce a
buried waveguide [40]. In this case, direct bonding is conducted, and then ion exchange
occurs during a high temperature (350°C) treatment. An electric field is applied to
encourage transfer. This develops a central, photosensitive layer which allows for UV
writing. Similarly, during the annealing phase, thermal diffusion bonding uses a hot
press to encourage development of a composite layer at the interface [41]. However, for

the thermal diffusion process, extreme temperatures of over 1000°C were used.

1.2.5.3 Silicate bonding

The most common variant, silicate (or hydroxide catalysis) bonding, was developed
for use in the Gravity Probe B space experiment [42]. It follows the same principles
as hydrophilic direct bonding but includes a silicate-based solution between faces to

encourage the development of siloxane chains.

Silicate bonding can be completed at room temperature and without the requirement

for a high purity clean room environment. Due to the non-instant nature of bonding,
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alignment of samples can be made precisely. Additionally, flexure strength measurements

have been shown to sometimes surpass that of the bulk material [43].

However, silicate bonding is, generally, limited to silica or oxygen based materials. Work
has been conducted on bonding non-silicate, oxygen based materials such as sapphire
[44]. Direct bonding holds a distinct advantage through its applicability to any ma-
terial. Silicate bonding results in a ~100nm interface which, while small, leads to
absorption losses or damage for high power applications (Sinha et al. recorded damage
at >70J/cm?, but the threshold varies depending on the method of implementation and
can be much lower) [45]. By comparison, direct bonding provides an entirely seamless
interface, with no intervening bond medium. This allows for no absorption losses at the
interface and, so long as thermal expansion mismatch effects can be circumvented, the

capability for high power applications.

1.3 Report Summary

Following this introduction, a summary of each remaining chapter in this report is
detailed. A brief overview of the content, including aims and results for each branch of

the project, is provided.

1.3.1 Chapter 2 - Project methodology

In this chapter, the working methods used during the course of this research are ex-
plained. The fibre caning process including the principles of glass transition tempera-
tures and the manual working of the fibre caning tower are covered. A brief look into

alternate methods of producing a planar structured fibre is conducted.

The primary interacting forces and mechanics by which direct bonding occurs are ex-
plained, including the principles of van der Waals forces and hydrogen bonds. The
intrinsic capabilities of a selection of materials for bonding are compared before dis-
cussing general principles of surface activation and testing bonds. Finally, the processes

and equipment used in surface analysis and preparation are detailed.

1.3.2 Chapter 3 - Developing the bond process

This chapter details the development of a bonding procedure, from first attempts at
joining borosilicate windows to fully tailored bonding procedures. Each material com-
bination is detailed in a series of bonding trials, showing the different attempted routes.

This chapter is designed to serve as a reference point for future chapters.
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First, BK7 borosilicate windows are bonded using a hydrophilic approach. The succes-
sive trials are shown with efforts to improve the cleanliness of bond interface. Changes
to each stage as well as the equipment used are detailed. Bonds are produced which,

when annealed at 350°C, are able to survive dicing using a large glass saw.

Second, dissimilar materials bonding is discussed, with the bulk of emphasis on sapphire
to YAG bonds. A selection of bonding methods are tested including hydrofluoric acid,
sulphuric acid, plasma and carboxylic acid activations. The benefits and concerns for

each route are discussed to identify the most suitable approach.

Finally, the up to date bonding procedures are listed, including key points of note for

bonding, as well as detailed accounts of each cleaning, activation and annealing stage.

1.3.3 Chapter 4 - Planar fibre production

This chapter covers novel attempts to create a planar-structured, fibre-scale device
through the production of planar preforms. First, the material of choice is characterised
before a detailed record of each attempted fibre cane. These trials included preform
fabrication through dicing, polishing and then fusing or bonding of glass, before draw

attempts were conducted using a fibre-drawing tower.

Both preform production and the drawing process were refined through several iterations
to develop a repeatable technique to output large quantities of planar devices. Initially,
single segments and fused glasses were used to produce preforms before a bonded preform
is tested, demonstrating a marked improvement of the interface quality. In each draw
attempt, the resulting fibre is cleaved and inspected to record shape, dimensions and

interface quality.

Finally, creation of an active device was attempted by sourcing a custom phosphate
glass in both plain and neodymium-doped variants. Success was had in drawing a three-
layered planar device to a wide spread of dimensions. T'wo glass batches were produced,
but ultimately the intrinsic losses and inhomogeneity of the custom glass melt proved

too substantial to progress this part the project further.

1.3.4 Chapter 5 - ND:YAG to sapphire bonding for active devices

In this chapter, bonding between sapphire and YAG (or Nd:YAG) is reported. The aim
was to establish a bonding procedure which results in bonds resistant to high temper-
atures, submersion in DI water and solvents, and mechanical processing. A variety of
activation methods were tested including hydrofluoric acid, sulphuric acid and plasma

activation. In addition, the post-bond annealing stage was improved and tailored based
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on the activation method used. Each method was tested through subsequent bonding

trials to establish the most suitable method.

Strong bonds were produced between sapphire and bulk YAG as well as 490 pm thick
YAG windows using either hydrofluoric acid or plasma for activation. By applying an
extended annealing stage at 800°C, these bonds proved capable of surviving dicing using
a commercial wafer dicing machine. The bonds were tested for durability in a number

of environments including water/solvent submersion and cryogenic cooling to -180°C.

One hydrophilic bond between Nd:YAG and sapphire was diced into a smaller segment
before end facet polishing and coating with an AR layer of magnesium fluoride. This
sample was then built into an active laser oscillator, pumped by a diode bar. The bonded
composite showed no signs of damage with 27 W of incident pump power and produced

over 5W of output.

1.3.5 Chapter 6 - Direct bonding zinc selenide to diamond

This chapter describes in more detail the development of a bonding process between
ZnSe and diamond, two materials of vastly different physical characteristics. A series
of activation methods were conducted, recording the effect on surface contact angle of
de-ionised (DI) water. Eventually, plasma bonding was determined as the most suit-
able approach and a successful bond between 4 mm thick ZnSe and 500 pm diamond
was formed. In addition, bonding between sapphire and ZnSe as well as sapphire and

diamond was demonstrated.

The joined ZnSe and diamond composite was tested for temperature durability in trials
between -40 and 80°C and at several different ramp rates. Failure of the bond was

induced by continued heating. The subsequent inspection is discussed.

The composite was then tested in a simple heatspreading trial. Mimicking an active
device, a focussed 442nm diode laser was used to induce a localised heatload on the
ZnSe surface. A probe-pump setup was positioned with overlap such that distortions in
the probe beam caused by temperature increase could be recorded to calculate thermal
lensing. A comparison is made between bare ZnSe and the diamond-bonded composite
to show that the bond reduced thermal lensing by several orders of magnitude, reducing

the thermal lens to beyond the setup detection limits.

1.3.6 Chapter 7 - Conclusion

The defining outcomes from each chapter are summarised here. Finally, proposed routes
to continue and improve each project within the thesis are suggested in the Future work

section.
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Project methodology

This chapter describes the working principles used in each area of research addressed
in this project. First, the fibre caning procedure is detailed, in which the character-
istic evaluation of glasses, preparation of planar preforms, pulling process and subse-
quent inspection are covered, along with notes on state-of-the-art research into planar
fibres. Second, direct bonding, in which the relevant surface-to-surface interactions are
explained, along with goals behind each method of cleaning/activation. Alternative
bonding techniques are also briefly reported. Finally, the equipment and procedures

used during mechanical preparation and evaluation of bonding samples are detailed.

2.1 Fibre caning

Caning represents one of the two core methods of fibre manufacture. Much like a stan-
dard fibre draw, a preform (usually glass) is held vertically within a coil furnace and
heated until it softens. The glass is then pulled down and guided into a cane puller
(where a standard fibre would be attached to a fibre drum). Unlike a standard fibre
draw, caning is commonly used to produce fibres of larger dimensions (usually upward
of ~400 pm) and a corresponding lower flexibility. The degree of reduction from preform
to cane is lower than that of a standard, drum draw (caning is often used in a two draw
process as a step between full preform and the final fibre draw). In this project, fibre
caning of silicate glass was used to investigate the drawing of a planar structure down

to fibre dimensions with interest in the retention of planar dimensions during the draw.

The process of fibre caning, much like bonding, relies on careful preparation rather than
technical capability during the draw. When preparing for a cane attempt it is imperative
to understand the physical characteristics of the preform material used. Detailed below

are the key factors to be considered when conducting a draw.
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2.1.1 Transition temperatures

Glasses transition from amorphous solid to molten liquid in a reversible process that
holds key points between end states. The relevant temperatures are measured using the
poise scale, which defines the material’s viscosity. This is recorded in the form T™ where

the higher the value of n, the more viscous the glass.

The glass-transition temperature, Tg (or T!3 on the poise scale, indicating a viscosity
of 101 % 0.1 kgm_ls_l), occurs at the lowest temperature, marking a change in various
structural properties and reducing the viscosity of the medium. Following this, T is
the softening temperature, at which it is generally considered suitable for fusing and
fibre drawing. At the other end of the spectrum lies the melting temperature, Tm,
where the glass is marked to have become fully liquid. Between the softening and
melting temperatures, and of paramount importance for pulling and pressing, lie various

crystallisation temperatures.

The lowest temperature at which crystal nuclei can form in the glass is referred to as
Tx (or Tc). Usually a slow process, crystallisation is circumvented in glass production
by quenching extremely quickly past the crystallisation temperature range. However,
even if successfully avoided during manufacturing of the glass, early nuclei formation

may occur and form into crystals when heated to Tx subsequently.

During fibre drawing, the temperature must be kept below Tx, reducing viscosity enough
to draw but without crystallising the glass. A sweet-spot temperature is usually targeted
just below Tx to aid the draw as much as possible. Crystallisation can ruin entire fibre
draws and is only removed by remelting. It is vital that no section of the glass is raised

to near or above Tx for any length of time

When considering the values for Tx and Tg, they are often defined with arbitrary, small
differences to the exact values and should therefore be looked at as guidelines rather
than strict points. Each fibre drawn must be considered uniquely and adapted based on

response from the glass.

2.1.2 Differential thermal analysis

If the specific values for a glass are not provided in literature, the temperature regions of
interest can be identified via Differential Thermal Analysis (DTA). A small segment of
the glass to be tested is heated from room temperature and measured with an especially
sensitive thermocouple. An empty, reference container is also measured. Any exothermic

or endothermic change in the glass container can then be identified.

Gallium Lanthanum Sulphide provides an excellent example DTA recording, with clear

transitions shown in Figure 2.1, The endothermic Tg and Tm transitions are visible as a
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Figure 2.1: An example DTA curve for Gallium Lanthanum Sulphide glass
showing a Tg onset at approximately 544°C, Tx at 669°C and Tm at 818°C [46]

small dip which onsets at approximately 544°C and a larger, double dip at around 818°C,
respectively. The crystallisation temperature, Tx is seen as a tall, sharp, exothermic
peak at 669°C.

2.1.3 Preform production

Once the relevant transitions are known, the fibre preform can be produced. To achieve
a planar waveguide structure, multi-layered preforms are required. In this project, both
fusing and bonding have been considered. The full bonding procedure is covered later
in this chapter. Fusing involves raising cleaned pieces of glass slowly to the softening
temperature and back down while resting on top of one another. This offers a fast
and simple method but risks unreliability of interface quality (air can often be trapped
within the fuse) and damage from CTE (Coefficient of Thermal Expansion) mismatch.
Bonding involves a rigorous cleaning process but does not require as high temperature
for the annealing stage, reducing the thermal shock risk and diffusion between layers. In
both cases it is important to ensure that, if different materials are used, the CTEs are
kept as close as possible. If any separation exists, even minor, the ramping temperatures
for fusing and annealing must be kept low (1°C/min or less). Though no clear standards
exist, this project proceeded on the principle of <5% difference in CTE was acceptable
when ordering materials for fusing. Greater differences can be accounted for with lower

ramp rates, however results become unreliable and prone to stress fractures.
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Fusing of material within the tower had been considered, however former research at
the University testing this resulted in catastrophic failure of the draw, pulling down two

separate fibres without them joining.

Once the two desired pieces were fused (or bonded), the edges of the preform could then
be machined again to correct any misalignment from the joining process. Notches were

cut into the preform edges to allow mounting into the fibre tower for caning.
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Figure 2.2: A) The fibre tower used for caning procedures and B) A side-on
view of the cane puller showing the two wheels clamped onto a fibre segment

2.1.4 Caning

During caning, the tower shown in Figure 4.4 A was used. The preform would be
weighted and heated in the furnace until necking (thinning of the preform width in the
hottest region) was observed. The bottom end would then either drop through gravity
or be drawn down by hand to the cane puller. Figure 4.4 B shows the function of the
cane puller. One wheel rotates at a user-defined speed. The separation of the wheels
could be adjusted according to the width of the drawn segment. The glass is drawn
down from the tower above and fed into the cane puller. The wheels of the cane puller
are then firmly closed onto the drawn down fibre, gripping it and pulling down at the
wheel’s rate of rotation. Caning is a slow process, with the puller usually running at

tens of millimetres per minute, and requiring direct attention throughout.

The preform and cane puller feed rates can be adjusted before or during runs to tailor

dimensions of the cane. Calculation of the dimension is based on volume conservation.
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The rate of material passing through the cane puller should equal that of the preform
feed such that:

AP*VPZAc*VC (2.1)

Where A is the cross-sectional area and V is velocity. P and C subtexts signify preform

and cane, respectively.

Assuming the aspect ratio of the sample is held during caning, the width and height of

any drawn segment can be calculated from known preform dimensions.

Once the cane has been attached to the cane puller, all material drawn from the preform
should be at the desired dimensions. Suitably long segments could then be broken off
for investigation. In this project, lengths between 30mm to 30cm are of interest for
investigation into interface inspection and testing absorption (or gain in active mediums)

along the length.

2.1.5 Inspection

The priority for fabrication during this project is if the process conserves planar dimen-
sions during a draw and produces a high quality interface for an optical waveguide. To
inspect this a series of cleaves can be made along the length of a cane segment to ensure
long distance quality is retained. The cross sections can be imaged by a microscope
to look for any gaps or flaws throughout. Additionally, by comparison to a segment
of known size, the dimensions of caned pieces can be recorded. This will allow the
core thickness to be noted and adjusted for future runs depending on number of modes

desired within the waveguide.

2.2 Direct bonding

The title of direct bonding belies an intricate set of chemical interactions, often unique to
each material considered. While a wide number of interactions come into play through-
out the bonding process, a few key molecular interactions provide the base upon which
the bond develops. The principal stages of direct bonding tend to include a surface
activation/cleaning stage, optical contacting and, sometimes, elevated temperature cur-
ing. Once contacted, direct bonding occurs due to range of microscopic effects, but
the central, electromagnetic interactions are believed to be dipole-dipole forces (namely

hydrogen bonds), van der Waals (vdW) forces and full chemical-bond chains.

In this section, the basic theoretical background to the most influential interactions in

direct bonding are detailed, the relevant surface qualities required for bonding are also



14 Chapter 2 Project methodology

covered along with the techniques most commonly used during surface activation to
encourage their development. The formulae detailed here are rarely used during direct
bonding work, and, beyond comparing Hamaker values, will not be referred to in this
thesis. However, it is important to understand the mechanics behind the interaction

when applying the process to research.

2.2.1 Surface interactions
2.2.1.1 Hydrogen bonding

During the early stages, hydrogen bonds play a crucial role in encouraging and holding
contact in a direct bond thanks to their longer range interaction compared to van der

Waals forces.

Hydrogen bonds are an especially strong form of dipole interaction. The hydrogen atom
has only one partially full 1s orbital, and as such can only form a single full covalent
bond. Depending on the electronegativity between the two bonded atoms, the hydrogen
atom can form an attraction to another atom or molecule. When bonded with a strongly
electronegative atom like oxygen, the hydrogen electron cloud is attracted, drawing it
away from the positive hydrogen nucleus. The result is an effective dipole. If two
surfaces, such as those in direct bonding, are brought close together with dangling O-
H bonds, the associated dipole interactions will help draw the surfaces together. This

initial attraction can help draw the faces into the shorter regime of vdW forces.

Hydrogen bonds have energy in the range 0.1-0.4eV and are far weaker than covalent
bonds (The Si-Si and Si-O covalent bonds often produced in bonding, have energies of
1.9 and 4.5eV, respectively) [47]. When surfaces to be bonded are made hydrophilic,
any water molecules present may help produce a bridge between the two surfaces. While
hydrogen bonds often form the initial contact force between surfaces, they are usually

lost through evaporation during subsequent annealing stages.

2.2.1.2 Van der Waals

Van der Waal forces, despite their weak interaction energy, are often listed as the pri-
mary force of interaction behind direct bonding. Largely dependent on the quality of
surface polish and cleaning, vdW interactions can provide significant levels of bond
strength, combined with some unusual characteristics. The force stems from atomic-
scale electronic dipoles which oscillate in synchronisation such that attraction is formed
[47]. Three types of vdW forces exist:

e Keesom: Force between two permanent dipoles
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e Debye: Force between a permanent dipole and a corresponding induced dipole

e London or Dispersion: Force between two instantaneously induced dipoles

Keesom, or orientation interactions [48], are due to electrostatic forces between per-
manent polar molecules. The angle-averaged interaction energy is dependent on the
inverse sixth power of distance. Keesom interactions are temperature dependent, and
only present between molecules containing permanent dipoles. The resultant force is so

weak as to be insignificant when evaluating bond strength.

The Debye force arises when one polar molecule is brought close enough to induce a
responding dipole in another, non-polar molecule through repulsion of its electrons. The
polar nature of the interaction once again requires a medium with permanent dipoles
and, while providing a much stronger force, acts on an extremely short range order.
Due to the macroscopic nature of bodies to be bonded this factor has also been ignored

during force calculations.

The final vdW force, London (or dispersion) interactions are present in all media, ir-
respective of their properties. The dispersion force arises from interactions between
polarisable but non-polar molecules. Transient dipoles are formed through coupling of
electron oscillations to lower mutual energy [49]. Dispersion force energy, much like
Keesom and Debye, depends on the inverse sixth power of distance. However the key
separating factor develops through the long range alignment of electron clouds. When
considered additively, Hamaker identified in 1937 that dispersion forces could produce
effects at a considerably longer range, relevant even to macroscopic bodies [50]. The
consequence of each force’s nature renders Keesom and Debye forces more relevant for
microscopic scale gas and liquid interactions, while dispersion forces dominated in con-

densed, macroscopic media.

Because of their presence in all materials and long range additivity, the dispersion forces
form the main basis for attraction considered in this project. Between two flat, parallel

plates of infinite length the macroscopic dispersion force is measured as:

- AHam
R

Where Apam is the Hamaker Constant and 1 is the separation between surfaces.

(2.2)

The Hamaker constant is therefore the main factor determining interaction strength.
Unique to each bond, Agg,, is determined by the two materials to be bonded as well as
the medium between them. Calculated through the absorption frequency and refractive
index of each medium, typical values for Hamaker constants for solids lie around 1071 J
or 100zJ [51]. The derivations of the Hamaker constant and the van der Waals forces
are covered in detail in literature, including formulae for many forms of macroscopic
interaction [47, 51, 49].
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Figure 2.3: Simple model of van der Waal dispersion forces between two plane-
parallel fused silica samples within a vacuum

It is important to note that Hamaker constants are not well defined for most interac-
tions and can prove difficult to determine [52]. Studies into the calculating Hamaker
constants for a variety of materials must take into account the intermediate medium and
have largely been limited to approximations for silicon/silicates, with a few other select
materials [53]. If values are known for like-like interactions across a vacuum, then an

effective Hamaker constant can be calculated.

For an interaction of two different materials, i and j, separated by a third medium, k,

the Hamaker constant can be estimated as:

Aigi =~ (VAii — VAre) VA — Ak (2.3)

In a like-like interaction (i.e. i=j) this can be reduced to:

Aikj ~ (\/147” — \/Akk)z (24)

Of fundamental importance to direct bonding is the short range of interaction on a
macroscopic scale. In order to produce desirable bond strengths, surfaces must interact
on the nanometre scale. Figure 2.3 shows the high potential strength but significant

drop over the nanometre regime.

Hamaker values, and therefore interaction forces vary heavily between different materi-
als. In general, amorphous mediums such as glass produce significantly weaker bonds
than crystals. Table 2.1 lists relevant Hamaker constants, as recorded from literature

[47, 54]. Diamond has a value roughly 4.5 times greater than Fused Silica. Using these
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values, a comparison between forces was plotted in Figure 2.4. As can be seen, fused

silica sits at a notably lower level than all three crystal equivalents.

Material Agom

Fused Silica | 6.6 x 10729J
Sapphire | 16.8 x 10720
YAG* 22.75 x 10720
Diamond | 29.6 x 10720

Table 2.1: Hamaker coefficients for like-like interactions in vacuo. Values ob-
tained from [47] and [54] *YAG value recorded in air medium

10t Short Range Van DerWaals Force Comparisan
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Figure 2.4: Short range comparison of vdW dispersion forces between two plane-
parallel, similar samples

Extending Figure 2.4 to the range of 50-100 nm, the drop in strength is extreme. Figure
2.5 shows the strength of interaction for sapphire drop from 9000N/m? at a distance
of 10nm to 9N/m? at 100nm separation. By comparison, optical adhesives suppliers
typically list strengths between 0.5 and 2 MN/m? in shear strength tests. Though the
direction for shear tests differs from the vdW forces normal to the surface, the several
orders of magnitude difference is stark. It is clear then that for vdW to have a conse-
quential impact, separation must be kept to at least under 100 nm, and ideally under
10nm. It should be noted that while pure vdW force is much lower than that of optical
adhesives, the combined strength of interactions for a completed and annealed direct

bond is capable of surpassing the bulk strength of silicates.

Achieving this intimacy between bonding faces requires stringent levels of flatness and
surface roughness on bonding faces. Identifying feasible materials for vdW bonding is
therefore a careful balance between the potential bond strength of the medium and the
difficulty in producing a high quality polish. Diamond, for example, has potential due to

it having the highest known Hamaker constant but, owing to its strength, is incredibly
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Figure 2.5: Longer range comparison of vdW dispersion forces between two
plane-parallel, similar samples

difficult to polish to the desired level of precision. Investigations have been run to
determine the best methods of polishing various materials types in order to acquire such
a finish [18]. In general, a flatness of at least 1% (at A = 633 nm, over a range of 20mm)

and an RMA roughness of <1 nm are desired for direct bonding.

2.2.1.3 Covalent bonds

Covalent bonds occur between atoms which share electron pairs, the bond represents the
balance between electromagnetic attraction and short range repulsion of atoms. Covalent
bonds represent the strongest interaction, an order of magnitude above hydrogen bonds.
When measured in kJ/mol, Hydrogen bonds typically range from 5-30kJ/mol where
covalent bonds can range into several hundreds on average [55]. Covalent bonds form
the structural basis of bulk solids and as such, direct bonds which develop through these
can produce strength results comparable to the bulk medium. Transfer to covalent
bonds is encouraged during the annealing of hydrophilic bonds. Silicate materials in
particular are believed to transfer from hydrogen bonds to chained siloxane bonds of a
greater strength. Other, oxygen-based materials have been recorded to develop bonds

in a similar manner [56].

2.2.2 Surface activation

Prior to contact, surfaces to be bonded are usually activated via chemicals, plasma or
other routes to increase the surface energy, encourage surfaces to form an initial contact

and improve the final strength obtained after annealing (if the process includes it). While
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each technique is different in application and results, most fall into one of two primary

categories: Hydrophilic and hydrophobic.

2.2.2.1 Hydrophilic

The more common method, hydrophilic, encourages the growth of hydroxide (OH-)
groups on the surface of each sample. Figure 2.6 shows an example hydroxylated silicate
surface. During the bonding process, these dangling bonds encourage the development of
linked, usually silioxane, chains during annealing, strengthening the bond into a robust,

permanent hold. The effect is most prominent (for evident reasons) in silica and silicon

bonds.
D @

® ©® ©
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Figure 2.6: An example hydrophilic surface displaying dangling OH bonds

Hydrophilic surface activation usually involves a form of plasma/acid treatment [57, 31].
Piranha etch, a mixture of sulphuric acid (H2SO4) and hydrogen peroxide (H2O32), proves
to be one of the most popular methods of cleaning prior to bonding. Used to remove
organic residue, piranha also hydroxylates, leaving OH groups on the surface. These
dangling groups increase the initial range of bonding forces between faces and help draw
the surfaces down into the range of vdW forces. For silicon wafer bonding, surfaces joined
following a hydrophilic activation typically exhibit bond energies an order of magnitude
above those joined hydrophobically [39, 20]. Nitrogen plasma is also used as a method
of removing impurities and increasing OH groups on the surface by bombarding the
surface to open up dangling bonds of a high energy. The plasma can also produce
photons in the short ultraviolet, or vacuum UV (VUV). These VUV photons are highly
effective at destroying organic bonds of contaminants and breaking down structures.

VUV treatment is used commonly to produce hydrophilic polymer surfaces [58, 59].

A large number of bonding investigations employ plasma activation [57, 34, 60, 61, 62] or
treatment in an aqueous environment [39] shortly prior to bonding, ensuring that surfaces
are as clean and hydrophilic as possible during the process. Ion beam bombardment [25]
and fast atom beam smoothing [63] have also been tested as activation methods, as

discussed in Chapter 1.2
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Hydrophilic is, generally, the preferred method of bonding due to its ability to produce
higher strength with less stringent surface requirements. The bonding can also be com-
pleted (to varying degrees of success) without the requirement for a high quality clean
room environment. Due to the tightly-bound, chemical bonds it would be expected for
hydrophilic bonding to produce rigid holds, with no ability for surfaces to slide against

one another.

2.2.2.2 Hydrophobic

Conversely, hydrophobic activation emphasises the closure of open bonds, producing a
surface repellent to OH molecules. The resultant change is a bond primarily supported
by vdW forces, along with weaker hydrogen interactions depending on the surface termi-
nation. Where HF is used, surfaces can be terminated by hydrogen and fluorine atoms
which interact weakly compared to OH. Alternate routes consider depositing large, ter-
minating carboxylic molecule chains. These then interact via vdW forces with chains
on the opposing surface. Additional bonding forces are provided via various chemical/-
surface reactions which vary in type and strength depending on the materials bonded.
Hydrophobic activations can also be strengthened via high-temperature annealing and,
in the case of silicon/silicate wafer bonding, hydrophobic bond strength can exceed that
of hydrophilic at the cost of a higher required temperature, as detailed in Figure 2.8

[47]. Details of the annealing process are covered in the following section.

Traditionally, hydrophilic surfaces are seen to produce the strongest bonds [39, 57] and
have received the most attention scientifically in conjunction with silicate bonding. Hy-
drophobic bonding still holds advantages to be investigated due to its applicability to
materials which cannot support the hydrophilic process and for CTE mismatched bonds.
The potential to produce low stress bond interfaces is also of interest due to the lack
of rigid, chemical bonds between surfaces. If a suitable hydrophobic bond could be
produced, the resulting resistance to stresses induced through TEC differences could be
increased. So long as the surfaces remain in close proximity, shifting relative to one other
may be possible, mitigating stress fracture that would occur in a fixed bond. Moreover,
the majority of hydrophobic/hydrophilic comparisons have been conducted using fused
silica and silicon oxide. These materials have poor Hamaker coefficients, the primary
factor determining the strength of the vdW interaction. Fused Silica, for example, has
a Hamaker constant of Apg=662zJ, while Ag,pphire=168.7 zJ. Investigation into bonding
non-silicon based materials is a largely open field. However, the majority of materials
bonded using a hydrophobic approach are then strengthened using a similar process to

the hydrophilic route.
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Figure 2.7: Simplified diagram showing the bond transfer for bonded hydrophilic
silicon wafers when heated

2.2.3 Annealing and bond transfer

Both hydrophobic and hydrophilic bonds can be strengthened via a high temperature
curing sequence. During this process, hydrogen and van der Waals interactions are
converted to rigid, covalent bonds between surfaces. For a hydrophilic interaction the
surface is initially saturated with dangling OH bonds. As the temperature of the bonded
pieces increases, the transfer shown in Figure 2.7 begins to take place, increasing the
bond strength as Si-OH - - HO-Si hydrogen bonds transfer to Si-O-Si + HO, forming
stronger, covalent bonds [2, 64]. Bond strengthening can occur at room temperature,
however the process is considerably slower and heating ensures the maximum strength
can be achieved. This representation is not perfect, as surfaces will not be fully saturated
with OH bonds, some regions will have purely hydrogen or alternate termination. The
transfer to covalent bonds is particularly interesting considering one of direct bonding’s
unique selling points is a lack of lattice matching requirements. The maximum strength
of an annealed bond may then depend on the capability of the two mated surfaces to
form links across. This then makes strong bonding more viable for like-to-like bonds or

materials of similar makeup.

3.0: HB:hydrophobic

2'5_1 HL:hydrophilic
g 2.0 1
=
o HL Si/5i
Eﬁ 151 L 11
=]
& B 1 1/1 i
@ 1'0_
£
@ 051 A}

HB Si/Si

0 100 200 300 400 500 600 700 800 900

Annealing Temperature [C]

Figure 2.8: Silicon-silicon direct bond strength for hydrophilic and hydrophobic
bonds with annealing temperature, demonstrated by Tong and Gosele [47]
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In the case of Si-Si bonds, Tong and Gosele demonstrated in Figure 2.8 the initial higher
strength available using the hydrophilic technique. When annealing at low temperatures
(up to 150°C), the transfer detailed in Figure 2.7 occurs for hydrophilic wafers as silanol
chains develop across the surface. Hydrophobic surfaces, however, see little change until
above 200°C, at which point hydrogen and hydrogen-fluoride begin to desorb from the
surface. From here the bond strength increases exponentially, overtaking that of the
hydrophilic wafers. The hydrophobic bond then transfers from vdW and hydrogen/hy-
drofluoric terminations to direct covalent bonds between surfaces. The bond strength-
ening detailed by Tong and Gosele was used during this project to determine annealing
approaches for both silicate glasses and dissimilar materials, with high temperatures of
800°C applied to the surfaces treated with hydrofluoric acid. The borosilicate glasses,
however, required only an annealing temperature of 350°C to reach a suitable strength

for machining.

2.2.4 Strength Comparisons

Strength or bond energy comparison has not been conducted during the research de-
tailed here due to sample incompatibility or lack of dedicated machinery. However,
understanding the methods by which strength testing is conducted on bonded samples
is important to further understanding of different techniques. As such, the key strength
testing methods used in literature and suggested for future work (see Chapter 7) are
detailed here.

General testing procedures often include a four point flexure test, in which a bonded
sample is held horizontally and bent by pressure applied either from above or below.
Figure 2.9 shows an example set-up. Pressure is applied from above through two ball
point contacts either side of the bond. The sample is flexed to breaking point, at which

point the maximum applied force is recorded.

Bond Interface

Figure 2.9: Example design of standard four-point flexure strength test, with
the two bonded samples in blue and the pressure applied from above



Chapter 2 Project methodology 23

Unfortunately, most direct bonding investigations involve dimensions which do not sup-
port testing through this method. bonded samples such as wafers tend to have large

dimensions in the bonding plane and are relatively thin in the alternate dimension.

An alternative method, the razor blade strength test provides a rough measurement
of bond energy for wafer bonding. In this case a razor blade is inserted between two
bonded wafers. The interface will separate until an equilibrium is reached between the
bond force and bending forces from the insertion. The bonding energy can then be

calculated via:

_ 3Bt%y?

T = ET (2.5)

Where E is the modulus of elasticity, L is the crack or bond separation length, t is wafer
thickness and y is the blade thickness [2].

However, this method has been recorded only to provide a rough measurement. The
manual insertion of the blade limits the accuracy of reproduction. Additionally, as with
the four-point flexure test, the method irrecoverably damages samples tested, making
it a poor choice for experiments in which sample numbers are limited. Bonds which
exhibit too high a strength will also be prone to crack or reject the blade, destroying
the sample without providing a measurement. Finally, asymmetrically-sized or larger

samples make insertion of the blade and measurement of bond separation difficult.

In literature, a variation in bond strengths has been recorded. Hydrophilic bonds be-
tween thin, cleaned fused silica wafers were recorded by Spierings et al. [39] to have
typically exhibited surface bond energy in the range of 0.05-0.2J/m?2. Hydrophobic
bonds of the same kind were recorded to have an order of magnitude lower bond ener-
gies. This result is unsurprising considering fused silica’s low Hamaker constant. In a
more recent study, Kalkowski et al. recorded energies ranging from 0.8 - 2.3.J/m? for
Si0y and Ultra Low Expansion glass (a low thermal expansion coefficient silica glass)

when prepared using a nitrogen plasma [65].

Little research has been conducted on a direct comparison between direct bonding and
methods such as silicate bonding. Silicate bonding strength tests have largely been con-
ducted using the flexure test method described previously or a shear method. Silicon-
silicon bonds at room temperature have been shown to have a characteristic flexure
strength of ~36 MPa at room temperature. Silicate bonds have been shown to occasion-
ally surpass the bulk strength of the material [43]. Silicate bonding provides to closest
approximation to the hydrophilic side of direct bonding due to the similar nature of both
procedures. It is expected that hydrophilic bonding should produce strengths similar
to those measured in silicate bonds. The lower bond energies recorded in hydrophobic

bonds would indicate a lower bond strength for this process.
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When compared to standard optical cements, direct bonding holds an advantage in the
lack of absorption at the interface. Most optical adhesives show a significant reduction in
transmission over a wide wavelength band. While strengths of traditional adhesives are
high, typically supplied as shear strength in the range of 50-200 MN, they also suffer from
quality deterioration over extended time frames, are thicker so have a greater separation
between bond surfaces and are prone to thermal shock or other physical factors like

water resistance [66].

For the research covered in this thesis, practical strength of bonds was tested via me-
chanical processing such as dicing across the bond interface. While this doesn’t pro-
vide a qualitative assessment of bond strength, the limited number of samples available
for testing made a rigorous strength testing procedure impractical. The bond was also
largely conducted between two materials of differing dimensions, making the wafer-based
Maszara crack method unsuitable. A custom shear bond strength device was proposed

but ultimately fell outside the time-scale of this project.

2.3 Additional processing

2.3.1 Polishing

Samples used for direct bonding during these projects were polished to the required
standard through a selection of techniques. Polishing standards for bonding samples
were set to a root mean squared roughness <1 nm, with a flatness % (where A = 633 nm)

across the area of interest. Details on these specifications are covered in Section 2.3.2.3.

In-house polishing was not used for most bonding samples, relying instead on commercial
suppliers. However, during the production of fibre preforms, glasses were polished in-
house using a cast iron lapping plate, with incremental stages using polishing slurry of
decreasing size. First, a 9 pum slurry is used to reduce the sample to the desired thickness,
second a 3pm slurry is used before a final 1 pm slurry for fine thickness control. At each
stage, it is ensured that the sample is worn down by 3x the diameter of the previous
slurry particle size. This ensures that subsurface damage inflicted while lapping with the
larger grit size is removed before fine polishing. Following lapping, chemical polishing is

achieved using Logitech Syton on a polyurethane polishing pad.

Commercial polishing was conducted on BK7 and YAG/Nd:YAG by Gooch & Housego
Ltd. using their superpolishing technique, and for ZnSe by Crystran’s polishing process.

Further details can be obtained from the supplier’s websites:

https://goochandhousego.com/capabilities/precision-optics-capabilities/superpolishing/

https://www.crystran.co.uk/tour-of-crystran-1td/lapmaster-polishing-department


https://goochandhousego.com/capabilities/precision-optics-capabilities/superpolishing/
https://www.crystran.co.uk/tour-of-crystran-ltd/lapmaster-polishing-department
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2.3.2 Surface inspection

In order to ensure surfaces are suitable for direct bonding, surface inspection of all
bonded materials was conducted in house to measure local roughness and obtain surface
maps. Surface inspection was largely conducted using a ZeMetrics ZeScope Optical
Profiler, as well as a KLLA Tencor P16 Stylus Profiler and Nikon LV100D Microscope.

2.3.2.1 Optical profiler

The ZeScope Optical Profiler is a non-contact, white light interferometery profilometer.
It works by splitting a beam of light down two paths. One path reflects the light off
the sample surface to be inspected while the other reflects of a reference flat. When the
path difference to the sample and reference flat is near zero, interference fringes become
visible on the surface. With the sample surface adjusted to be flatly parallel relative
to the reference, height levels can then be inferred through induced path differences.
The Zescope white light interferometer is capable of both 2D and 3D surface profiling,
with Angstrom resolution. The technology has capabilities for longer range flatness
measurements, including the ability to stitch together individual surface maps to form a
larger image. However, artificial curvature was noted when images were stitched, voiding
attempts to record long-range height shifts. It is believed that this was encountered
because the level of flatness of samples inspected was close to the flatness of the reference
sample itself. With this high level of polishing, any curvature present in the reference

sample would affect the recorded results.

2.3.2.2 Stylus profiler

The stylus profiler is a contact profilometer. 2D surface profiles are recorded by dragging
a needle tip across the surface. The needle is joined to a flexible arm allowing it to rise or
lower with changes in topology. Shifts in height are recorded in a line based on movement
of the tip. The resolution of the equipment used was listed as small as several Angstroms,
but due to machinery in the cleanroom environment a background noise of + 20 nm was
present. Figure 2.10 shows an example stylus profile reading across the edge of a thin
film on highly polished BK7. A base noise level of over 20 nm is visible, including a lower
frequency oscillation. Stylus profile measurements were largely used to confirm readings
taken on the white light interferometer. As an optical technique, the interferometer is
susceptible to local changes in refractive index or incorrect reading when measuring thin
samples. It is possible to focus on a subsurface layer during alignment, or for different
domains in polycrystalline materials to incorrectly give the impression of changes in

height. The stylus profile then offers an alternative, physical confirmation.
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Figure 2.10: A stylus profile recording across the edge of a thin film deposited
on BK7

2.3.2.3 Surface quality conventions

Surface quality is defined using a selection of measures depending on the desired end
state when ordering materials. The naming conventions for these are defined here.

Sqs Sas Rq and R,

The primary method for quantifying surface quality in this report is local, root mean
squared (RMS) roughness. RMS roughness is the square root of the mean of the distance,
Zi, from the mean surface level, squared - as shown in Equation (2.6). Sq refers to the

RMS roughness for 3D surface maps, while Rq refers to 2D profiles.

RM S Roughness =

Average roughness, S, (and R,), is also commonly used in polishing specifications, and
is simply the average of the absolute variations in surface height from the mean. With
no large deviations, the values will be very similar. However, S, is far more responsive
to large holes or bumps, scaling much faster than S,. Due to the sensitivity of bonding
to spikes Sq was used during this project. It’s important to note that the recorded
value of Sy changes depending on the machine used and lateral resolution of the image
recorded. Thus, there is no ‘true’ value of RMS roughness [67]. For this project the
localised roughness was of prime interest. Because of this and the artificial curvature

detailed previously, surface roughness was recorded at the highest magnification available

(100x).

Flatness is defined by overall height shift across the sample (peak to valley), and dis-

played as by the fraction of a chosen wavelength (typically shown as, i.e. where

A

10°
A = 633nm). Alternative measures of surface quality include Scratch/Dig and total
thickness variation (TTV), however Scratch/Dig provides specifications for damage on
a far larger scale than is tolerable for direct bonding and can be misleading due to

different definitions across the globe. TTV serves as an alternate and less commonly
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used definition of flatness. As such, RMS roughness and flatness (based on wavelength)
were used during this project. Alternate specifications methods include the ISO-10110
standard in which a surface can be categorized based on the area of a surface covered by
imperfections of a chosen size. The ISO standard offers a potentially superior method of
defining surface quality, but is not commonly used as a polishing standard in industry

and as such are not referred to within this thesis.
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Figure 2.11: The ovens and furnaces used during this project

2.3.3 Annealing

Following bonding, most activation techniques used in this project involve an annealing
stage at raised temperatures. These were conducted in a 1200°C tube furnace, 600°C
environmental oven or 1200°C muflle furnace. The environmental oven was located
in a clean room and offered the simplest and quickest method for annealing, at the
cost of a limited temperature range, less controlled ramp rate and lack of control over
the environment. A clean room environment is not essential for the annealing stage,
but ensures samples remain clean during the full bonding process and did not require
transfer between lab environments. The tube furnace was most commonly used due to its
higher maximum temperature (required for certain bonds) and the ability to control the
annealing atmosphere by flooding the chamber with Argon, Nitrogen or Oxygen. In this
project, Argon was used to provide an inert environment. Finally, the muffle furnace
was a large-scale environmental furnace not contained in a clean room environment.
This unit was typically only used for follow-up annealing after the primary anneal was
conducted in the clean room. The clean-room situated furnaces are shown in Figure
2.11. An Ion exchange furnace (identical to the 600°C environmental oven) was also

used for a potassium exchange into Borosilicate, BK7 glass during Chapter 4.

These furnaces allowed for slow ramping at rates of degrees per minute to high temper-

atures which could be maintained for tens of hours. For faster heating processes, hot
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plates and a rapid thermal annealer (RTA) were used. The RTA was capable of heating

at tens of degrees per minute.



Chapter 3

Developing the bonding process

3.1 Introduction

This chapter covers the progression of direct bonding capabilities over the course of
this project, with the goal of developing repeatable, tailored activation procedures for a
number of different materials. The focus of exploration within this project has been di-
rected towards bonding silicon-based, soft glasses and a selection of crystalline materials.
Each stage of the bonding process was refined through iterative improvements to both
treatments and equipment. This chapter details the step-by-step route to creating each
bond type, starting with like-to-like bonding of borosilicate, BK7 glass, then sapphire

before progressing to dissimilar materials bonding with YAG, diamond and ZnSe.

BKY7 is a“soft” borosilicate crown glass (produced by Schott AG) with common use in
optical devices. BK7 was chosen due to a combination of desired traits, low-cost and
availability. As a soft-glass, BK7 is easy to polish well, softens at a low temperature
has a generous range between its transition temperatures, making it extremely hard to
crystallise. As a widely used glass, the characteristics are detailed well by the supplier.
While they possess a low Hamaker value, silicon and silicates have been tested rigorously
with success in the history of direct bonding [18, 2, 64|, offering the easiest test for

hydrophilic activation processes.

Sapphire is commonly used in active laser devices as both a gain medium (Ti:sapphire)
and heat spreader. It forms the basis of crystalline trials in this project thanks to its
large Hamaker coefficient coupled with a high standard of polishing and relatively low
cost. Sapphire and diamond offer heat-sinking capabilities courtesy of their high thermal
conductivity, while YAG and ZnSe were chosen as potential host media suitable for active
waveguides, amplifiers and lasers. The progress from initial tests of direct bonding to

unique approaches tailored to the chosen materials is described in this chapter.

29
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3.2 Bonding apparatus

Direct bonding was conducted with dedicated equipment which was adapted during
the process to combat any problems encountered. The bonding apparatus is shown in
Figure 3.1. The beakers are used for solvent and acid cleaning stages, with the glass
beaker used for solvents, while the PTFE is used for hydrofluoric acid. The petri dish
holds samples during plasma ashing. The vacuum chuck is used for handling samples of
shape or size that prove difficult to manipulate with tweezers, and can be used to bring
bonding faces into contact. The micropipette allows a precise quantity of water to be
deposited. The pipette is used during contact angle trials as well as to apply droplets
of water to activated surfaces prior to bonding. PEEK-tipped tweezers are the primary
method of manipulating samples, minimising direct contact and providing resistance to
aggressive acids. Finally, a number of sample holders (both commercially available and
custom-made) allow cleaning and activation of a variety of different sample shapes and

sizes.

Vacuum Chuck

Micropipette

Figure 3.1: Dedicated direct bonding equipment

In addition to the preceding equipment, certain machines formed a core part of the
bonding procedure. Figure 3.2A shows an ultrasonic bath used during solvent cleaning
stages. The cleaning beaker (filled with a selected solvent or water) is placed in the bath
and agitated for a set time period. Plasma activation was introduced during evolution

of the bond process. Figure 3.2B shows the Tepla plasma asher used.

3.3 BKY7 bonding

Preliminary bonding trials were conducted using borosilicate, BK7 glass. A series of

trials were conducted bonding two polished BK7 samples of dimensions @36 mm x 5 mm.
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Figure 3.2: A) An ultrasonic bath used during solvent cleaning stages, and B)
The Tepla Plasma Asher used during plasma cleaning and activation

Based on the superior initial contact strength recorded previously for silicon and silicate
wafer bonding processes [16], the early bonding attempts were centred around developing
a hydrophilic activation procedure which would produce a reliable contact and clear
interface between each sample. Later in the project, bonding was attempted using

50x50 mm BKY7 pieces using the same process.

3.3.1 Surface inspection

The @36 mm x 5 mm, polished BK7 samples were finely polished on both faces to achieve
the best quality for direct bonding. The edges of all bonding samples were chamfered
to ensure edge curvature or lips could not deter bonding. The surfaces were inspected
using a white light interferometer and found to have an RMS roughness of <0.5nm
for each sample. Figure 3.3A shows two surface profiles captured at 10x magnification.
The fluctuation in surface height is seen to be contained to within +1nm. The local
RMS roughness at this magnification was measured as 0.32nm. Figure 3.3B shows the
associated histogram from the surface inspection. The excellent polishing standard of
these surfaces was deemed suitable for bonding. 50x50x5 mm BK?7 square blanks were
also inspected via white light interferometer. While the local roughness was found to be
suitable (RMS 0.34nm at 50x magnification), issues were noted with the longer range
flatness of these samples when bonding. Repeated bonding attempts saw the central

region fail to bond each time, indicating the surfaces curved away from each other.

3.3.2 Bonding trial 1

The first set of BK7 samples (@36 mm) underwent a three stage solvent clean of acetone,
isopropyl alcohol (IPA) and de-ionised (DI) water, followed by a cleaning and activation
stage in Piranha etch. The DI water used in the clean room was of resistance 18.2 M().

The process conducted is detailed below:
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Figure 3.3: A) Two surface profiles of the BK7 surface captured at 10x mag-
nification and B) A histogram showing the spread of surface height about the
average. The surface fluctuation is within the range +2nm

e DI water rinse

e 10 minute ultrasonic IPA bath

e 10 minute ultrasonic acteone bath

e 10 minute ultrasonic DI water bath

¢ Inspection by eye under white light to ensure clean surfaces
e 20 Minutes Piranha etch

e DI water rinse

e Nitrogen blow dry

e Faces brought into contact

Ultrasonic solvent cleaning acts to remove large organic contaminants from bonding sur-
faces through agitation and dissolution. Piranha etch, a mixture (3:1) of sulphuric acid
(H2SO4) and hydrogen peroxide (H2O2) has been proven an effective cleaning process for
organic residue, but also acts as a hydrophilic activation stage, encouraging the devel-
opment of Hydroxyl groups across the surface. Due to the aggressive nature of Piranha
etch, samples were inspected before and after the acid stage to ensure no increase in
roughness occurred. Following the initial BK7 trials, the IPA and acetone stages were
reversed to improve the process. Acetone provides the strongest cleaning stage, but can
potentially leave residue not easily removed by DI water. IPA is effective at removing

small traces of acetone, and in turn can be removed via rinsing with DI water.

During the cleaning of multiple samples, two BK7 pieces were contaminated and deemed
unsuitable for continuing the full process. These were instead placed into contact fol-
lowing a rinse with IPA and DI water to see if a bond could be produced despite the
surface contamination. Optical contact was formed across roughly 50% of the surface

(by-eye inspection), as shown in Figure 3.4.
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Figure 3.4: Optically contacted BK7 samples. Contact is formed over roughly
half the interface, with interference fringes visible in the separated half. A large
number of voids from contaminants are visible

The remaining samples completed the full cleaning process and were contacted by hand.
Manual handling of samples proved difficult with full personal protective equipment
(PPE) and led to poor alignment of samples. Spontaneous contact occurred in all cases
and, due to the immediate strength over a wide area, samples could not subsequently
be manipulated into better alignment. Attempts to do so resulted in damage to the
samples and further contamination of the bond. One bond was attempted without a
final nitrogen dry, to test if bonding could be completed with a water interface, following
previous experience at the university. However, even with applied pressure no contact

was formed and these samples were abandoned for this bonding trial.

3.3.3 Bonding trial 2

To improve handling of samples at the final stage, a vacuum chuck (as shown in Figure
3.1) was introduced to the bonding procedure. Following the final DI water rinse and
nitrogen dry, the back faces of the BK7 were placed on the vacuum chuck, allowing for
improved positioning of the bond during contact. Two pairs were successfully bonded,
though contamination issues were still present during the transfer from drying to the

vacuum chuck.

Figure 3.5: Direct bonded @36 mm BK7 windows. The first bond shows poor
alignment and both exhibit regions with interference fringes
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Figure 3.5 shows two BK7 bonds completed in the second bonding tria, with roughly 80%
of the bond interface appearing clear. The interface is largely clear in both samples, but
large regions with interference fringes are clearly visible in each, originating from water
allowed to infiltrate the bond layer and intersperse contaminants. Reduction in these
separated regions was improved gradually over the course of the project through both

improvements to the procedure and capability in handling the samples before contact.

The samples were weighted under roughly 2kg for 24 hours before transfer to an envi-
ronmental oven. The samples remained weighted while oven temperature was ramped
to 350°C at 5°C/min. A dwell time of 20 hours at peak temperature was conducted
before a 10°C/min cool. Inspection post-curing showed a significant decrease in bond
visual quality, with large areas of debonding developing with interference fringes. It is
possible that water trapped within the bond had expanded, separating the surfaces as it
travelled to escape the bond. One sample remained largely intact, with a clear bonded
area. The second bond, with a larger void, deteriorated severely, though the bond still
held.

The transfer from hydrogen to covalent bonds detailed in Chapter 2.2.3 occurs slowly at
room temperature, but is significantly expedited through high-temperature annealing, at
the risk of developing an increased number of voids at the interface. Water can diffuse
through the amorphous silicate bulk, but the process is believed to be slow. When
heated, it is believed that surface tension and pressure from the closing bond around
can force water together which, when evaporating in bulk, forms voids which separate

the faces.

3.3.4 Bonding trial 3

Two further bonds were conducted using the same procedure, with a focus on improving
the alignment and cleanliness of samples. As shown in Figure 3.6, the resulting bonds
showed drastic improvements in clarity at over roughly 95% clarity across the interface.
While each bond still had some voids visible at the interface, the size and number had
been reduced. Due to difficulty capturing clear images of the voids present, the main
points are highlighted. After 24 hours at rest, a number of additional, small voids had

once again developed in each bond.

Annealing in an environmental oven was conducted once more, raising the max temper-
ature to 360°C and annealing time to 24 hours. Temperatures above 300°C were chosen
because the conversion from OH groups to Si-O-Si bonds occurs primarily in this region
as HaoO disassociates from the surface [2]. An annealing time of 20-24 hours was found
satisfactory to achieve bond strength sufficient to survive dicing. Inspection after oven
treatment revealed a further increase in voids. To avoid concerns that contamination

may enter the bond during the annealing stage, future annealing stages were transferred
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Figure 3.6: Direct bonded @36 mm BK7 windows. The first bond shows poor
alignment and both exhibit small regions with interference fringes

from an environmental oven to a tube furnace with a controlled atmosphere of pure
argon. It was also determined that for alignment-critical work, a custom alignment jig

would be required to ensure correct positioning of the bonding faces.

3.3.5 50x50 mm BK7 Bonding

Three attempts were conducted to direct bond BK7 of larger dimensions. Despite suit-
able local RMS roughness, each attempt to bond the BK7 proved unsuccessful. While
an initial contact was formed between each face, a large central void was present in all
cases, as is visible in Figure 3.7. The repeated appearance of this central gap, with a
circular interference pattern indicated curvature of the faces, blocking the bond from
forming a close enough contact anywhere but the edges. This was confirmed via inter-
ferometer inspection of the centre of the samples. Bonding faces were found to have
concave curvature. Attempts were made to encourage this central region to bond by
lowering one face onto the other such that the edges were placed into contact first, the
upper sample was then lain down across the lower to create a contact wave across the
surface from one side to the other and stop air/liquid from being trapped in the centre.
Unfortunately these efforts were to no avail. When annealed, the bond detached in each

case.

Figure 3.7: Contacted 50x50 mm BK7 blanks. A central void is visible displaying
a circular interference pattern
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As the edges proved a contact was possible, an alternate approach was tested. One
50x50 mm piece was then diced into 16x50 mm sized pieces, and the two edge slabs
were bonded to the face of one of the 50x50 mm squares. Bonding faces were inspected
following dicing to ensure no damage was caused. The dicing process caused damage
only to the lower edge during cutting, and so it was ensured that the bonding face was
protected by facing it upwards. While the edges were not given a new chamfer, no raised

lip was visible on the bonding face edges which were diced.

Bonding was successful in this case, with the resulting sample shown in Figure 3.8.
Some voids are still present at the interface, but the bond showed no central void and
survived annealing. From this trial it is clear that ensuring long range flatness of sam-
ples is paramount to success in direct bonding large samples, though unfortunately the
capabilities for this were not available on-site during this project. Should larger surface
areas be required for bonding, flatness specifications must be stressed in sample orders,
ensuring they are strictly adhered to. A peak to valley flatness of < % @633 nm was listed
on all purchases. One method to compensate for large area bonds would be to reduce
the thickness of the samples. Given a material with enough plasticity, thin samples can
offer a degree of flexibility which will compensate for a difference in flatness, bending
slightly to accommodate curvature. However, this would run the risk of fracture for

brittle materials.

Figure 3.8: A diced, 50x16 mm sample, prepared for bonding, and two such
pieces bonded to a 50x50 mm window. Voids in the interface have been high-
lighted for clarity
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3.3.6 BKT7 bond dicing

To test the durability of the bonds, a @36 mm BK7 bonded sample from the third trial,
shown in Figure 3.6, was diced using a 150 mm diameter, 1 mm thick glass saw. The
bonded samples were clamped and manually translated into the saw blade. Despite the
aggressive procedure, the bond held securely, and was diced centrally into two pieces.
The dicing process induced notable damage to the bottom face as the cut was completed,
resulting in a large chip at one corner. This occurred through no fault of the bond,
instead fracturing the bulk BK7 due to the high stress in a small area as the blade
completed the cut.

In addition, one bond from the second trial was also diced, with the intention of cutting
directly through a large void. Unfortunately, the loss of material during dicing (owing
to the thickness of the blade) made it difficult to judge the previous position of the void.

Again, no break in the material was visible.

Figure 3.9: A) A top down view of a diced BK7 bond, large chip damage is
visible along the bottom face, and B) A BK7 bond diced across a void

As shown in Figure 3.9, the diced samples reveal a homogeneous facet, with no clear
line of the bond interface visible to the naked eye on the grey, cut surface. The point
at which the faces were joined is visible through offsets at either edge, but following

annealing, the two samples have effectively become one.

Figure 3.9A shows the damage caused to the bottom face during dicing, with a large
chunk torn from the exit-edge. The damage caused during the dicing process was found
to largely depend on the speed at which the sample was diced. By slowing the rate down,
the damage induced was significantly reduced for the second dice shown in Figure 3.9B.
The survival of bonds through invasive dicing procedures is testament to the strength
of the bond produced.
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3.3.7 Analysis

Through iterative trials, a hydrophilic bonding process had been established for borosil-
icate glass, achieving a strong, resilient bond with an interface clear to over 95% by
eye inspection. The improvements in each stage are apparent through the reduction of
contaminated regions and voids within the bond interface. With an initial basis formed

for bonding, trials for crystalline and dissimilar materials could begin.

3.4 Dissimilar materials bonding

To develop the bonding technique to incorporate dissimilar materials, YAG and sapphire
were chosen as materials for the initial trials, before testing bonding using diamond and
ZnSe at a later stage. Bonding was first conducted between @12.8 mm x 4 mm thick
Nd:YAG and a segment of a 660 pm-thick sapphire wafer. The Nd:YAG was recorded
to have an RMS roughness of <1 nm, while the sapphire was <0.5 nm.

3.4.1 Hydrofluoric acid activation

Initially, the intention behind the dissimilar materials bonding process was to develop a
transient, vdW-held bond, where each surface is able to slide over the other, as detailed
in Chapter 2.2.2. The initial approach was based on HF-activated, hydrophobic bonding
of silicon and quartz wafers [38, 68], whereby a low concentration of HF is used to etch
the surface layer of the material, leaving dangling hydrogen and fluorine bonds on the
surface. When brought into close contact, the bond would then be primarily held by
van der Waals forces. Early trials were conducted between Nd:YAG and sapphire. The
full development of the YAG-sapphire bond is detailed in Chapter 5.3. This section will

focus on changes to the activation stage and the mechanics behind each improvement.

During this stage of the project, a plasma asher was made available, and was subse-
quently added to all processes as an additional cleaning stage. While plasma can act
as a final bonding activation stage in its own right, its purpose within these alternate
techniques was to provide additional removal of organics. Following a full solvent clean,
Nd:YAG and sapphire samples were first cleaned in Os plasma for 1 minute, before being
transferred to a 1% HF bath for ten minutes. HF can aggressively etch many materials,
causing damage to the surface it contacts. In this case, the aim was only to only clean
and etch the very top layer of the material, leaving dangling bonds, so treatment time
was kept short. surfaces of both materials were inspected following HF treatment and

found to show no deterioration in RMS roughness.

Several YAG-sapphire bonds were completed using HF activation, as shown in Figure

3.10. The interfaces were clear over roughly 90% of the interface, but had several voids
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present. These first stage samples were then ramped to 350°C at 3°C/min and annealed
for 8 hours before ramping to room temperature (RT) at the same rate. However, when
tested for resistance to liquid submersion and ultrasonic treatment, the bonds separated,

indicating further development of the process was needed.

Figure 3.10: Bonded Nd:YAG and sapphire using HF as the final activation
stage

To better understand the hydrophobic effects of the HF-treatment, contact angle mea-
surements were performed on YAG and sapphire following submersion in the HF bath.
However, no change in contact angle was noted, countering the hydrophobic basis of the
bonding. Following expert advice on the topic, it is now understood that HF does not
form stable bonds with the YAG or sapphire surfaces, instead simply etching the top
layer to leave an active surface state, able to develop the dangling OH bonds required
for the hydrophilic process. Furthermore, since samples bonded in this way proved to
have insufficient resistance to liquid submersion without subsequent annealing, it was
deemed that the transient, purely vdW-held bond could not be produced with a sufficient
durability for use in mechanical processing and subsequent bonding stages. Instead, a

high-strength bond suitable for use in active devices should be developed.

To increase bond strength, improvements were made to both the cleaning and annealing
stages. Based on literature [61, 62], the plasma ashing stage was adjusted to a two stage
oxygen and nitrogen plasma, for 30 seconds and 1 minute, respectively (further details
on plasma cleaning an activation are covered in Section 3.4.3). The post bond annealing
was lengthened to 50 hours, and the temperature raised to 800°C. While water was
capable of diffusing through the amorphous (and more hygroscopic) borosilicate, the
rigid crystalline structure of YAG and sapphire heavily inhibits this process, requiring
the majority of water and hydrogen compounds to transfer outwards from the bond

edge.

To encourage this process, a higher temperature is required for a longer duration to

match the process seen with BK7. Above 300°C, hydrogen and hydrides increasingly
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desorb from the surface as temperature is increased [64], as covered in Chapter 2.2.3.
This helps to convert the bond to the desired rigid, covalent bonds between surfaces, but
increases the risk of further voids forming. Many high-temperature annealing techniques
result in the formation of additional voids at the bond interface. It therefore is essential
to thoroughly clean the bonding faces to leave surfaces as free of other hydrogen com-
pounds as possible. Using the improved cleaning and annealing stages, higher strength
bonds, resistant to liquid submersion, ultrasonic treatment and mechanical processing
were completed. However, contamination issues from handling problems (bonding faces
accidentally touched) persisted, resulting in voids present at the interface or forming

during annealing.

Figure 3.11: Two bonded Nd:YAG and sapphire composites, and a backlit image
of the fractured Nd:YAG piece. The bond remains clear despite the damage

Demonstration of the bonding strength achieved through this method was made ap-
parent through survival of invasive mechanical processing (dicing and polishing) of the
bond. In addition, some thick YAG pieces were seen to fracture in the bulk due to ther-
mal expansion mismatch, as shown in Figure 3.11. That the sample was seen to fracture
in the bulk instead of breaking the bond suggests a strength above that of bulk YAG
or, more likely, a flaw in the bond. Little information was available on the YAG used
during this project which was purchased for the sole purpose of bonding trials. Higher

quality, well characterised material should be used in end devices.

3.4.2 Piranha etch

Following the realisation that the HF-activation realised a similar bonding process to the
hydrophilic routes, a Piranha etch stage was trialled for activation of dissimilar materials.
By replicating the procedure for BK7, sapphire to sapphire bonding was achieved, with
a contact wave rapidly spreading across the interface. As shown in Figure 3.12A, a large
void is present at the centre of the two pieces, as well as several other voids arising from
contaminants. The quality of the contact was deemed unsuitable for testing the bond
process. Activation was repeated on separate samples, taking extra care to avoid any
source of contamination, producing the clearer interface shown in Figure 3.12B. YAG to

sapphire bonds were also achieved using the same process.
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A B

Figure 3.12: Contact between two sapphire pieces following piranha activation

Bonded samples were annealed at 800°C. Inspection following removal from the tube
furnace revealed that some bonds had separated. The produced results proved highly
unreliable, where samples bonded following a final-stage Piranha treatment would con-
tact extremely well but separate during annealing. It is believed that the piranha results
in an increase level of water held at the interface, even when dried with a nitrogen line.
In some cases, rings of what at first appeared to be either burn marks or residue were
visible in bubble shapes across the surface. To investigate the cause of this, a piranha-
bonded sapphire-sapphire bond was monitored while heating on a hot plate, measuring

temperature with a thermocouple placed on the top surface.

Room Temperature 200°C

Figure 3.13: Piranha-activated sapphire-sapphire contact at room temperature
and 200°C. Many voids are seen to form during heating

The comparison in Figure 3.13 shows the formation of voids during heating. Above a
temperature of 190°C, voids began to appear across the central region, with the two
surfaces eventually separating at 250°C. This aligns roughly with the data reported by
Tong and Gosele in Figure 2.8 [47], in which heated silicon wafer bonds transferred from

hydrogen to covalent bonds in this temperature range, with water produced as a result.

The piranha process induces a highly hydrophilic surface state which results in a mono-
layer of water absorbed to the surface that drying with a nitrogen line cannot remove.
Due to the crystalline, non-hygroscopic nature of YAG and sapphire, the water is then
trapped during the annealing process, unable to escape from the centre of the bond as

it could with the porous BKT7 glass.
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Based on the observed behaviour, it is believed that the marks previously thought to be
residue or burnt areas were in fact locations where the bond had begun to convert to a
covalent hold during annealing. As the trapped water was heated, it was surrounded by
bonded areas, expanding until the pressure was great enough to tear the two surfaces
apart, damaging the faces in the process. Bonding must be completed as quickly as
possible after the final stage of activation. As such, lengthy bake-out stages cannot
be added to remove this layer prior to contact, making the Piranha etch activation

unsuitable for these materials.

3.4.3 Plasma activation

Piranha etch and HF have proven suitable final-stages for certain activation paths, but
many materials are unsuitable for submersion in strongly acidic environments. In ad-
dition, processing without the requirement for dangerous acids is an appealing target
in manufacturing for both safety reasons and easier handling of samples without PPE.
Plasma treatment has previously been tested as an activation process for direct bonding
of crystalline Garnets [34], and was already incorporated into the cleaning stages in both
routes during this project. Trials were therefore conducted using plasma ashing as a final
activation stage, avoiding the necessity for an aggressive chemical activation. A Tepla
plasma asher was used during plasma cleaning and activation, producing a low-pressure,
microwave plasma with pure Og or No. Figure 3.14 shows both a ZnSe and a diamond

sample undergoing O9 plasma activation/cleaning.

Figure 3.14: ZnSe and diamond in the plasma chamber during O plasma acti-
vation

Trials were also conducted using sapphire to sapphire, and Nd:YAG to sapphire bonds.
Samples were subjected to a full solvent clean before plasma activation. The plasma
consisted of a two-stage oxygen then nitrogen plasma. Samples to be cleaned are placed
in the activation chamber which is sealed and pumped down to vacuum before flooding
with a desired gas to a low pressure. A high frequency alternating current then ionises
the gas within creating particles of high energy which isotropically bombard the surfaces.
The oxygen plasma removes organic molecules, while the nitrogen bombards the surface,

mildly etching and freeing up highly active, dangling bonds. It was hoped that the
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plasma could act as a weaker hydrophilic activation, preparing the surface for a strong

bond but without trapping the same level of water on the surface as Piranha activation.

When treating silicon, extended treatment with plasma can result in roughening of the
surface, reducing the bond energy. To ensure no damage was caused, sapphire and
YAG surfaces were inspected using a white light interferometer prior and post short
plasma-treatment. No signs of roughening were noted. The length of plasma activation
can be tailored to each material based on contact angle measurements and concerns of
induced surface damage. For this project, a “short” and “long” plasma treatment were
established.

The short plasma treatment consisted of 30s Oy plasma followed by 1 minute N9 plasma
with an applied power of 1000W, based on literature [34, 30] and the reduction of
contact angles to <5°. The long plasma treatment extended each stage to 1 minute of
O plasma followed by 1 minute 30s Ny plasma with an applied power of 1000W. This
longer stage was established as the cleaning time required to reduce diamond surface
contact angles to <5°. Due to the increase in temperature to near 100°C, a cooling
stage of 2 minutes (maintained in the low-pressure, nitrogen atmosphere) was included
in the long plasma stage. Measured using Drop Shape Analysis (DSA) [69] using DI
water of resistivity 18.2 M), YAG and sapphire exhibited average contact angles of
70.1° and 48°, respectively. Following plasma activation, these angles dropped to <5°.
Figure 3.15 shows a water droplet on the untreated YAG surface, captured during DSA

measurements.

Figure 3.15: Drop Shape Analysis image of water on the YAG surface. A drop
of around 12 pl is deposited on the surface and contact angles recorded

YAG and sapphire were activated using the short plasma treatment. Shortly after,
samples were given a brief, 5 minute dip in DI water to saturate the open bonds with
dangling hydroxyl groups. Faces were then brought into contact. No contact was formed
upon immediate contact, but when the surfaces were shifted and pressure applied, the

bond wave could be induced across the interface if the right location was found.

During this investigation, it was found that contact could be formed more easily by in-

serting a small quantity of water (~50pl) to the interface between samples. As the water
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evaporated, capillary forces would pull the two faces together, forming a rigid contact.
Figure 3.16A shows a plasma-bonded Nd:YAG-sapphire composite. YAG and sapphire
bonded after plasma activation were then annealed at 800°C, ramping at 1°C/min up
and down, as conducted during the HF activation route. However, the plasma bonds
separated during a subsequent dicing process, indicating the resilience was lower than
those activated via HF. Increasing the annealing stage to include a second 50 hour an-
neal improved the strength enough to allow mechanical dicing and polishing - rivalling

the HF-activated approach.

A SR

Figure 3.16: Plasma-activated direct bonding of A - Nd:YAG to sapphire and
B - ZnSe to diamond

With an effective method for achieving contact, plasma activation was tested on different
materials, including ZnSe and diamond. ZnSe is a soft material, and not resistant to
aggressive acids like Piranha etch. As such, plasma activation is the most appropriate
method. To compensate for ZnSe’s low toughness compared to diamond, the ZnSe
and diamond were both given the “short” plasma treatment, before removing the ZnSe
and giving the diamond a further “long” treatment. Contact was successfully made by
applying water as conducted in the YAG-sapphire bond. Figure 3.16B shows a ZnSe-
diamond bond with a clear interface. The full development of the ZnSe-diamond bond
is detailed in Chapter 6.

3.5 Hydrophobic trial

In an effort to produce the solely vdW-held bond originally sought for using HF-
activation, alternative chemicals were tested for bonding capabilities. Previous work
with propionic and thioglycolic acid has demonstrated an increase in contact angle for
sapphire wafers after submersion [70, 71]. Carboxylic acids contain long chains of hydro-
carbon, and form esters with hydroxyl groups on the surface. The interaction between
acid and surface hydroxyl groups is shown in Figure 3.17. The aim of this trial was

to establish if a hydrophobic surface could be generated on polished sapphire wafers,
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and whether the hydrocarbon chains extending from the surface could increase the rel-
ative range of vdW forces, forming a close contact with and attracting chains from the

opposing surface to form a strong vdW bond.
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Figure 3.17: Schematic showing the development of carboxylic chains on an
alumina surface, where R indicates the remainder of an extensive molecule

3.5.1 Propionic acid trial

Four pieces of sapphire wafer were cleaned using plasma ashing to reduce contact angles
to <5°C. Two pieces were submerged in 10~' M propionic acid for 2 hours at 50°C,
and two in 1M thioglycolic acid for the same temperature and time period. A small
increase was noted in the propionic contact angle, while no change was recorded with
thioglycolic acid. A further experiment was then run using propionic acid of different

molar concentrations to determine the best procedure for increasing contact angle.

Concentrations of 1071 M, 0.5 M and 1 M were tested. Temperatures of roughly 23°C(room
temperature, RT), 50°C and 75°C were also tested. Samples were submerged in propi-
onic acid for 30, 60, 90 and 120 minutes before recording contact angles. Before acid
exposure, samples were cleaned using the full solvent and plasma cleaning process de-
scribed in Section 3.7. 10~ M and 1M solutions were tested at all temperatures, while
0.5 M was tested only at 50°C.

3.5.2 Contact angles

The wafers submerged in 10~! M solution saw a general increase in contact angle with
time of exposure, peaking at 34°for 120 minutes at 50°C. A large dip is seen in the results
at 90 minutes exposure. This may well be due to the surface of the sample not receiving
proper exposure during treatment, rather than the specific time causing a drop in angle.
Both RT and 75°C treatments exhibited much lower contact angles. Temperature is
believed to increase the effectiveness of the surface interaction by exciting the carboxylic
chains within the acid, increasing the rate of interaction with the surface. However,

at 75°C significant condensation and evaporation was noted for the acid, producing a
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strong odour which may have indicated the acid was boiling off, reducing its effect on
the contact angle. Figure 3.18A shows a contour plot for angles following the 10~ M
solution, while B is for the 1 M solution. It is possible that the contact angle could be
increased further for the 107! M by extending the treatment time, however at two hours
of exposure while monitoring and maintaining the temperature, the process had become
impractically long when compared to alternate bonding activations, and raised concerns

of contamination entering the bath during this long timeframe.

Sapphire contact angle - 10"M Propionic Acid Treatment Sapphire contact angle - 1M Propionic Acid Treatment
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Figure 3.18: Contact angles for sapphire wafers submerged in different molar
concentrations of propionic acid

The 0.5M and 1M solutions behaved far less reliably, with erratic measurements recorded
across times and temperatures. The 0.5M angles recorded for 50°C were a degree lower
than other concentrations so further temperatures were not tested for it. With 1M,
the greatest angle of 25° was achieved for 90 minutes at RT, closely followed by 23°
for 60 minutes at 50°C. Due to the general inconsistency and lower angles of the 1 M
solution, it was determined that the 10! M, 50°C, 120 minute treatment would be tested
for bonding. Subjecting the treated samples to a short plasma treatment reduced the

contact angles to <5° once more.

3.5.3 Propionic bonds

Bonding of sapphire to sapphire and YAG was attempted using propionic acid as the final
activation stage. Sapphire to sapphire contact was successfully achieved, but resulted in
numerous voids at the interface. Annealing of a propionically bonded sapphire-sapphire
sample was tested at 800°C. The high temperature annealing process was successful,
strengthening the bond to the point where dicing did not separate the two pieces. How-
ever, the temperatures involved would burn off any hydrocarbons present on the surface,

removing the desired non-rigid bond.

Attempts to join YAG to sapphire achieved only marginal success. A bond front would

only form over a partial region of the interface, as shown in Figure 3.19. Multiple
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bond attempts using this approach produced similar results, and as such this route for
activation was not advanced further. With difficulty identifying and clear optimal con-
centration/temperature/time balance and only partial success seen in tests, it became
clear extensive testing would be required to see if this method bore fruit as a bonding
technique. At this stage in the project, success was being seen in alternate activation
routes such as the plasma activation and as such, development of the hydrophobic tech-

nique was halted.

Figure 3.19: A YAG-sapphire bond conducted with propionic acid. Only the
top portion of the interface appears clear

3.5.4 Heated sulphuric acid

When selecting an activation process for diamond, alternative routes besides plasma
bonding were considered to produce an active surface. High-temperature sulphuric acid
is commonly used as a cleaning agent for diamond, and as such was considered for use
as an activation stage. It was hoped that submerging the diamond in an acid bath for
an extended duration could develop a hydrophilic surface state. Diamond samples were
subjected to a sulphuric acid bath within the temperature range 160-180°C for one hour.
Contact angles following exposure were reduced significantly, with water wetting to the

surface.

However, when the entire process was repeated on new samples, only a small reduction
in angle was recorded. Repeated trials of the sulphuric acid process produced little-to-no
effect. A stable temperature was difficult to maintain when raised to this degree using a
hot plate, and evaporation of the sulphuric acid became prominent in this temperature
range, which may have affected the concentration and ability of the acid to activate the
diamond’s surface. Due to the length of time required for the procedure, and success
seen with the shorter plasma activation, this route was not progressed further as an

activation method.
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3.5.5 Analysis

Attempts to produce a hydrophobic bonding route for dissimilar materials identified
a potential chemical activation method. However, when tested, increases in contact
angles were small, with a maximum recorded angle of 33°, far below the 90° required for
hydrophobicity. The recorded contact angles were also inconsistent, requiring further
study to establish clearly ideal parameters. Contact was successfully achieved between
two sapphire wafers, but the process was deemed unsuitable for dissimilar materials

bonding without significant further investigation.

3.6 Conclusion

The versatility of direct bonding has allowed activation methods to be tailored to specific
materials. By testing a selection of routes for feasibility, succcessful and repeatable
bonding procedures have been established for bonding of borosilicate glass, sapphire,
YAG, ZnSe and diamond. In each case, the bonding procedure has been improved to
develop clearer and stronger bonds. BK?7 was used as a trial bonding material and
demonstrated the ability to direct bond on site, allowing for equipment and handling

issues to be improved before work on dissimilar materials began.

Bonding of YAG and sapphire has been achieved using two routes; the HF-activation has
developed a strong bond through a refined annealing process, capable of withstanding
mechanical processing; the plasma-activated route removes the need for aggressive acids,
producing a clearer interface at the cost of a longer annealing process to achieve similar

strengths.

Plasma bonding also opens up the possibility of bonding a wider range of materials,
and has been demonstrated joining zinc selenide to diamond. An attempt was made
to develop a chemically-activated, hydrophobic bonding route through use of propionic
acid, but proved unsuccessful. Bonding was achieved only between two sapphire faces,
with many voids present. Only a small degree of contact was created between YAG and
sapphire. To develop this route further, a more rigorous investigation into inducing a

hydrophobic surface state is required.

3.7 Finalised bonding procedures

The final state of each developed bonding route is covered in this section. First, in-
dividual stages are detailed, before collating these into the overall bonding procedures

described. Some key points regarding each stage of the process are listed below.
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3.7.1 Key points on bonding

e Before cleaning of samples, all equipment to be used during the bonding procedure
(tweezers, flasks etc.) should be cleaned using the same solvent cleaning stages as

the samples will receive. A 5 minute ultrasonic bath at each stage is recommended.

e During solvent and acid cleaning stages, liquid-to-liquid transfer should be con-
ducted. Samples should not be dried between stages to avoid any contaminant on

the liquid surface from fixing itself to the bonding face.

e Visual inspection under white light should be conducted by eye on samples follow-

ing solvent cleaning to ensure surfaces have no large contaminants.

¢ Bonding should be conducted in as short a time as possible following the final
activation stage. The more time between activation and bond, the more likely it

is that contaminants will attach to the highly active surfaces.

e Direct handling of bonding sample should be avoided at all cost and all handling

minimised. If possible, use cleaned tweezers or vacuum chucks to hold samples.

e To produce piranha etch, add hydrogen peroxide to sulphuric acid, and never vice

versa. Do not enclose the liquid.

e Piranha Etch rapidly rises to a temperature of around 80°C when concocted. Ide-
ally heat upon a hotplate to maintain a temperature above 30°C for the full clean-

ing process.

e [f pressure is to be applied to bonded samples, ensure a precision flat surface is used
as a base or flexible samples will warp away from the bond rather than increasing

contact.
e If possible, annealing should be conducted in a pure, clean environment.
e For materials of different CTE, low ramp rates (1°C/min or lower are encouraged).
e DI water used during processes listed here was of resistivity 18.2 M().

3.7.2 Bonding procedures

Detailed below are the different cleaning stages used during bonding in this project.

3.7.2.1 Individual stages

Solvent clean

Nature: Hydrophilic
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1. 5 minute ultrasonic DI water bath

2. 10 minute ultrasonic acetone bath

3. 10 minute ultrasonic isopropanol bath
4. 10 minute ultrasonic DI water bath

5. Dry with pure nitrogen

Short plasma treatment

Nature: Hydrophilic

1. Chamber pumped down to <0.2 mbar

2. Oxygen plasma activation at 1000W for 30 seconds with pressure between 0.2 and

2mbar

3. Nitrogen plasma activation at 1000W for 1 minute with pressure between 0.2 and

2mbar

Long plasma treatment

Nature: Hydrophilic

1. Chamber pumped down to <0.2 mbar

2. Oxygen plasma activation at 1000W for 1 minute 30 seconds with pressure between
0.2 and 2mbar

3. Nitrogen plasma activation at 1000W for 2 minutes with pressure between 0.2 and

2mbar

4. Cooling for 2 minutes

Piranha etch
Nature: Hydrophilic

1. Piranha etch (H2SO4:H202, 3:1) bath for 20 minutes
2. DI water rinse (<5 minutes)

3. Dry with pure nitrogen

Hydrofluoric acid

Nature: Hydrophobic
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1. 1% Hydrofluoric acid bath for 10 minutes
2. Thorough DI water rinse (5 minutes)

3. Nitrogen plasma activation at 1000W for 2 minutes with pressure between 0.2 and

2mbar

4. Cooling for 2 minutes

Propionic acid

Nature: Hydrophobic

1. 10~'M Propionic acid bath for 10 minutes @50°C

2. DI water rinse (<5 minutes)

Heated sulphuric acid

Nature: Hydrophilic

1. Sulphuric acid at 180°C for 1 hour
2. Cooling for 10-20 minutes in acid

3. DI water rinse (<5 minutes)

Dry bond
Bonding surfaces placed in contact edge-first and adjusted until spontaneous bonding

occurs. Pressure is applied to assist spread of contact wave if necessary.

Wet bond
Bonding surfaces are placed in contact with a small quantity of DI water (~50nl) at the

interface. Top sample is adjusted until the majority of water is evaporated and faces

grip.

3.7.2.2 Full processes

Piranha etch bonding
Materials Bonded: BK7-BK7

1. Solvent Clean

2. Short Plasma Treatment

3. Piranha Etch
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4. Dry Bond

5. Anneal at 350°C for 8 hours

Hydrofluoric acid bonding
Materials Bonded: YAG-sapphire, Nd:YAG-sapphire, sapphire-sapphire

1. Solvent Clean

2. Short Plasma Treatment

3. Hydrofluoric Acid

4. Dry Bond

5. Anneal at 800°C for 50 hours
Plasma bonding

Materials Bonded: YAG-sapphire, Nd:YAG-sapphire, sapphire-sapphire, ZnSe-

diamond, ZnSe-sapphire, diamond-sapphire

1. Solvent Clean

2. Short Plasma Treatment

3. Optional Long Plasma Treatment for tougher materials (e.g. diamond)
4. Wet Bond

5. For YAG, Nd:YAG and sapphire-sapphie, anneal at 800°C for over 100 hours



Chapter 4

Direct bonding for planar fibre

preforms

4.1 Introduction

Direct bonding is established as universal technique, widely applicable with regards
to materials. However, much of its use has been relegated to silicon and silica wafer
bonding, with a focus in modern research on joining bulk dissimilar materials (usually
crystalline) for heatspreading properties. However, direct bonding also holds potential

as a unique manufacturing path in alternate areas.

Planar fibres represent an opportunity to combine the benefits of compact optical fibres
with the large mode area of a planar waveguide, a structure suited to diode laser pumps.
Additionally, a planar design allows for, depending on the dopant, the potential to easily
write optical functionality directly into the fibre structure, e.g. gratings or channel
waveguides. This project investigated a new approach to the fabrication of such a
planar fibre, stemming from the manufacture of planar preforms, with the intent to

develop small-scale, active devices as amplifiers pumped by diode bars.

BK7 is a “soft” borosilicate crown glass with common use in optical devices, and was
chosen as the primary material for this project. A silicate glass was initially chosen
over phosphate due to silica-based glass showing wide success in optical fibres, and to
avoid complications posed by the negative refractive index coefficient and its dependence
on temperature, typical of the latter [72]. BK7 was chosen due to a combination of
desired traits, low-cost and availability. Earlier bonding trials discussed in Section 3.3
established a repeatable bonding process for the material. As a soft-glass, BK7 can be
polished to the high standards required for direct bonding. Additionally, it provides a
generous range between transitions, softens at a low temperature and is extremely hard

to crystallise. As a widely used glass, the characteristics are detailed well by the supplier

53
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(Schott AG) and readily available online. In addition, a number of neodymium-doped
BKY7 slides were previously produced in-house at the University of Southampton, and
were available for use immediately. Combining doped and undoped variants of the same
glass was intended to alleviate thermal expansion coefficient mismatch between the core

and cladding during high temperature treatments.

This chapter investigates the production of a planar fibre preform, focusing initially on
the full process development, from material sourcing to developing the preform produc-
tion and fibre caning process. Before integrating bonding to the procedure, fused pre-
forms were used to trial the caning procedure. As the ideal preform preparation method
had not been identified, initial caning trials were limited to two-layer fused pieces with-
out a doped core. This decision was made to allow testing of the draw process without
use of the limited doped samples. Fusing of both rough and polished surfaces was com-
pared to judge which method provided the cleanest interface. Canes were conducted
using the equipment as detailed in Chapter 2.1. Once an optimal preparation method
was identified, fusing of a preform including a Nd:BK7 core was investigated, along with
direct bonding of the preform. Finally, a custom glass melt is sourced in order to test

fibre caning of a three-layer planar preform as a proof-of-concept trial.

4.2 Planar waveguide fibre research history

Planar fibres, sometimes referred to as ‘flat’ fibres have only recently received attention.
In 2014, Kalli et al. investigated the production of laser-inscribed flat fibres for the
use of biosensing [73]. Combining fibre advantages such as immunity to electromagnetic
interference and high temperature environments with the use of a planar chip to over-
come the issues usually found coupling standard fibres to planar devices. The preforms
were manufactured using a standard modified chemical vapour deposition (MCVD) be-
fore preform collapsing. This approach is used widely throughout conventional fibre
development [74, 75, 76]. The MVCD production method depends on a large array of
specialised equipment, requiring a significant time and cost investment when compared

to the fusing method detailed in this project.

Figure 4.1a shows a cross section of the fibre. The layers represent each deposition
stage. The planar structure is generally held, though both the cladding and core display a
dumbbell profile, enlarging at either end. The aspect ratio of the core is kept impressively
high with a a thickness of just 7.5 pm and length of 947 pm pictured. One downside of
the MCVD process appears to be a residual air gap between the layers shown in Figure
4.1b. The interface appears to be visible across the core though it is not clear if this
continues or affects losses (recorded as 0.12dB/cm). A primary advantage to the flat
fibre development appears to be its horizontal width, allowing the deposition and writing

of intricate systems to the fibre surface.
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Figure 4.1: ‘Flat fibre’ developed at the University of Southampton by Kalli et
al. [73]

An alternate planar fibre design has been considered by Marciante, et al. [77]. A planar
fibre designed with large mode area in mind. The semi-guiding high-aspect-ratio core
(SHARC) is detailed schematically, as shown in Figure 4.2. The outer cladding refractive
index, ngy, is kept at a small increment above the core, n.,, meaning that guiding is
inhibited in this axis. Higher order modes which would impinge on theses edges are

therefore impeded, favouring the fundamental mode.

__— Slow-axis claddings
/ w \
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a

Fast-axis claddings

Fastaxis
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Figure 4.2: SHARC fibre cross section schematic designed to guide light only in
one, fast dimension by Marciante et al. [77]

The principles of the fibre described by Maricante et al. follows a similar path to that
covered in this thesis, offering an additional method to minimise higher order modes
from guiding in the slow axis through inclusion of the close-index outer cladding. The
fast axis cladding is kept thin to maximise flexibility of the fibre, a technique which could
be applied during this project, though the aim to develop a cladding-pumped active core
may restrict this. The primary benefits of the SHARC design focus on the combination
of a large mode area (LMA) geometry and the flexibility to allow for compact coiling
and packaging. Because the paper focuses on the theoretical modelling of such a fibre,
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little attention is given to a practical manufacture process. Developing a fibre structure
such that the ends of slow-axis core are open to a separate cladding index would, if
possible, require modification of the standard fibre production techniques. The planar
preform fusion method detailed in this report could provide a simple, suitable method
to achieve this either by the inclusion of further fusing stages of the slow axis cladding

or choice of an appropriate polymer cladding.

4.3 Material analysis

Initial trials were conducted with fused preforms due to the simpler and shorter means of
production. Before fusing glass could be conducted, the glass transitions for BK7 needed
to be well understood in order to avoid crystallisation. A DTA run was attempted on
a sample of BK7 Glass. The result, shown in Figure 4.3, proved inconclusive. BK7’s
transitions are extremely subtle, and the glass is hard to crystallise. As such, the Tg and
Tx transitions aren’t visible. The lack of a crystallisation peak can be attributed to the
slow nucleation rate within borosilicates. The glass would have to be held at the point
of crystallisation for an extended period of time before any effect was noticed or, more
commonly, doped with an additional material [78, 79]. This reinforces the choice to use
BKY7 as a proof-of-concept glass, allowing the freedom to adjust parameters of each draw
without fear of damaging the glass. Supplier values for the transistion temperature Tg
(557°C), and softening temperature T7¢ (719°C) were used.
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Figure 4.3: DTA reading for BK7 glass
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4.4 Preform production

Preforms were formed either through fusing or direct bonding. The BKT7 pieces used
were polished to a local surface roughness of <0.5nm. Individual BK7 segments to
be fused were usually of dimensions 50x50x5 mm, while bonded samples were diced to
16x5x50 mm pieces prior to bonding. The specific dimensions and details of each draw
are detailed through the course of this chapter. Samples to be fused were given a full
solvent clean and rested upon one another before slowly raising both to the softening
temperature within an environmental tube furnace. Temperature was raised rapidly
until within 50°C of the target, at which point it was slowed to 1°C/min to avoid over-
shooting. An inert argon atmosphere was maintained during annealing. Once this
temperature was reached, the samples were cooled slowly (1°C/min) to room temper-
ature. In order to minimise deformation of the preform, no dwell time was included
at softening temperature. Bonding was conducted using the hydrophilic Piranha Etch
activation process detailed in Chapter 3.7. Fusing is a simple process with much less
stringent demands on surface quality of the glass involved. However, fusing of glasses
produces unreliable results at the interface, often resulting in large air-bubbles forming
between samples due to contaminants or trapped air. Direct bonding provides a far
more consistent result. While some voids are still present,they are few and far between,

providing far more suitable interface to be drawn down during the caning process.

4.5 Fibre caning trials

A series of fibre caning attempts were conducted to establish the procedure. The preform
preparation, caning procedure and subsequent inspection for each trial is detailed below.
Temperatures listed are that of the “set” temperature, recorded by a thermocouple
within the susceptor itself. A degree of offset is recorded between susceptor and the
sample position. For each coil and susceptor combination, this value is listed. The offset
was accounted for manually by raising the set temperature until the temperature at the
preform position was as desired Figure 4.4 shows the design for the fibre tower used to
cane glass during this project. The preform is secured and heated within the susceptor
coils of furnace. The cane puller is used to achieve the target dimension by drawing the

glass at a set rate by pressing it between two wheels which rotate at a desired speed.

4.5.1 First fused cane

The first fibre preform was produced by fusing two rough-surfaced (unpolished) BK7
slabs of approximate dimensions 56x8x4 mm (size varied between rough pieces and, at
this process testing phase, precise measurements were not taken. flatness and RMS

roughness of early test samples was also not recorded). The samples fused easily but
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Figure 4.4: Schematic for the fibre tower used to draw preforms down to fibre
dimensions

showed clear regions of trapped air. The rough surfaces provide a lower contact area,
resulting in a full seal not being formed across the interface. The visual quality of the

fuse appeared uniform along the sample.

4.5.1.1 Draw process

To encourage the preform to neck naturally, a mass was hung from the lower end of the
preform. The mass used depends on the speed at which the necking segment is desired to
draw down. For this project an 80g metal mass was found suitable for drawing the neck
down. During heating on the tower, the temperature was stepped up in low increments
when close to T7-6. The preform was tested by hand at each stage, gently pulling on the
hanging mass to test how loose the neck had become. The stages of the draw process

are detailed below.

e Set susceptor temperature raised rapidly to 650°C
e Set temperature was heated to 840°C before any give was felt in the preform
e Large offset noticed between susceptor and preform temperature of around 100°C

e Preform drawn down by hand at 860°C. Due to the effort required the temperature

was increased to 870°C and noted for further draws

e Material successfully drawn down to cane puller level but broken before loading

into it

e Repeated attempts to draw glass down resulted in segments broken off each time.

As such, the cane puller was not used in this draw
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4.5.1.2 Analysis & inspection

Viewed by eye, the rectangular cross section was still clearly visible on the caned seg-
ments, indicating the aspect ratio had been maintained well. Twisting of the cane was
visible from hand drawing; it was believed this would be fixed when successfully con-
nected to the cane puller. Failure to use the cane puller meant that dimensions were not
measured for the first pull. Retaining of the rectangular structure was considered ex-
tremely promising for this method of planar fibre production. Inspection by microscope
through the top surface showed extended air gaps along sections of the cane segments.
While no direct measurements or analysis were made, the draw provided a process test
for the caning method, highlighting key areas for improvements. When necking occurred,
the glass did not achieve a suitable viscosity to drawn down without manual assistance.

To combat this, the temperature of the susceptor was increased for the following trial.

4.5.2 Second fused cane

The second cane attempt was conducted much in the same manner as the first, with
suitable adjustments made to aid use of the cane puller. Another rough-to-rough preform
fuse was completed by the same routine as before, resulting in a preform of approximate

dimensions 70x8x4 mm. The stages of the drawing process are detailed below.

4.5.2.1 Draw process

The preform was weighted again by the 80g mass. Through volume conservation cal-
culations, the cane puller and preform rates were run at 40 mm/min and 0.1 mm/min,

respectively to produce a fibre of dimensions 0.2x0.4 mm.

Based on the previous cane pull the set temperature was raised rapidly to 800°C

Set temperature was ramped to 850°C and, subsequently, 870°C

Preform necked and dropped without assistance at 870°C

Fibre was drawn down easily to the cane puller

Several segments successfully caned through puller

4.5.2.2 Analysis & inspection

Five long, successfully caned segments were inspected after the draw. Twisting in the
preform was immediately noticeable once again. With no alignment in place, twisting

of the preform occurred before the cane puller. Fortunately, the drawn segments tended
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to have long regions without any twists, followed by a sudden rotation. The twisting
appeared to be localised to within a region of roughly 5cm. It was also noted that the
preform feed rate for the tower was unstable, which could have caused fluctuations in

the fibre dimensions.

~Furnace chamber
Preform-

-Alignment rod

~Cane puller

Figure 4.5: Schematic showing the alignment rod hanging from the base of the
preform, secured into the cane puller before the draw commences

To prevent the twisting, a guiding mechanism was proposed. By hanging a long, flat
rod of plastic or metal from the base of the preform, the wide axis of this could then be
aligned to that of the preform and pre-positioned in the cane puller before commencing
the draw, as shown in Figure 4.5. Because the cane puller wheels rotate at the speed
required to produce the target dimensions, the wheels could then be clamped onto the
flat guiding rod at the start of the necking phase, drawing the rod - and therefore the
fibre cane - at the desired speed and dimensions from the start. This measure would
also stop the cane from rotating freely as the neck lowered due to it being tied to the
guiding rod. The preform feeder was unable to maintain a steady rate at the slow speed
it was set to, so to solve this the rates of the preform feed and cane puller were adjusted,

reducing the cane puller speed to allow for a faster preform feed rate.

A B

Figure 4.6: A) A cleave showing air-holes at the side, and B) A cleave with
dimensions showing interface air holes. Air holes are marked by arrows

Microscope inspections of the cross-section were conducted at several places along the

canes, with cleaved fibre facets giving clean areas to examine. Despite the large air
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regions prior to drawing, the inspected canes had relatively few bubbles or small gaps
at the interface. Although when inspected along the length of the cane, most segments
displayed a collection of air holes along either edge, as seen in Figure 4.6A. While the
majority of the surface had drawn together for a complete seal, it was noted that in
sections such as that shown in Figure 4.6B, air holes/bubbles existed throughout the

central region (where light would be guided if a core had been included).

By comparing microscope images with a fibre of well-known dimensions it was possible
to estimate the horizontal and vertical dimensions of one segment at 536 pm x 297 pm,
respectively. This result gave an aspect ratio of 1.8x (horizontal to vertical) and a
reduction in cross section of approximately 15x. Also of note was the rounding seen at
both the corner and interface edges of the cane. The interface dip was likely caused by
a minor misalignment of the preform which induces rounding. An overhang or dip can
be seen in the side of the cross sections in Figure 4.6. Closer attention would be paid
on fusing alignment in future draws as this could affect the one dimensional guidance

desired for a planar waveguide.

Overall, the result showed great potential for the drawing process, indicating that a
planar structure could be held well when reduced by a significant factor. The dimensions
recorded did not perfectly match those calculated for the chosen preform and cane puller
rates. Due to the slow speed of cane pulling, the time required to achieve the desired
dimensions can be very slow, producing a large quantity of fibre at the wrong size. It is
believed that, given a longer drawing time, the desired dimensions would be met more

accurately.

The air bubbles clearly visible in the cane point to the need for improvements to the
interface quality. In an attempt to reduce the air bubbles seen, a draw was conducted

using a polished-polished fuse to compare quality post-caning.

4.5.3 Third fused cane

Following the second cane, two 50x50 mm by 5 mm thick, polished (<1nm RMS rough-
ness) BK7 squares were fused in a 1200°C tube furnace at 720°C. As before, the samples
were raised just up to the softening temperature before decreasing slowly. Prior to fus-
ing, the samples were given a brief acetone and IPA clean and gently contacted. Care
was taken to align the squares as best as possible when entering to the oven. A lack
of support during the initial fuse lead to the structure bowing slightly under its own
weight. To correct this, the two-layer fuse was heated up to softening temperature once
more on a flat surface. This corrected a great deal of the deformation, though minor

curvature was still visible.

After fusing three large air bubbles were visible in the interface. Fortunately, a bubble-

free region of suitable preform size remained. The fused BK7 was diced into three
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Figure 4.7: Diced BK7 preforms showing air bubbles at sites A, B and C. Bubble
A is split across the cut

16 mm wide preform segments, two of which are shown in Figure 4.7. The first segment,
completely free of bubbles, was chosen for the fibre draw. The remaining two piece were
planned to be drawn at a later date. The position of the bubbles towards the ends of
each preform, as visible in the points of interest A, B & C, meant that it was likely
they would be lost during the necking or end segments, leaving a clear caning region in
the centre. Extra interest was paid to whether the separated region would pull together

during the drawing process.

4.5.3.1 Draw process

The resulting preform had dimensions of 16x10x50 mm. Due to the larger size of preform,
a larger susceptor and coil were installed into the fibre tower to accommodate the 16 mm
dimension. It was expected, that with a larger susceptor, a larger temperature disparity
would be noted between the preform and recorded susceptor temperatures, requiring a
higher set temperature before necking occurred. The preform was weighted again by
the 80g mass to encourage necking. As before, a reduction of 20x was attempted, to see
how well the draw process matched the target dimensions Notches were diced into the
corners at either end of the preform to allow easier holding of the preform and tying of

the mass below. The stages of the draw process are detailed below.

e The set temperature was raised rapidly to 720°C
e 20°C increments were made until necking was observed

e At 870°C minor necking was observed at a much higher point in the preform than

expected
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e In order to maximise use of the remaining preform material (approximately 50%
lay below the neck point), the temperature was raised to 890°C and then 925°C to

ensure the sample neck would lower quickly

e The cane puller was ruled out in this instance due to the lack of available material
to pull; instead, as the mass lowered, segments were drawn loosely by hand and

cut off at an appropriate length

4.5.3.2 Analysis & inspection

The draw process identified key factors to be reconciled in further pulls. The bigger
preform housing lead to a change in the temperature focus point (and so, the necking
position). Additionally, a new disparity between susceptor and preform temperature

was identified to be around 200°C. These were easily corrected in future draws.

Cleaving and inspection were carried out as before, with photographs captured with a
40x objective lens. As can be seen in Figure 4.8, the rectangular shape of the preform
was preserved better than the previous attempt, showing only minor curvature at the
edges. The right edge, as viewed in the Figures, is seen to hold a smooth, flat shape,
while the other displays a curved notch in the side. This difference is attributed to
the dicing of the 50 mm BKT7 squares into preforms. Diced faces create a flat, uniform
surface, correcting any misalignment during bonding or fusing. These flat faces then
draw down with a smooth edge, where faces with any separation in alignment (or a
chamfer) maintains this feature when drawn down. If desired, the cane could be made
uniform by running the dicing blade along the remaining edge to produce a similar,

smooth effect.

Figure 4.8: Two cleaves of the third fused cane. No air holes are visible in the
cleaved fibre

A series of cleaves were conducted along the length of multiple fibre segments to ensure
the fuse quality remained throughout. No air gaps were visible along the length, implying
a good quality fuse. It was therefore decided that polished-polished fusing was noted as
the superior method to be used in doped-undoped pulls. However, only a limited section
of the preform was able to be drawn, and with large air bubbles present in other areas,

it is unclear if bubbles would have been present.
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The dimensions of the cane shown in Figure 4.8 were calculated as around 388 pm x
236 pm. These correspond to a reduction of 40x and an aspect ratio of 1.64, preserving
the 1.6 aspect ratio of the original 16x10 mm. A greater reduction could help elimination
of higher order modes in the propagating laser light due to a reduced core thickness.
Coating of the preform can also assist this by increasing flexibility of the fibre. Coiling
of the fibre can then be used to encourage bend losses for higher order modes. The 40x
reduction when compared to the previous pull stems from the thinning of the sample
during the initial drop stage. This level of reduction could be intentionally achieved by

increasing the rate of the cane puller relative to the preform feed.

4.5.4 Doped to undoped BKY7 fusing

Following the success seen with two undoped layers, the next step to be attempted was
a doped-core, three-layer, polished fuse. In order to minimise any thermal expansion
issues, 1.5% neodymium doped BK7 was used for the core region between undoped BK7.
By using a doped version of the same material, CTEs were assumed to be close enough
to allow comfortable fusing of the layers. The core piece of doped BK7 proved difficult
to polish, resulting in one side having a finer polish than the other thanks to it being
commercially polished in the past. Dimensions of the doped layer were 50x50x3 mm
thick. Prior to fusing, two smaller test pieces of doped and undoped BK-7 were fused
together in pairs. No problems were identified between the two samples, so it was

believed that a three-layer fuse of larger samples could be completed.

Unfortunately, the first three layer stack was heated to a temperature too high and
melted, rendering it unable to be used further. Tests revealed that the doped piece
appeared to suitably fuse at 700°C, so to avoid any risks of deformation, further runs
would be raised to this slightly lower temperature than used for just undoped glass. A
second doped piece was polished to the same degree and ramped at 3°C/min to 700°C
for fusing. The stack was inspected following the attempted fuse and it was found that
the central, doped piece had fractured, as shown in Figure 4.9A. It was first believed
that the ramping rate had been set too high, leading to fractures during expansion. To
counter this, the rate was reduced to 1°C/ min for a second trial. This time, a doped
test piece was placed between two @36 mm BK7 samples. Once again, cracking and

warping was visible only in the central, doped region, as shown in Figure 4.9B.

The appearance of thermal stress fractures during slow heating indicated either inherent
stress in the doped glass, or a notable difference in CTEs between the two materials.
The history and material characteristics of the in-house produced Nd:BK7 were un-
known. It is also possible that the doping process for the glass introduced flaws through
contamination or stress, rendering it more prone to fracture. During inspection of the
doped BKYT is was noted that trapped bubbles were visible throughout the sample, pro-

viding further potential seeds for flaws to develop during heating. If testing was to be
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Figure 4.9: Vertical (left) and horizontal (right) view of three test fuse of A,
50x50 mm square BK7 at 3°C/min ramping, and B, 36 mm BK7 at 1°C/min
ramping. Warping and cracks are visible in the central, doped layers

progressed in fusing of doped to undoped samples, joining of thinner cladding layers to
match the thickness of the core is suggested as a potential method to encourage survival
despite differing CTEs. However, sample numbers were limited and so rather than risk

destroying more, other routes were followed.

Direct bonding requires a much lower temperature for annealing than the softening
temperature for glass fusing, therefore caning of a direct bonded preform was proposed
as the next trial. In addition, sources for new doped and undoped glasses of close CTE

and index were investigated.

4.5.5 Direct bonded fibre cane

To develop a preform for the direct bonded draw, 50x50x5 mm BK?7 blocks were acquired
and trialled for bonding as detailed in Chapter 3.3.5. Following intial failed trials, a
50x50 mm window was diced to remove two 16x50x5 mm slabs, as shown in Figure 4.10.
These were then bonded onto a larger 50x50 mm square, shown previously in Figure 3.8.
The resulting piece was then diced to produce two 16x50x10 mm preforms. As can be
seen in Figure 4.10, one edge of the glass suffered slight chip damage during the dicing

process.

Damage from dicing occurs as the blade exits the glass. As the blade leaves, the final
area to be separated suffers localised stress without the support of the bulk material,
resulting in common chipping at the edge of the side faced downwards. It is therefore
important to ensure that, where possible, the bonding surface is placed facing upwards
during dicing. This will minimise cracks and chipping from damaging the stringent
roughness and flatness required for bonding. The surface quality was inspected prior
to, and post, dicing, with no loss in surface quality noted. The bond was annealed for
20 hours at 350°C to ensure a fully developed bond. Some minor voids were visible at

the interface, but of a scale far smaller than encountered during fusing trials. As before,
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notches were cut into the corners and the 80g mass was applied. Cane and preform feed
rates were set to attempt a 20x reduction. The larger size susceptor and coil were used

once again.

Figure 4.10: A direct bonded, 16x50x10 mm BK?7 preform

To encourage the preform to neck rapidly and allow quick drawing down into the cane
puller, the temperature was instead intentionally overshot to 1000°C. As soon as necking
was visible at this temperature, the set temperature was reduced to 890°C to obtain a
suitable speed for the draw. Once again, twisting presented a difficult issue to prevent,
with the necking sample rotating as it was lowered to the cane puller. An attempt was
made to rectify this by intentionally cutting the material above the twisted region and
pulling it down, but some twisting was still noted. Besides this recurring issue, the
draw was completed successfully, producing a large number of long length planar fibre

segments.

4.5.5.1 Analysis & inspection

Cleaved faces of the bonded fibre are shown in Figure 4.11. Cane segments were cleaved
using a simple ‘post-it note’ cleaving technique. Short cane segments were taped on both
edges of a small flexible piece of paper (post-it note). A diamond or sapphire scribe was
then brought down as gently as possible to contact with the top face of the cane before
lifting it off again. The paper was then flexed to encourage the cane to snap. The minor
damage caused by the scribe contact acts as a seed point for the fracture. Damage from

the contact is visible at the top of most cleave images.

The vast majority of cleaved segments displayed clear interfaces, with no visible sep-
arations, as shown in A. One region cleaved displayed a small air bubble towards the
outside edge of the bond. This aligned with a small void visible in the preform. Despite
this minor bubble, the direct bonding process was deemed to have shown its superiority
to the fusing method based on a reliably improved interface. For a manufacturing pro-
cess, throughput is a crucial factor in determining which methodology to apply. With
bonding providing a larger region from which to produce planar fibre segments, it was

believed to be the optimum method.

Dimensions of the fibre cane cross-section towards the end of the draw were recorded
as 500x900 pm, around a 17.5x reduction. These dimensions were larger than expected,

likely due to the large amount of time required to obtain target dimensions. During the
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Figure 4.11: Cleaved faces of the bonded fibre cane at 10x magnification. A) A

face showing a perfectly clear interface, and B) A small air gap is visible on the
left-hand side

initial pull-down to the cane puller, the dimensions are reduced far below the target.
Once entered to the puller, the caning process is slow, producing mm per minute. As
such, it takes a long time before the desired dimensions are reached. For future draws,
a metal alignment rod would be used, feeding it into the cane puller before the draw
begins. This should produce two benefits: halting the twisting seen by forcing alignment
and more rapid production of the desired dimensions. By drawing at the correct rate as

soon as possible, the desired dimensions should be produced earlier in the draw.

The alignment rod was tested on draws unrelated to this project and was found to work
effectively in pulling the necking material into the cane puller. However, the portion of
the preform below the neck must still be cut to fit the fibre into the puller itself. At this

stage it is important to securely hold the cane such that twisting cannot occur.

4.5.6 Ion exchanged draw

While identifying a source for doped glass to be used for the project, trials were run to
test reduction of a guiding layer within glass. For this purpose a potassium ion-exchange
was conducted on one 50x50x5 mm polished BK7 piece to raise the surface layer’s index.
Potassium was chosen for the exchange due to its availability as well as experience within

the research group in exchanging it with silicate glasses.

4.5.6.1 Ion exchange process

A KNOj salt bath was heated to 395°C. The salt was allowed to reach temperature
stability before submerging the BK7 slab for 20 hours. Upon removal from the bath,
the BK7 sample was cleaned in an ultrasonic DI water bath, before undergoing further
annealing (2 hours at 405°C) to ensure maximum in-diffusion had occurred. The slab
was then diced into three segments. The surfaces of each were inspected, and the two
best (lowest RMS roughness, fewest bumps) were chosen for fusing. Direct bonding was

considered, but the ion exchange process deposited material on the surface, creating tens
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of nanometer jumps in height, as shown in the 3D surface map in Figure 4.12. These were
not removed by a solvent cleaning stage. Following the exchange, the index shift over
depth was recorded with a Metricon prism coupler, and found to have a recorded depth
of around 10-15pm and an index shift of 5.02x1073. If two pieces with an exchanged

region of 10-15 pm were fused together, a core region of 20-30 pm could be created.
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Figure 4.12: 3D surface map of the ion exchanged BK7 sample. Surface spikes
of 40 nm in height are visible. RMS roughness was recorded as surpassing 1 nm
in regions with a large number of spikes

4.5.6.2 Draw process

The preform was produced by fusing two 16x50x5 mm KNOgs-exchanged BK7 slabs to-
gether (at 720°C) to create a preform of dimensions 16x50x10 mm. Following the fuse
a large air bubble appeared at one end of the preform, trailing off towards the lower
edge. This end was chosen for the lower region during the fibre cane draw, expected to
be wasted during the necking and size adjustment phases. Notches were cut on corners
of each end of the preforms for wire wrapping. The preform was aligned and weighed

down using the metal rod tested previously, which was fed into the cane puller.

Initially, the cane puller was run at 5 mm/min with preform feed 1 mm/min to produce
a bx reduction, however the cane puller struggled to achieve such a slow rate. Speed was
then raised to 10 mm/min with a preform feed of 2mm/min. With the alignment rod
fed into the cane puller, using a method to overshoot the temperature and encourage
necking was not desired, as this would lead to the cane dimensions reducing drastically.
It was instead aimed for the glass to be brought just up to necking point, loosening
enough for the cane puller to be activated before setting the furnace temperature stable

for the draw. The stages of the draw process are detailed below.
e The sample was raised to 800°C in 100°C increments at 100°C/min

e At 800°C a rest of 10 minutes was given to watch for signs of necking

e Minor deformation was seen and the temperature was then raised to 850°C to

encourage the neck
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e Neck was spotted at 850°C, the temperature was dropped to 830°C and the cane/pre-

form feeds were started

e Temperature was raised to 850°C and, subsequently, 870°C to increase dimension

reduction

e Necking section was pulled manually to a thinner dimension and cut before feeding

into the cane puller

e Exhaustion of preform

4.5.6.3 Analysis & inspection

For this draw, the metal alignment rod was placed in the cane puller and run as soon as
necking was seen, intending to obtain desired dimensions as quickly as possible without
the sharp initial change seen in previous draws. In this case, the cane puller successfully
began to pull the neck down, but this would cause material to travel outside of the hot
zone too quickly, resulting in dimensions that were too large. The cane was drawn down
manually to reduce the cross section a small degree before continuing. In future slow
draws like this, a small degree of manual draw down is recommended to bring the cane

close to desired dimensions before leaving to run in the cane puller.

891um

441um

Figure 4.13: Three cleaves of different dimensions obtained during the ion ex-
change draw

Overall, the pull was successful despite a stable cane dimension not being obtained.
Various segments were produced and, following cleaves and inspection, seen to have
pure interfaces without air gaps. As the cleave inspection photographs shown in Figure
4.13 make clear, a variety of thicknesses were obtained, with reductions of 11.2x, 17.9x
and 22.7x obtained. The reduction in preform dimension were found to fall within the
range of 10-23x. Cleaved segments were measured to have cross section of dimensions
833x1326 pm to 435x700pm. Larger segments were available but could not be cleaved
cleanly using the same method, as significant damage would be induced in the cleave

plane. For each cane dimension, the aspect ratio of the planar structure was maintained.
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4.5.6.4 Waveguiding

To inspect if the ion exchanged layer had been successfully drawn down, short segments,
cleaved at either end, were given a cursory polish and backlit, highlighting a clear region
of different index within the centre, visible in Figure 4.14A and B. The index shifted layer
is highlighted in B, with dimensions measured from the image as 13 pm. To demonstrate
the guiding capability of the caned glass, a HeNe laser was coupled into a short segment
using a 25 mm lens. Figure 4.14C shows the re-imaged output (rotated 90°), with a clear
central, guided spot. Additional noise on either side is attributed to the poor quality of
polish on the fibre end facets. The size of the central beam was recorded and used to

calculate the mode size diameter as around 54 pm.

The value calculated from the beam was far larger than the 13 pm obtained through
visual inspection of Figure 4.14B, but it is not expected that the full mode size could be
identified accurately through measurement of backlit images. In addition, the gradient
index induced by the ion exchange would support a larger mode size than the width
of the exchanged layer. An interesting point noted in this trial, was that the reduction
for the core layer during the draw process does not match that of the preform glass.
Compared with the visual measurement, the “core” region was reduced by just 2-3x. As
such, it is possible to speculate that further in-diffusion occurs during the draw process
itself. As the glass is heated to the softening temperature, the potassium ions may
penetrate further into the sample. For distinct glass layers, this wouldn’t be expected to
occur, but should be kept in mind for draws conducted on glass doped via ion-exchange

with active materials.

A B C

Figure 4.14: A) Backlit image of a ion exchange BK7 cane, B) Expanded image
of the central core, and C) Re-imaged output of a HeNe laser coupled into the
waveguiding layer, rotated 90°relative to images A and B

4.6 Custom phosphate glass

In the final stage of this part of the project, it was planned to produce an active de-
vice using the planar caning process. A number of commercially available glasses were
considered, but a suitable combination of CTE and index could not be found. For

this purpose, a custom, phosphate glass was commissioned from a local glass supplier,
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with desired characteristics of closely matched CTE and index between a neodymium-
doped and undoped variant. Phosphate glasses tend to be less sturdy that silicate based
glasses, but allow for higher doping concentrations of rare-earth metals. In addition,
phosphate glasses tend to have lower softening temperatures than silicates, making fus-
ing and reaching drawing temperature faster. Requirements for the glass specified a
glass stability parameter (range between glass transition and crystallisation tempera-
tures) of over 200°C, with less than 5% difference in transition temperature, CTE and
thermal conductivity between doped and undoped variants. A Nd-doping concentration
of 0.3wt% was requested, with an index increase (6n) between 0.0001 and 0.002 with
respect to the undoped glass. The intention for this design was to produce a short,
planar amplifier, capable of guiding in one axis, while allowing the beam to free-space
propagate in the other. A device was planned such that the signal would be core guided
and limited to single-mode, while a multimode pump beam was guided by the cladding

layer.

4.6.1 Trial 1

The first supplied glass batch did not meet the required characteristics. Glass Refractive
Index Measurements recorded the doped and undoped glasses to have an inverted index
difference, with indexes of 1.52696 and 1.529785 (@ 25°C), respectively. In addition,
the glass itself was found to lack the optical clarity desired for use in laser optics.
Striations were clearly visible by eye in the glass itself, indicating the components had
not mixed correctly. Within the doped glass, trails of concentrated neodymium were
clearly visible through the tell-tale purple hue. Figure 4.15A shows a glass melt in the
process of cooling, while B shows a view through the final glass composition. pockets of
contaminants and air bubbles are clearly apparent, along with visible striations in the

glass.

Figure 4.15: A) The custom glass melt cooling, and B) A backlit view through
the final composition displaying clear lines of striations and other contaminants

The glass transition temperatures for the doped and undoped pieces were supplied as
475.9°C and 464.6°C, respectively, with predicted softening temperatures of 513.5°C and
497.2°C, respectively. Differential thermal analysis (DTA) was conducted in house to
confirm these values, and recorded values for Tg as 468.53°C and 463.37°C. In order to
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confirm the softening temperature, test samples were heated in oven environments to

note when fusing occured. The glass was found to fuse at 510°C.

4.6.2 Preform preparation

These optical issues rendered an active device based on guiding between a doped core
and the undoped cladding impossible. However, it was determined that, seeing as the
physical properties were within spec, the draw process would be conducted as a proof-
of-concept for the manufacturing process. A three layer stack of undoped and doped
materials was produced by dicing segments of dimensions 20x75mm from the larger
doped and undoped blocks. The areas with least visible striations, air bubbles and
contaminants were selected. The core piece was lapped and polished in-house to a
thickness of 4 mm, while the cladding pieces were polished to thicknesses of around 1 mm
and 3mm. Both cladding pieces were intended to be 2 mm, but due to limitations in the
polishing slurry available this could not be achieved. For a test draw to demonstrate

the process, however, the thicknesses of cladding was not crucial.

Figure 4.16: The three-layer fused phosphate glass preform

Fusing was conducted at 510°C in an argon environment tube furnace. The temperature
was raised at 3°C/min to 450°C before a 1°C/min rise to fusing temp before reducing back
to room temperature at 1°C/min. The three layers were all fused in one process to ensure
equal treatment. The glass fused well but displayed large air bubbles between layers (as
expected from fusing). Fortunately, bubbles at each layer overlapped, leaving other
regions in the interface bubble-free. Notches were cut in each corner to hold the preform
via wire during the draw. The preform was weighed down by the guiding rod which was
fed through the cane puller. The cane puller was run at 56 mm/minute with the feed
rate at 1.4 mm/min to attempt around a 20x reduction. Due to limited availability of
equipment, a new furnace setup was used during the draw with an untested combination

of susceptor and heating coil. Unfortunately no calibration data was available for this
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combination so positioning of the preform was left up to eye. It was planned to heat the
preform carefully near the softening temperature, watching for necking and adjusting

the preform height to maximise use of material. The draw process is detailed below.

e Temperature raised to 400°C at 100°C/min
e Temperature raised to 500°C

e Temperature raised in increments of 50°C to 600°C before a 5 minute wait to see

if necking occurred
e Temperature raised to 650°C and given 5 minutes to see if necking occured

e Minor necking observed higher than desired so the preform was raised to counter-

act. Temperature raised to 660°C. Preform feed and cane puller started

e After disconnecting mass, the cane snapped off before being entered to the cane
puller. The preform had then to be lowered and temperature raised to 730°C to

encourage necking again

e Second neck occurred and was successfully drawn down into the cane puller. Some
twisting occurred but was later corrected. The temperature was dropped back

down to 700°C once the cane was running

e Draw completed

4.6.3 Analysis & inspection

Front lit

A

Figure 4.17: A) The cleaved phosphate glass cane with dimensions, and B) A
comparison between front and backlighting of the cleaved fibre. Compositional
problems in the glass are apparent in the backlit image

Figure 4.17A shows a cleaved cross section of the drawn cane. Dimensions of fibre canes

were recorded between 20 and 21x reduction, indicating that the process, including the
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alignment rod, is sufficient to produce targeted dimensions. Notable rounding is present
at the edges of the fibre. As the aspect ratio of the fibre is increased, more rounding
occurs due to the difference in temperature from the edge to the centre of the sample.
This can be mitigated by ensuring a sharp edge is present on the preform. As seen with
the BK7 preforms, a dicing saw blade can be run along the edge of the preform following

bonding or fusing to ensure a flat edge.

Figure 4.17B’s comparison between front and backlit inspection makes apparent the
compositional problems within the glass. Striations are evident throughout the undoped
cladding, with a clear region seen in the core layer too. To ensure that these were
not flaws at the interface induced by cleaving, a number of segments of fibre were
cleaved on alternating top and bottom faces of the cane, but the observed markings

were independent of cleave side.

Beam without cane Beam with cane

A B

Figure 4.18: A) The cleaved rod showing compositional differences, and B) A
comparison between a 1 micron beam passed through free space and through
the caned rod

In addition to the planar draw, a 15 mm diameter (drawn down to 1 mm), 70 mm long
rod cane was produced and used for transmission purposes to determine quality of the
glass. Figure 4.18A shows the caned rod displaying compositional differences, while B
shows a comparison between a 1pm laser beam profile which has been captured after
passing through free space, and after passing through a rod of the phosphate glass. The
beam passing through the rod is significantly distorted, splintering into messy ripples.
A second glass production aiming to improve the index and transmission problems was

requisitioned in an attempt to rectify these issues.

4.6.4 Trial 2

A second iteration of the phosphate glass fabrication was commissioned, with matching
specifications but targeting an improved homogeneity. When supplied, initial inspection
of the bulk glass appeared visually improved from the first stage. Some striations were
visible toward the very edges of the glass blocks, but these could be avoided during
dicing. The glass was analysed using Glass Refractive Index Measurement (GRIM) in
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which small sections of glass are submerged in liquids of known indexes and changes with
temperature. When viewed through a microscope, the glass slivers become transparent
when their indexes are matched by the liquid used. The doped and undoped variants
were found to have indices of 1.5338 and 1.5311 at 25°C, respectively. The index differ-
ence did not lie within the desired dn of <0.002, but the index profile would be of the

correct orientation to allow guiding.

Transmission measurements through differing lengths of glass were collected using a pho-
tospectrometer, as shown in Figure 4.19. By normalising the data, absorption lengths
were calculated for the 800 nm and 880 nm features by comparing lengths which returned
absorption lengths of 2.58+0.1c¢m and 7.11+0.5 cm at each respective wavelength. Ab-
sorption lengths were calculated using the Beer-Lambert law [80]. For an input power

P1, and output power Pg, the relationship can be defined as:

PO — P] * e_O‘L (41)

Where « is the absorption coefficient and L is the sample length. This can be rearranged

to obtain:
Po

/L (4.2)

a = —In(
Absorption length is given by the inverse of the absorption coefficient. For a series of
known lengths and transmissions, an average absorption length can be calculated. Three
different lengths of glass were tested using samples polished in house and recorded with
a spectrometer. One cube of 9.5 mm face width and a longer, rectangular cuboid of
face widths 19.6 mm (long dimension) and 9.6 mm (short dimension) provided the test
lengths. Ideally at least three different lengths at set intervals of length would be tested.
However, material was limited for this project, resulting in two testing lengths of similar
values (9.5 and 9.6mm). The absorption lengths calculated should therefore only be

taken as rough calculations, with greater precision required for a final product.

The long absorption lengths would present difficulty in a planar device pumping in the
880 nm regime. Typically, a device length three times that of the absorbtion length is
desired to maximise absorption in a single pass. As such, a device of least 21cm would
be required. An active planar device could still be imagined using a double-pass setup
with an 11lcm device length. In order to pass the pump beam without clipping at the
edges of the cane in the wide axis, the following device was proposed based on pumping
with a diode stack. By guiding in the direction of higher M?, the axis of greater beam
quality is able to propagate freely through the core medium, making use of the large
mode area. For an M? of 14 and device length of 1lcm, a beam waist of 635pum is
required to produce a Rayleigh range the length of the device for the pump wavelength

(808 nm). Accommodating for 99% of power in a Gaussian beam, this requires a width
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Figure 4.19: Transmission tests on a different lengths of the Nd:phosphate glass

of 7 *x wq, or 2-3mm. A cane of target dimensions of 350x3000 pm was therefore chosen

as the goal.

Assuming the aspect ratio is maintained during the draw, this allows for a preform of
dimensions 2.3x20 mm. In order to maximise absorption, the cladding layers would need
to be reduced as much as possible relative to the core. A cladding thickness of 450 pm
with a core of 1.38 mm was proposed, and polishing work began on samples to achieve
this. Similarly, for 800 nm pumping, identical dimensions could be applied, reducing the

length of the device.

Softening Temperature Analysis of Nd:Phosphate Glass
0.5+
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Figure 4.20: Probe pressure test to identify the softening temperature of the
Nd:Phosphate glass. The probe position is recorded as temperature is increased

Before fibre drawing, the glass was given a three-point pressure test to discover the
softening temperature of the glass. A small sample of glass is set on top of two contact
points a few cm apart. A probe is then gently pressed down into the surface of the
sample with a force of 500 mN. The sample is then heated at a rate of 10°C/min. The
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probe position is tracked during this time. The softening point (T7-%) can be seen as
the glass begins to give under the probe’s pressure. Based on Figure 4.20, the glass can
be seen to clearly soften at around 520-530°C. This temperature region was set as the

target for fusing of preforms and fibre draws in order to achieve necking in the preform.

4.6.4.1 Nd:Phosphate draw

A test draw was planned using only the core, Nd-doped phosphate material, in order
to investigate the glass properties at fibre dimensions. Two draws were conducted,
one using a 10x10x75 mm square preform, and another with a 2.55x22.3x60 mm planar
preform. A draw temperature of 700°C was found suitable based on the material’s

characteristics recorded previously and experience from previous attempts.

Figure 4.21: Captured images of the cleaved Nd:Phosphate draws. The full
cross section of the planar structure proved too large to capture under 10x
magnification. An edge and central region are shown instead

The cleave images in Figure 4.21 show that the square rod held its shape well. The chip
visible in the top left corner occured during the cleaving process. The planar preform
displays some bowing across the length of the sample, with thickness varying from a
minimum calculated value of 347.6 pm to a maximum thickness of 421 pm at the edges,
or a calculated radius of curvature of 1000m. This curvature, while slight, could act
detrimentally on the guiding characteristics of the of the rod when attempting to make
full use of the width. This problem could be corrected through use of a larger coil and
susceptor during drawing, in order to maintain a more uniform heat profile across the

width of the planar preform.

Transmission measurements were run on the drawn square rod to test if the glass was
suitable for further investigation. Testing a 48 mm caned segment, an intrinsic loss of
-0.11dB/cm was recorded at 1pm. Furthermore, some distortion of the transmitted
beam profile was visible. Due to the low dopant concentration within the glass (and
therefore gain), the glass was not deemed suitable for using in amplifier or oscillator

devices and progression of the project with this glass was halted.
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4.6.5 Analysis & conclusion

Through use of custom-made phosphate soft glass, the fibre caning process was demon-
strated successfully from materials characterisation and preparation to a three-layer
cane. The capability to take an unknown glass and, following short characterisation on
the glass transition temperature and fusing trials, develop a planar preform and draw
demonstrates the simplicity of the fabrication method developed in this chapter. The
phosphate glass had ideal drawing characteristics, having a low softening temperature,
closely matched between the two variants, with no signs of crystallisation indicating
a wide stability range. However, the glass itself was found substantially lacking with
regards to optical characteristics. This was believed to be a fault of the simplified batch
fabrication process employed. A more industrialised fabrication method was promised

to improve the optical properties of the glass.

The first batch phosphate resulted in an inverse index profile, which would frustrate
guiding within the core. In addition, the homogeneity issues present within the glass were
visible to the naked eye. Initially it was hoped that homogeneity may improve during
following caning of the glass, however no improvement was noted, with cleave inspections
and transmissions measurements clearly identifying inhomogeneous material throughout
the undoped glass. The neodymium dopant was also seen to cluster within the glass,
leading to regions of discolouration. Not only would this distort the transmitted beam, it
would also likely reduce the localised concentration in the remaining glass. As such, even
if a clear section could be identified, the wt.% concentration would be below expected.
The second batch of the glass, though improved at the visual inspection level, still had
clear grouping of neodymium towards the edges of the material. When tested optically,

intrinsic losses within the material proved too severe to progress work further.

Given an improvement in material quality, this area of the project is also open to a num-
ber of alternate improvements. The 0.3wt.% concentration of neodymium used within
this project should be increased to closer to 1wt.%, with the device length reducing
closer to 3cm. The appeal of this design structure is in the mass production of small,
short length amplifying devices. Based on one-axial guidance, the advantages of the pla-
nar structure come from a high aspect ratio, making use of a larger gain region, which

allows for higher-power before detrimental thermal effects begin to occur.

With a low dopant concentration, a longer device is necessitated, making it difficult
to avoid clipping of the beam at the edges of the unguided axis for both pump and
probe. In addition, increasing the dopant concentration allows a more reasonable ratio
between core and cladding material, reducing the requirement of such a thin cladding
layer, which proved difficult to achieve with a good standard of polish without damage.
For a final device, an outer coating layer would be required, both to improve guiding

of the pump within the cladding, and to improve durability. Without polymer coating,
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the fibre remains extremely brittle, prone to fractures and contamination at the sur-
face. Some preliminary coating trials were run on-site following the cane process, but
ideally the coating stage would be conducted within the draw itself, pulling the cane
through a polymer coating bucket before UV curing. It is believed that with these im-
provements, a bonded three-layer planar fibre could be produced, creating an appealing,

mass-produced, small-scale amplifier, should appropriate glass be sourced for use.

4.7 Conclusion

In this chapter a novel approach to the production of planar fibres has been detailed.
The fibre characteristics are defined simply through the production of an appropriate
preform. Through simple methods of glass-saw dicing, fusing and direct bonding on the
macroscopic scale, preforms can be developed without equipment-heavy requirements of
methods such as MCVD or other more commonly used preform production techniques.
The fibre caning process and preform production have both been improved through
each trial. By inspecting the resulting cleaved facets from each draw, the key factors of
influence have been identified at each stage. Ensuring sharp, well defined edges for the

preform was noted to assist in maintaining the preform shape during the draw.

The twisting problem encountered during the draw, while not catastrophic for the pro-
duction of short-length devices, results in the loss of a portion of the drawn material,
and can cause issues with the feed through the cane puller itself. This was rectified
through practical application of the alignment rod, improving the yield of the process.
The effective improvement through use of direct bonding has been confirmed via the
interface quality. Fusing of preform samples has the potential to produce void-free inter-
faces, but is highly unreliable, prone to large air-bubbles appearing. While this can allow
for void-free regions in a two-piece draw, a three-layer structure requires an additional
fusing stage, doubling the risk of voids appearing over the desired area. Direct bonding
mitigates this issue, producing minimal voids when conducted cleanly, albeit with the

requirement of more stringent polishing and cleaning.

Using a custom phosphate glass, the full process, excluding a direct bonded preform, was
conducted, demonstrating the creation of an effective manufacturing of the fibre draw.
Forgoing problems arising from material faults, the majority of problems encountered
during the project have been rectified. The curvature of the resulting cane, witnessed
most prominently in the final Nd:phosphate draw, remains a pressing concern, exacer-
bated by an increasing aspect ratio. However, it is believed that should a well defined
preform of multiple layers be produced in combination with a larger coil and suscep-
tor, this would alleviate the problem. Current preform designs were at the size limit of
the susceptor used, resulting in the edges of the preform not being heated to the same

temperature.
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Should a larger susceptor be applied, an even heating should result in the well-defined
planar structure being maintained, as seen on the other draws. A final bonded stage
was not tested using the phosphate glass and would require additional work when com-
pared to the fused preforms, necessitating a separate bonding stage for each face with
excellent polishing. However, with a suitable material this would not present additional
complications and could be imagined as the next step in rounding out testing of the

process.

Material issues hampered progression to a final, active device, due to inhomogeneity and
intrinsic losses ultimately limiting further work in this project. Nevertheless, this report
has established the manufacturing process as effective, adaptable to different dimensions
and capable of a high throughput. Pending the acquisition of operative glass and the
improvements detailed previouisly, the creation of small-scale, active devices could be

imagined using direct bonding in the production of planar preforms.



Chapter 5

Nd:YAG to sapphire bonding for

active devices

5.1 Background

Direct bonding has been demonstrated in the joining of dissimilar materials for active
devices for over 20 years [3], however there has been very little reported in the literature
about how this process is actually achieved. Two companies in the US have dominated
the market in producing composite structures based upon the direct bonding approach
with few, if not no, other suppliers of such devices. In recent years there have been several
groups reporting room temperature direct bonding of various materials [81, 27, 34] all
with the aim of enhancing the optical functionality of a certain materials through the
combination of key features, such as thermal or physical properties. In addition, modern
bonding research has extended to joining of complicated interfaces such as AR-coated
interfaces [5] or multi-layered bonds [28] to improve efficiency of cooling or pumping.
However, these works are limited in dimensions and make little effort to interrogate the

environmental resilience of bonded composites.

In this work, development of chemical and plasma-assisted methods is presented for ac-
tivating two oxide crystals followed by their direct bonding without any active agent to
join them, relying instead upon van der Waals forces initially before a thermal anneal
consolidates the bond strength. In this project, YAG and 1.3at.% Nd:YAG crystals are
bonded to sections of sapphire wafer, with the primary goal of creating a bonded com-
posite resistant to a variety of environmental conditions and harsh machining processes,
as this would allow post-bond tailoring of the composite to desired dimensions. The
intimate contact of direct bonding lends itself to use in heat-spreading, and particular
interest for the YAG-sapphire bond lies in cryogenic applications, where the thermal
conductivity of sapphire (~ 1000 Wm™1K~1 @77K [82]) begins to rival that of room
temperature diamond >1500 Wm 1K~ @300K) [83]. Following successful production

81
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of a sturdy bond, Nd:YAG crystals were processed to suitable dimensions, diced and
coated before preliminary tests were undertaken to demonstrate feasibility for active

devices.

The primary mechanism behind direct bonding relies on the macroscopic dispersion van
der Waals forces. Through suitable activation stages, this can be enhanced via the pres-
ence of longer-range hydrogen bonds. Post-bonding, annealing treatments can then be
conducted to develop covalent bonds between surfaces, depending on the materials in
question. For this project, chemical-assisted direct bonding, coupled with high temper-
ature annealing, was chosen to maximize the potential bond strength. In addition, a
plasma-activated approach was also investigated, developing the bond through extended
annealing to produce similar strengths. The presence of alumina in both materials allows
for the development of oxygen-rich surfaces through chemical activation, which in turn
can be developed into high-strength, covalent bonds through annealing stages. An ap-
propriate anneal was determined for each activation route to achieve the required bond
strength and resistance to liquid ingress for subsequent mechanical dicing and polishing

processes.

5.2 Surface inspection

As detailed previously in Chapter 2, to facilitate direct bonding, surfaces to be joined
require precision polishing to the nanometer scale. Typically, a flatness of at least %0
(@633 nm) with an RMS roughness of <1nm is desired for successful bonding. Samples
used in bonding were segments of diced 660 pm-thick sapphire wafers, @12.8 mm x 3 mm
thick Nd:YAG and @12.7mm x 4mm YAG. Initial bonds were conducted using single-
side polished (SSP) sapphire, before progressing to double-side polished (DSP) sapphire.

X Range: 89.1pm, Y Range: 66.6pm.

Z Range: 1.664nm Z Range: 2.568nm Z Range: 9.619nm

Sq: 0.237nm Sq: 0.283nm Sq: 0.326nm
SSP Sapphire DSP Sapphire Nd:YAG

Figure 5.1: 100x magnification images of SSP sapphire, DSP sapphire and
Nd:YAG polished faces, captured on a white light interferometer. S, is the
surface RMS roughness

Sapphire and YAG surfaces were inspected using a Zescope white light interferometer
at 100x magnification. Figure 5.1 shows 2D surface maps for the SSP sapphire, DSP
sapphire and Nd:YAG material, where Sy is the RMS roughness for each. All samples
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exhibited RMS roughnesses of <0.5nm. Some pits were present on a small number of
the YAG faces, but were localised to a few nm and did not rise around the edges so
were not considered to inhibit bonding. Measurements were taken at the centre and
four edge regions on the samples. At the time of experimentation, capability to measure
the long range flatness of samples was not present. Attempts were made to inspect
the surfaces at 2.5x magnification and stich together images, however this resulted in
artificial curvature being added to the surface maps and as such could not be relied
upon. Based on suitably low RMS roughnesses, the surfaces were deemed suitable for

bonding.

5.3 Developing the bond

5.3.1 Initial stages - HF treatment

Bonding was conducted in a class 1000 (or ISO 6) cleanroom facility, with contact made
under a class 100 (ISO 5) laminar flow bench. Initial bonds were conducted between the
SSP sapphire and Nd:YAG samples, using the hydrophobic - HF treatment described
in Chapter 3.7. At this stage, the plasma stage consisted only of Os plasma applied
for 1 minute. This short Oy process was initially used as a simple cleaning stage before
further literature research led to an O2 and Ns activation process being introduction.
Following the 5 minute dip in 1% HF, samples were rinsed thoroughly with DI water

and placed into contact.

The sapphire wafers provided a base onto which the Nd:YAG samples were lowered.
Optical contact did not form immediately, but by shifting the Nd:YAG gently on the
surface, a region was found at which the Nd:YAG locked in a position, and a spontaneous
contact wave spread over the interface in seconds. It is believed that the fluctuations
in each surface may prevent close enough contact at all places on the sapphire surface,
but when a suitable region of sapphire is located, the vdW and dipole forces then pull
the two faces together, spreading the contact. Any attempts to apply pressure by hand
led to flexing of the sapphire layer, separating the two materials. When released, the
contact wave spread across the interfaces once more. The ease of separation showed how

weak the initial optical contact formed was.

The bonded pieces were left under in a spring-loaded jig (Logitech BJ2 Thin Section
Bonding Jig) under ~2kg mass on a flat surface for around 20 hours. The jig force was
not believed to be a crucial part of the bonding process, instead acting as a way to secure
the bonds and potentially limit voids by maintaining a close contact between bonding
faces. Figure 5.2 shows two bonded pieces before and after an annealing process. Both
bonding interfaces were largely void-free, but inconsistent. One interface displayed a

central void, and the other a small void at the bond edge. The bonded samples were
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then ramped to 350°C at 3°C/min, annealed for 8 hours before ramping to RT at the

same rate. Neither bond showed any visual change during annealing.

Figure 5.2: Direct bonded Nd:YAG and sapphire before and after 350°C an-
nealing. Each bond interface appears majority clear, with a central void visible
in one and toward the edge in the other

5.3.2 Enhancing strength & plasma activation

Bonded Nd:YAG to sapphire composites from the initial HF-bonded approach were
subjected to a submersion trial to assess the bond’s capability to survive dicing and
polishing procedures. While submersion in water did not show any immediate effects, a
short ultrasonic treatment of 5 minutes led to separation of the bond. It was therefore
determined that the current bonding procedure was unsuitable for dicing and polishing
of samples. Based on the requirement for higher temperatures in hydrophobic bonding
of silicon wafers - detailed in Chapter 2.2.3 [47] - the annealing time and temperature
were increased to 50 hours at 800°C. The longer time was chosen to give additional
time for any trapped water to escape the bond, maximising strength. In addition, the
plasma cleaning process was extended to include an Ny stage as detailed in the short
plasma activation described in Chapter 3.7. The Ny plasma was introduced based on

activation procedures described in literature [30].

Figure 5.3: Direct bonded YAG and sapphire. The bulk YAG has fractured
from stresses during heating but the bond has held underneath

Multiple YAG to sapphire and Nd:YAG to sapphire bonds were conducted using the

updated cleaning and bonding procedures. Voids arising from contaminants were still
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present at the bond interfaces, but the frequency and size of debonded areas improved
via adjustments to the bonding procedure. Following annealing, one of the YAG pieces
had fractured as shown in Figure 5.3. While fractures are not desired in either material,
the bond was maintained on either side of the fracture, indicating either a strength above
that of the bulk YAG or a flaw in the YAG leading to a stress fracture. Fracturing was
likely caused by difference in CTE between the two materials. When heated rapidly,
stress fractures can occur in one material. The fractures appear more commonly around
voids in the bond interface, likely due to minor differences in orientation for the bonded

regions on either side leading to stress on the connecting bulk material.

The thickness of the YAG and Nd:YAG samples prohibited dicing with the equipment
available. Therefore, following the improvements to the bond strength a number of the
Nd:YAG samples were worked down to a thickness of 450 pm, polished to the same
specification as before. Two bonds were completed using the HF approach for these
samples. Bonding was successful, but due to mishandling of the sample, bonding faces
were touched while being brought together. As a result voids from contaminants were

introduced to the bonds. These bonds were prepared for dicing tests.

In addition to the HF-bonding approach, a purely plasma-bonded method was tested
for the YAG /sapphire bond, using the short plasma activation detailed in Chapter 3.7
as the final activation stage. This approach was chosen as a balance between the HF
activation and extremely hydrophilic Piranha etch which was deemed unsuitable. Con-
tacting between surfaces was achieved spontaneously after shifting on the surface, then
the contact wave was encouraged to spread across the surface by gentle rolling of pres-
sure over the bond area. With no requirement for acid treatment, handling of samples
was drastically reduced in difficulty, reducing the quantity of voids present in the bonds.
Figure 5.4 shows a comparison between the two bonding approaches. Annealing meth-
ods were initially kept the same between activation methods, ramping at 1°C/min to
800°C before a 50 hour dwell and ramp down at 1°C/min.

Figure 5.4: Nd:YAG /sapphire bonds activated via HF and Plasma. The plasma-
activated bond shows far fewer voids and contaminants at the interface
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5.4 Robustness performance trials

5.4.1 Ultrasonic submersion

The fractured YAG-sapphire bond conducted using the HF approach (Figure 5.3) was
then tested in a series of ultrasonic trials to observe its resistance to liquid and agitation
while submerged. First, the bond was subjected to an extended DI water rinse and
nitrogen dry. No visual change was noted. Inspection was focused around a region of
contaminants at the edge of the bond, close to the major fracture line visible in Figure
5.3, as these were expected to be potential weak points to allow liquid access. The
bonded sample then underwent a 5 minute, and then 10 minute DI water submersion.
Again, no change was noted. The composite was subjected to five minutes submersion
in an ultrasonic DI water bath. Once again, no change was observed, surpassing the

previous bond type.

Finally, the composite was submerged in an ultrasonic IPA bath for 10 minutes. Figure
5.5 shows a microscope image of a debonded edge region before and after the TPA
ultrasonic bath. The solvent shows a clear outline in the second image, but is restricted to
the debonded region, showing no signs of damaging the bond further. After a short rest
at room temperature, the solvent fully evaporated from the region. The plasma-activated
approach was also tested under the same conditions, also showing no deterioration from

submersion. Both methods were deemed suitable for resistance to liquids.
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Figure 5.5: Microscope inspection of a debonded region in the YAG-sapphire
interface before and directly after 10 minutes submersion in an ultrasonic IPA
bath. The liquid enters surface flaw and contaminant lines but does not progress
beyond the already debonded region

5.4.2 Cryogenic cooling

A HF-activated bond was subjected to cryogenic temperatures to test the durability
of the bond and potential for use in these regimes. The fractured YAG-sapphire bond
was used once, with fracture flaws once again noted as potential failure points. The

bond was first cooled by resting upon a metal frame which stood within a bath of
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liquid nitrogen. The temperature of the sample was monitored via a thermocouple on
the sapphire surface, close to the YAG. Cooling was produced by adding more liquid
nitrogen to the bath, resulting in a staggered temperature reduction, dropping rapidly
with each input of liquid nitrogen. A minimum temperature of -161°C was reached and
maintained for several hours. The bond was held in an open air environment which
acted as a limiting factor for this temperature. During the first cooling stage, no change

was noted at the bond interface.

While adding additional liquid nitrogen, a small quantity was accidentally poured into
direct contact with the bonded composite. This resulted in large amounts of conden-
sation forming across the composite, as well as a large thermal shock. When inspected
following this, debonded regions had appeared in multiple locations at the bond edge.
Figure 5.6A shows the bonded piece displaying fringe patterns in the failed regions. It
is believed that this deterioration would not have occurred without the thermal shock

or condensation.

: ‘[,}‘

Regions of Debonding
a

A

Figure 5.6: A) YAG-sapphire bond after damage from liquid nitrogen and con-
densation. B) The YAG-sapphire bond mounted onto the copper plate for
cooling, and C) the YAG-sapphire bond following the vacuum chamber cooling.
Highlighted regions show no further deterioration of the bond

A second test was conducted by mounting the bonded sample to a copper plate and in
a liquid nitrogen dewar, enclosing the composite in a vacuum. The bond was cooled via
conductance through the copper plate connected to the cold finger of the liquid nitrogen
dewar. The liquid was added gradually to produce a more consistent cooling rate. The
bond fidelity was observed by camera during cooling. Figure5.6B shows the sample
attached to the copper plate. After lowering to -184°C, the sample was left to warm to
room temperature over a number of days. Inspection revealed little change caused by
the cooling procedure, with no increase in the debonded regions, as shown in Figure5.6C.
It is therefore believed that, provided isolation from condensation or extremely sharp
thermal shock, this bonding technique is suitable for cryogenic environments. Figure
5.7 shows the recorded cooling rates for each trial. Mounting within a vacuum isolated
cryostat is recommended to create a smoother rate of cooling and avoid condensation

forming on the bonded composite.
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Figure 5.7: Temperature over time for the two cryo-cooling trials. The first,
open-air trial produced a staggered exponential rate (vertical lines mark the
addition of liquid nitrogen), while the second, vacuum chamber cooling provided
a roughly linear rate to a lower minimum temperature

5.4.3 Bond dicing

A final test of the bond’s mechanical robustness came through dicing of the bonded
composites. Two bonds, one treated via HF and the other plasma were diced using
a Disco Automated Dicing machine. The HF-bonded piece held a number of voids at
the interface, while the plasma piece was largely void-free. The HF-bonded composite
was diced into a 6x8 mm rectangular piece and showed no signs of deterioration, as
shown in Figure 5.8. The plasma piece, however, failed across a large portion of the
diced piece, and all sections cut away from the main piece also failed as bonds. As the
blade diced through the material, liquid was able to enter the interface between the two
surfaces, creating either a large void originating at the diced edge, or separating the two
samples entirely. The current HF-based activation was deemed suitable for achieving

the strength required to dice samples.

Figure 5.8: The HF-bonded composite, diced to dimensions 8x6 mm

In order to develop the plasma bond process to a suitable strength, another bonded
piece was given a second annealing stage at 800°C for 40 hours under a light mass
(~2kg), once again ramping at 1°C/min. The bond interface showed one debonded

region towards to edge of the bond, and as such dicing was ordered such as to remove



Chapter 5 Nd:YAG to sapphire bonding for active devices 89

and avoid this region acting as a failure point. The dicing direction and order are shown
in Figure 5.9A, where the first cut is designed to isolate the weaker region. Following the
additional annealing stage, the plasma bond process was found to produce a suitable
strength to withstand dicing. The resulting 5x5mm piece is shown in Figure 5.9B.
Ideally multiple bonds would be conducted using the plasma procedure to ensure bonds
would reliably withstand dicing, but due to time and sample constraints this was not

possible during the course of this project.
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Figure 5.9: A) The dicing plan for the @12.8 mm plasma-bonded Nd:YAG to
avoid sensitive regions and B) The diced, 5x5 mm bonded composite

5.5 869nm pumped 1064nm laser oscillator

To further test the capabilities of the bonded composite, a laser cavity was built around
the composite, using the Nd:YAG layer as a gain medium. The composite’s resistance
to localised heating through heatspreading benefits of the bonded sapphire layer were
investigated by pumping with a 869 nm-locked diode-laser array (bar) to produce a
1.064 pm laser. The aim was to create an optical structure that would capture and guide
the slow-axis-dimension of the diode-laser beam, and as such form a pump waveguide,
while at the same time provide sufficient thickness in this axis to allow a laser mode to

pass unfettered, essentially a 1-dimensional version of mm-diameter crystal rods [84].

5.5.1 Sample preparation & cavity design

Following successful dicing, end facets of the 8x6 mm Nd:YAG-sapphire composite were
polished in-house using cast-iron plate for lapping and a polyurethane plate for fine
polishing The bonded composite was mounted in line with a blank YAG piece, such that
the end facets created a symmetrical front of YAG-sapphire-YAG. It was hoped that this
would minimise rounding at the interface edge between the two materials, which erode
at different rates due to their toughness. Images of the polished faces were captured at
40x magnification, as shown in Figure 5.10. The interface is clearly visible as a void-free
line between the two materials. The dicing process results in some minor chip damage
to the outer corner of each material, visible at each edge. This could be removed via

re-lapping and polishing of the large faces but would result in thinning of each layer.
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Figure 5.10: 40x magnifcation image of the NdYAG\sapphire end facet following
polishing. A brief solvent wipe was given to the faces before inspection, however
small specks on the polished faces are visible (largely on the sapphire face).
These are attributed to dirt or residue from the polishing process

The large face of the sapphire layer of the bonded composite was soldered to a copper
heatsink. The structure was end-pumped using a 50 W diode-laser-bar, (19 emitters, 50%
fill-factor 9.5 mm bar-width), wavelength locked to 869nm via a Volume Bragg Grating
(VBG) to match an in-band absorption line of Nd:YAG. The diode bar and VBG were
found to wavelength-lock most effectively at 25°C, with its temperature maintained by
a water cooling system. Figure 5.11A shows the setup, with the slow axis in the plane
of the schematic and the fast axis normal to it. The fast (and slow) axis (FAC/SAC)
collimated diode-laser output was focused by an aspheric cylindrical lens of numerical
aperture (NA, defining the range of acceptance angles of light into the lens of guide)
0.55, L1, f = 10 mm, through the in-coupling dichroic mirror M1, into the 450 pm-thick
Nd:YAG layer, which has a numerical aperture of 0.47. Defining the tangential axis as
the one guided in the YAG layer, the sagittal axis was unconditioned after the FAC,
that is it was allowed to propagate 200 mm before reaching the medium, with a ~1mm

second-moments full-width in the sample.

M1, Plane Mirror
Water-cooled

Ly, f, = 10mm copper
0 ‘ H heatsink \
D” | u Bonded

Diode Bar & VBG Composite

M2,
RoC = 200mm

M3, Output Coupler

A

Figure 5.11: A) Oscillator setup for the bonded composite laser. A VBG-locked
869nm diode bar pumps the Nd:YAG layer for the 1064nm laser cavity. And B)
Fluorescence from the top of the lasing composite, viewed through a long-pass
filter to reject the pump light

Mounted on a 6-axis stage, the position of the bonded composite was adjusted to opti-
mize the pump-launch. A simple V-cavity configuration was set up with M2, the turning

mirror (which had a 200 mm radius of curvature), angled at ~17° in the tangential plane.
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A flat 85% reflective output coupler (OC) mirror, M3, was positioned in order to maxi-
mize the lasing output. This preliminary configuration, was primarily configured to test
the quality of the bond and realise laser output. Lasing on the dominant 1064nm line,
the beam at the OC, was reimaged via a telescope system onto a CCD camera, enabling
the cavity modes to be assessed. Figure 5.11B shows the lasing composite viewed from
the top face through an RG1000 long-pass filter, with the 1064nm fluorescence clearly
visible across the Nd:YAG length.

By measuring the laser output power while increasing the diode bar driving current, an
initial slope efficiency of 12.5% was recorded using a 15% transmission (T) OC. Due
to the index step between Nd:YAG (1.82 @ 869nm) and air, Fresnel reflections would
result in a loss of around 8.5% at each interface, assuming normal incidence. In order to
mitigate this issue and improve efficiency, the sample was unmounted in order to deposit
an AR coating of MgFy on each end facet (in-house). Figure 5.12 shows the coated end
facets under a 10x microscope objective. The coating appears to have adhered well
to the majority of the surface, with a targeted thickness of one quarter of the pump

wavelength (~220nm). The composite was then remounted to the copper heatsink.

Figure 5.12: 10x microscope inspection of the AR-coated end facet. The AR
coating appears as a coloured tint on both faces. No damage is visible to the
coating

5.5.2 Laser measurements

With the composite returned to the oscillator, telescope arrangement was constructed
to re-image the beam at the OC. Using a 350 mm and 60 mm lens, the beam waist was
re-imaged at 0.17x reduction. The beam size around the waist was then recorded for
increasing power levels. By comparing the beamsize and beam quality factor (M?) at
M3 with an ABCD model for the laser cavity, the thermal lens within the crystal could
be predicted at each power level [85]. Due to the one-dimensional heat flow within the
crystal, the tangential and sagittal planes were expected to exhibit differing thermal
lensing characteristics, with a more pronounced lens appearing in the tangential plane.

However, the beam size in the tangential plane proved difficult to record precisely.
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Figure 5.13: A) Beam size measurements about the re-imaged waist for each
axis with a theoretical fit for Rayleigh ranges (Zr) and B) A captured image
of the laser output showing significant additional output around the primary
beam

Figure 5.13A shows the recorded beam sizes about the waist for each plane (at ~11W
input power), along with theoretical plots based on the beam waist size and measured
Rayleigh range (Zr) [86]. In the sagittal plane, the experimental results match well with
theory. However, in the tangential plane, the experimental beam size shows aberrations
about the waist. This behaviour was matched across the full power range, making

recording the minima locations in the tangential axis difficult.

When viewing the output beam, a significant amount of additional power is visible
outside of the main beam, as shown in Figure 5.13B, which shows multiple additional
beams and diffraction effects to either side. As such, it was not possible to predict
the thermal lens in the tangential plane of the crystal. The excess light visible was
attributed to the high gain from the doping concentration causing large amounts of
amplified spontaneous emission (ASE) within the crystal, as well significant diffraction

from end facet curvature.
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Figure 5.14: A) Beam waist size for the tangential and sagittal axis at the OC
with increasing laser power. B) Thermal lens strength in the sagittal axis vs
incident diode laser power. A clear drop is noted beyond 20.4W of incident laser

power
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The beam size at the output coupler was modelled for increasing thermal lens dioptric
strength. The recorded beam minima and M? were then used to calculate the corre-
sponding beam sizes at the output coupler for each power level, and therefore the thermal
lens strength. However, the results did not match the theory based on the current cavity
design. For low power levels, the experimental beam size exceeded the theoretical model,
but thermal lens strength increased with power as expected. However, beyond 20.4W
input power, the thermal lens strength appears to reduce again, as shown in Figure 5.14.
Due to the aberrations noted, the calculated tangential beam radius fluctuates wildly,
but the sagittal beam shows a clear downward trend during the first four readings shown
in Figure 5.14A. When converted to calculated thermal lens strength in Figure 5.14B,

it appears to show the lens effect decreasing as power rises beyond 20.4W.

From these results it was clear that the current theoretical model did not accurately
represent the cavity, indicating some form of additional optical power in the cavity. Due
to the simple cavity design, this was assumed to be due to the end facets. Measurements
of the facet quality and form were made with a white light interferometer and stylus
profiler to see if the lensing effect could be attributed to surface curvature.
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Figure 5.15: A) 2D surface profile across 450 pm on the YAG surface (as the
tangential axis of the beam would see upon exit), with offset at each edge listed,
and B) 3D surface map of the bonded composite end facet covering an area of
900 pm x 600 pm. The interface is clearly visible as a large rise between the
left-hand, sapphire side and the right-hand YAG. Both profiles were captured
with a white light interferometer

The surface maps in Figure 5.15A and B show a clear distortion across the YAG surface.
The difference in toughness between sapphire and YAG causes the two materials to lose
material at different rates during the polishing process, resulting in a steep curvature at
the sapphire edge. While efforts were made to counteract this by packing the composite
between additional YAG pieces during polishing, an improved method is clearly required
to obtain a suitably flat surface. The measured facet curvature would create distortions

in the cavity unaccounted for by the model.

An attempt was made to account for the facet curvature by modelling the end facets of

the crystal as a negative lens of f=-100 mm (combining both facets into one). While this
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Figure 5.16: Models of the cavity mode for low (A and B) and high (C and
D) thermal lens strengths, and with (B and D) and without (A and C) an
f=-100mm lens at the crystal facet

increased the theoretical beam size at low powers (and minimal lensing), it didn’t account
for the drop in dioptric power with high pump powers. The beam size within the cavity
was modelled using software combining standardized ABCD ray propagation matrices
for cavity elements (free space, thin lens, mirrors and propagation in a higher index
medium) [87]. As shown in Figure 5.16, models for the cavity, both with and without
the f=-100mm lens, predict an increasing reduction in beam radius as thermal lens
strength (inverse of focal length) increases. The surface shape recorded did not match
that of a parabolic thin lens, and as such it is unsurprising that this failed to account
for the higher order features. The warped surfaces are expected to have an impact on
the light present outside of the main beam, splaying light in different directions depends
on which part of the crystal face is hit, which would effectively degrade the measured

beam quality and make it difficult to obtain clear data to compare with the model.

To identify how much power lay outside of the primary laser beam, the laser power was
recorded again with increasing pump power, with a pinhole positioned in front of the
detector. The pinhole was centred on the primary output beam using an IR card at
low powers. Two sets of laser vs pump power curves were recorded, one with a pinhole
set to to approximately lcm diameter to isolate the expected Gaussian output beam
from the diffraction, and one with the pinhole opened to capture all of the laser output
from the cavity. The primary beam could not be precisely separated from the secondary
diffracted beams so the pinhole width was set fairly wide to capture as much of the
central beam while blocking the extraneous beams visible through an IR viewer. The
power entering the crystal was then recorded by measuring both the power arriving at the

crystal position and the power reflected via Fresnel. By angling the crystal slightly, the
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Fresnel reflection which remained despite the coating could be captured by the detector.
Then, the incident power was recorded by removing the crystal and replacing it with
the detector, directly behind the input mirror, M1. By subtracting the power lost in the
initial Fresnel reflection from the incident power, the power entering the YAG crystal

was calculated.

Figure 5.17 shows the recorded laser values, producing slopes of 20.4% and 31.8% with
and without the pinhole, respectively. Plotted across the linear portion of the graph,
the opened pinhole results in a significantly higher slope efficiency, increasing by around
11%. The difference between each reading showed that 34% of the total power originated
from outside the central beam. A clear tail-off in the slope is also visible for both lines
above 20W of incident power, corresponding to the point at which the cavity modelling
broke down regarding the recorded thermal lens. This was believed to be clipping of
the beam at the edge of the crystal and the overlapping heatsink, due to the thermal
lens causing expansion of the beam. This effect, with a portion of the beam reflecting
off the gold-coated copper heatsink, could further account for the inability to match

experimental values for beam size to the theoretical cavity.
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Figure 5.17: Measured laser output against incident pump power. The laser
power was recorded once using a pinhole to isolate only the central beam and
again without the pinhole

5.5.3 Analysis & improvement routes

Development of a 1.064 um laser oscillator has demonstrated that the developed process
for the sapphire to Nd:YAG bond has potential for use in high-power active devices.
The bond showed no signs of damage with 27W of incident pump power focused into
the 450 pm active layer with a ~1 mm wide beam. The high concentration (1.3at.%) of
Nd and its resulting heat-load shows the bond is capable of operating under a heavy
localised heating, with the sapphire as a heat spreading layer. Producing an output
of over 7W with 4 W in the central beam, the bonded YAG /sapphire composite shows
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great potential. However, a significant number of refinements are required to advance

work in this area.

Producing an ideal end device would require a three-layer, sapphire-Nd:YAG-sapphire
bonded composite. In this approach, heat-extraction would be both doubled and create a
symmetrical heat-distribution across the active layer, with improved thermal lens effects
from the material’s j—;ﬂ and allowing for simpler predictions of lensing effects within the
cavity. Double sided bonding would increase the production time of such a composite
however, requiring the initial bond to be completed and annealed before the remaining

YAG face to be bonded was re-polished to a suitable flatness.

Double side-bonding in a single stage was attempted, however it was found that the
rear-face of the thin YAG distorted during the bond, reducing it’s ability to contact to
the second sapphire piece. This problem could be avoided with thicker YAG but thereby
defeats the waveguiding and thin-heatspreading properties. An alternate method could
be envisaged involving strong pressure applied to the surfaces during bonding to ensure
close contact, however this may lead to fracturing of the materials during annealing
stages due to restricted expansion. Following bonding, greater care is also required
during the end-facet polishing stages. To provide a symmetrical distribution of pressure,
it is proposed to sandwich the YAG layer between additional place-holder sapphire pieces
during polishing.

The combination of dimensional, material and polishing improvements would work in
combination to reduce the significant optical power noted outside of the central beam,
likewise improving the slope efficiency of the laser. Regarding the cavity, in the current
design in the sagittal plane, mode overlap between the pump and laser is believed to be
poor, with the pump collimated to around 1 mm full width, while the laser mode occupies
a waist radius close to 140 pm. Combined with polishing improvements, the beam size
within the crystal could be more accurately optimised to maximise the mode overlap.

This would, once more, reduce effects from ASE and improve the laser efficiency.

With bonding and post-processing refined, the end device could also be improved by
adjusting the dimensions of the gain material. A longer crystal (extended in the 8 mm
direction) of lower dopant concentration would increase the absorption length, providing
a more even heat distribution across the length of the bond and maximising the benefits
of the tightly-bonded, sapphire layer and planar structure. In the current design the
majority of heat is front-loaded within the crystal, with an-asymmetrical profile in the
tangential plane. With all of these improvements taken into account, a reliable technique
to produce robust and resilient bonds between YAG and sapphire and utilise the resulting

composites into optimised, high-power active systems could be realised.
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5.6 Conclusion

This project has successfully developed two approaches to direct bond the dissimilar
materials of YAG and sapphire, producing bonds with excellent resilience to a wide
variety of environmental conditions and mechanical factors. By refining the activation
and annealing process through subsequent iterations, the HF and plasma bonds have
been enhanced to show resistance to liquid ingress during ultrasonic agitation, survival
at elevated and cryogenic temperatures ranging from 800°C to -180°C, and the strength
to withstand abrasive mechanical processes such as dicing and polishing which can be

applied to optimise devices following initial production.

The HF-activated approach produced the most resilient bond, capable of dicing after
a single annealing stage and tested over the greatest temperature range. The bonded
composites even showed signs of strength exceeding that of bulk YAG, maintaining the
bond even as the main bulk fractured. However, the nature of handling hazardous acids
combined with the rapid transfer required between activation and bonding often resulted
in an interface displaying a significant number of voids. While these voids did not induce
failure during processing, they could potentially reduce the thermal conductance across
the interface or result in optical losses, as well as reducing the potential yield from each
bond. The plasma-activated approach produced a reliably clearer interface, but resulted
in a weaker bond until annealed for twice as long as the HF-approach. Combining the
correct activation and annealing steps, both routes provided versatile bonds to allow
for use in a wide variety of scenarios. The HF activation was established as reliably
producing a high-strength bond, but with repeated testing of the plasma activation, the
cleaner interface combined with the lack of a requirement for a dangerous acid would

make this a preferred route.

Through construction of a laser cavity with the active composite as the gain medium, the
bond has been tested to survive localised heating through incident power of 27 Watts,
with a maximum laser power recorded of over 7 Watts. As the bonded composites
demonstrate suitability for use in high-power devices, the efficiency of a direct-bonded
laser gain medium could be improved drastically through the material, dimensional and
design refinements discussed previously. With the potential to implement a bonded
composite in cryogenic temperature laser systems, these avenues offer clear applications
to apply the effective and repeatable bonding process demonstrated in this chapter

between YAG and sapphire.






Chapter 6

Direct bonding zinc selenide to

diamond

6.1 Introduction

Diamond is proving an increasingly important material in optical and electronic devices
due to its excellent non-linear (Raman) [88, 89], mechanical and thermal properties.
Diamond’s unrivalled thermal conductivity (>1500Wm~!K~1@300K) [83] is over 50
times greater than that of sapphire (27Wm™1K~1) [90] , making it an ideal material for
heatspreading. In addition, diamond’s hardness renders it extremely resistant to wear or

indentation damage, offering an appealing structural support for more fragile materials.

Zinc selenide (ZnSe) has been demonstrated as an excellent host medium for use in
mid-infrared laser operation when doped with chromium or iron [91]. Recent advances
with Cr:ZnSe lasers have pushed output powers to 140W in a disk architecture, but
significant efforts are required to mitigate the strong thermal lensing effects [92] that
arise from ZnSe’s high thermo-optical coeflicient (%) of 70 x 1075K~! [90]. In con-
trast to diamond, ZnSe suffers from an extremely low mechanical hardness (Knoop 120,
compared with diamond’s Knoop 5,700-10,400) and has significantly lower thermal con-
ductivity (18Wm~1K~1@298K) [90]. Combination of the two materials is therefore of
interest for engineered media, allowing diamond to compliment ZnSe’s optical properties
through both thermal and mechanical protection. Moreover, the refractive indices of di-
amond and zinc selenide (2.394 and 2.503 at 1 um, respectively) [93, 94] make waveguide

structures an appealing prospect.

A ZnSe/diamond waveguide could be constructed with a relatively high numerical aper-
ture and a pump-guiding structure with excellent mode selection capabilities [95]. Crit-
ically, for example, a Cr:ZnSe waveguide laser with a pump wavelength around 2pum

and emission between 2-3 pm, can be conceived where a diamond cladding could act

99
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to provide additional loss for higher-order modes, leading to improved mode selection
designs for mid-IR operation. For power-scaling Cr:ZnSe mid-IR lasers, the thin-disk
architecture is another promising approach [96], where the heatspreading potential of
diamond would provide exceptional performance. However, the mid-infrared absorption
of diamond would frustrate operation in the case that the diamond were intra-cavity.
As such, the design would require a high-reflectance mirror between the thin-disk and
heat spreading diamond substrate. While this is the typical design methodology for tra-
ditional Yb-doped thin-disk lasers, direct bonding of diamond to a suitable terminating

layer (such as Al;O3) in the mirror coating would be required.

Combining diamond and ZnSe presents difficulties due to the notable difference in co-
efficients of thermal expansion, which limit elevated temperature procedures. Direct
bonding has proven a versatile approach, demonstrating success in bonding of diamond
to dissimilar materials [97, 98, 54]. In this chapter, joining of diamond to ZnSe is achieved
at room temperature, using a plasma-assisted direct bond to produce a void-free, opti-
cally lossless and thermally conductive interface. The activation and bonding of both
ZnSe and diamond are tested in rigorous trials, starting with bonding of sapphire to

ZnSe before advancing to diamond.

To demonstrate the bond’s potential for heatspreading in an active waveguide, durabil-
ity over a range of temperatures and ramp rates was investigated. Localized heating,
via an optical pumping scheme, demonstrated that for composite ZnSe/diamond, the
thermal lens strength was diminished by several orders of magnitude compared to the

bare substrate alone.

6.2 Surface inspection

As discussed in the previous Chapters 2 and 3, direct bonding relies on intimate contact
between surfaces. In most cases, a nanometer-scale separation must be achieved in or-
der to facilitate successful bonding, requiring stringent polishing and cleaning routines.
Diamond, ZnSe and sapphire faces to be bonded were inspected prior to bonding using
a white light interferometer at 5x- (effective 2.5x) and 50x+ (effective 100x) magnifica-

tions.

Supplied ZnSe windows and sapphire wafers were flat to <\/10, while diamond was
polished to ~ A/5 (@633 nm). Fig. 6.1 shows 2D surface maps of each material under
100x magnification, including their Sy, the RMS roughness recorded for each. When
inspected at 100x magnification, the diamond surface shows clearly separated plateaus of
differing heights. Diamond was inspected and bonded on the growth side, where the grain
size is nominally 1/5th of the thickness (500 pm for the samples tested) and the surface
Sq was lower. Stylus profiler and AFM measurements were attempted to confirm that

these plateaus were not an artifact of grain regions showing different refractive indices,
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Figure 6.1: Surface maps for diamond, ZnSe and sapphire, where S is the RMS
roughness at 100x magnification

however stylus profile measurements were unable to be compared due to vibrational
fluctuations on the order of 10-20 nm masking the surface height shifts. AFM recorded
a larger surface roughness of 3.4 nm, but was not conducted in a clean room environment
which could lead to contaminants registering in the image. It proved difficult to obtain
satisfactory images through AFM, and as such the surface topology was not able to
be confirmed. Fortunately, diamond’s poorer surface quality could be counteracted by
a greater Hamaker constant [54], increasing the van der Waals force produced during
bonding. Therefore, provided the appropriate activation, the diamond surface quality

was found suitable for bonding.

6.3 Bonding trials

Before attempting to bond ZnSe and diamond directly, each material was tested in mul-
tiple activation processes to identify a suitable approach. Due to the wide availability of
well-polished sapphire wafers, ZnSe-sapphire bonding was tested. Following the success
in bonding sapphire to sapphire and Nd:YAG (Chapter 5), a hydrophilic approach was
targeted. As a material of low chemical resistance, ZnSe is unsuitable for submersion in
HF as conducted in the YAG-sapphire bonding, and as Figure 6.2 shows, a test piece
identified Piranha etch as unsuitable too, inducing severe damage and discolouration to

the surface.

Figure 6.2: Damaged ZnSe following Piranha etch submersion
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Plasma activation was therefore considered the most appropriate activation route. The
short plasma treatment detailed in Chapter 3.7, which involved 30s of Os plasma followed
by 1 minute of No, was tested on a ZnSe substrate, with surface profiles captured directly
before and after. Minimal change in surface roughness was noted, with RMS roughnesses

recorded as 0.66 nm and 0.63 nm, respectively.

6.3.1 First contact

A first contact test was made using only solvent cleaning. The ZnSe was cleaned by
wiping with acetone before ultrasonic cleaning in acetone, IPA and DI water. The
sapphire wafer was given the same cleaning procedure, then submerged in heated piranha
etch for 20 minutes. When initial contact was attempted, it was noted that the ZnSe
remained fairly hydrophobic despite solvent cleaning, with water beading on the surface
rather than wetting. No contact was formed initially, even with pressure applied. A small
amount of DI water as added to the bond. After a short period of gently movement, the
capillary forces helped hold the two surfaces together. ZnSe-sapphire contacted pieces
were then placed into the spring pressure jig, where the bond appeared to develop
further.

Figure 6.3: 4mm thick ZnSe contacted with 660 pm sapphire following an ul-
trasonic solvent clean

It was noted that when pressure was applied, even gently while moving, scratches devel-
oped on the ZnSe surface. The two contacted samples are shown in Figure 6.3. A large
number of voids are present, arising from contaminants and scratches on the ZnSe sur-
face. Contact failed to occur around any of the damage sites, suggesting surface warping.
One contacted sample was placed in a plasma asher for 30s Oy plasma, followed by 60s
Ny plasma. The asher heats the samples and often encourages water to escape from the
bond, separating the samples if poorly held. The bonded piece appeared to survive the
sharp rise to >70°C without any change of interface. However, after both samples were
left for 72 hours at rest, both samples had deteriorated severely, likely due to continued
water evaporation from the interface. The widely spread fringes visible in Figure 6.4
indicated a poor contact was formed, and minor flexing of the sapphire wafer saw big
fluctuations in the bond region. The poor contact was not unexpected given the lack of

an activation stage to render ZnSe hydrophilic.
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Figure 6.4: The ZnSe-sapphire bond showing significant reduction in the bond
region following 72 hours at rest

6.3.2 Contact angles

Hydrophilic activation processes were tested on both ZnSe and diamond to find suitable
approaches. To judge the effect, water droplet contact angles were recorded before and
after treatments. Diamond and ZnSe are both not super hydrophilic materials, and
following an acetone wipe measured average contact angles of 404+3.6° and 70+2.9°,

respectively.

6.3.2.1 180°C sulphuric acid

Boiling sulphuric acid is a common method for cleaning diamond, as well as in hy-
drophilic surface activation. A heated sulphuric acid bath was tested to activate the
diamond surface. Sulphuric acid was heated to 180°C before submerging the diamond
samples for 1 hour. A first trial of this approach saw significant change, with the water
wetting to the surface (<5°). However, repeated testing showed unreliable results, with
sometimes only a marginal reduction seen. It is believed that the unreliability may have
arisen through an unstable temperature for the acid. It proved difficult to sustain a
temperature of 180°C, with temperature recorded to fluctuate between 160 and 180°C.
In addition, at temperatures this high, the sulphuric acid began to boil off, releasing a
large quantity of vapour. Figure 6.5 shows a comparison between diamond samples with
and without treatment. While some success was seen in developing a hydrophilic sur-
face state through this approach, the long treatment time required with aggressive acids

meant this route was ultimately halted in favour of the successful plasma activation.
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&@

Figure 6.5: Comparison of water deposited on an untreated and sulphuric acid
treated diamond surface

6.3.2.2 Plasma activation

Both ZnSe and diamond were subjected to short plasma treatments (short and long
plasma treatments were detailed previously in Chapter 3) following a brief acetone wipe.
The ZnSe contact angle was reduced to 7.540.8°, while diamond was reduced to 8.2+0.7°.
It was noted that even a single wipe to the surface using clean-room grade wipes on
plasma or sulphuric activated samples would result in a sharp increase in contact angle
to around 30°. When combined with a preceding ultrasonic solvent clean, the water
then wet to the ZnSe surface completely, with an angle <5. Diamond, as much tougher
material, was expected to be more resistant to plasma bombardment than the softer
ZnSe. Adding an additional long plasma treatment also reduced the diamond angle
to <5°. Figure 6.6 shows water droplets deposited on ZnSe with and without plasma
activation. The plasma-treated surface sees the water completely wet to the hydrophilic

surface.

Plasma Treated Untreated

Figure 6.6: Water droplets placed on plasma-treated and untreated ZnSe. The
activated surface becomes strongly hydrophilic

To test the lasting effect of the plasma treatment, ZnSe samples were treated by the
plasma activation, then left for period of time either submerged in DI water or at rest
in atmosphere. The contact angle was recorded after 5 and 15 minutes submerged in DI
water, and after 1 hour in atmosphere, as shown in Figure 6.7. Contact angles below 5°
were below measurement threshold and were set to 2.5°. Minimal change was noted after
5 minutes submerged, with the angle rising to around 11° at the end of the hour. It is
clear, then, that the surface becomes less active over time, but the process is relatively

slow compared to the bonding procedure. Of far more pressing concern is the risk of any
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contaminant attaching itself to the highly active surface directly after activation. It is
of paramount importance to conduct bonding as soon as possible following treatment.

With plasma activations identified to render each material hydrophilic, bonding trials

began.
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Figure 6.7: ZnSe contact angles recorded before at instalments after plasma
treatment

6.3.3 ZnSe-sapphire bonding

Two ZnSe samples were prepared for contact with sapphire, using ultrasonic solvent
cleaning. The ZnSe was kept in DI water while waiting for the final 20 minute Piranha
Etch treatment of the sapphire, then run through short plasma treatment. Neither
sample contacted spontaneously, but when a small quantity of DI water remaining from
the ZnSe DI water bath was applied to the interface accidentally, one piece gripped,
producing a clear, void free interface across the entire surface. The second piece, however,
would not grip until shifted around to help the majority of the water evaporate from
the bond. The interface showed different hues, indicating a weak bond held purely by
the water. Both pieces were put into a pressure jig and loaded to approximately 2kg of

mass.

Inspected after 24 hours, the weaker bond had begun to dislocate at the edges as water
evaporated. The clear bond piece, however, showed little to no change. The two bonds

are shown in Figure 6.8. Following a further 24 hours, no change was noted.

6.3.4 ZnSe-diamond bonding

Based on the previous results, a plasma assisted bond was tested between ZnSe and
diamond. Both samples were wet-cleaned with ultrasonic acetone, IPA and DI water

baths. Both ZnSe and diamond were then dried and given a short plasma treatment.
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A B

Figure 6.8: A) A poor ZnSe-sapphire bond showing shrinkage at the edges, and
B) Two images of a clear, void-free ZnSe-sapphire bond

The ZnSe was then removed and placed in a DI water bath while the diamond was given
a further, long plasma treatment. Contact was made within 10 minutes of treatment to
reduce the chance of contamination. The ZnSe sample was then dried using a nitrogen
line and the diamond sample placed into contact. As expected due to the diamonds
poorer surface quality, no spontaneous contact occurred. However, when a small quantity
of water (~50pul) was applied to the interface again, a contact wave spread rapidly across
the surface. DI water saturates the surfaces with OH bonds, then capillary forces draw
the faces together as it evaporates, bringing them into the short-range regime of hydrogen
and van der Waals forces. Bonded samples were then left under a 2.5kg weight for at

least 24 hours. Figure 6.9 shows the bonded ZnSe and diamond sample.

Inspection revealed a clear interface with two small voids visible toward the edge of the
bond. The bonding process was confirmed by successfully conducting several further
diamond to ZnSe bonds in the same manner. In addition to the diamond to ZnSe com-
posite, diamond to sapphire bonding was conducted using a similar approach. A diced
segment of a 0.67 pm-thick sapphire wafer was used as a substrate material. Successful

contact was achieved over half of the bond area, displaying a clear interface.

Figure 6.9: 500 pm thick diamond bonded to 4 mm thick ZnSe and 660 pm thick
sapphire wafers

The diamond appeared to have stuck rigidly on the ZnSe, unable to be moved by force
applied to the side via tweezers. A couple of small, unbonded lines were barely visible
at the bond interface. It was hoped that the constriction applied by the surface tension
of the small quantity of water will have helped draw the surfaces close enough that the
high Hamaker constant of diamond would play an effect in holding the parts together
through van der Waals forces. The bonded pair were left in the pressure jig and were
inspected after over 50 hours. No change was noted at the interface, as shown in Figure
6.10. After a further five weeks, the bonds showed no difference. The lack of any
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deterioration indicated that the bond was not reliant on remaining water at the interface,

as evaporation over this time would have weakened the bond.

Figure 6.10: The ZnSe-diamond bond showed no change after 50 hours under
pressure

The second bond conducted using this technique produced similar results, but with one
unbonded region apparent after contact at the edge of the bond, highlighted in Figure
6.11. A small line was noted at the opposite edge, indicating a flaw in the ZnSe surface.
The surrounding remained bonded, however, and no change was noted after an extensive
rest period of several weeks. The repeatability of the bonding process demonstrates a

successful route for achieving ZnSe to diamond contact had been established.

Figure 6.11: A minor flaw was visible in the second ZnSe-diamond bond, high-
lighted in the red circle as a the lighter shaded region

6.4 ZnSe-diamond composite temperature trials

With a bonding procedure confirmed, trials were conducted to test the composite’s lim-
its. Difference in CTE can cause severe stress between bonded materials, and diamond
and ZnSe have vastly different CTEs of 1x1076/°C (at 300K) [99] and 6.8x1076/°C (at
283K) [100], respectively. As such, the bond is unsuitable for the high-temperatures

seen in other direct bonding methods [34].
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6.4.1 80°C heating

A series of trials were conducted to test the composite’s resistance to temperature change
and different ramp rates. One composite was first heated to 80°C in 5°C increments
on a hot plate, with a visual inspection at each step. The temperature was measured
by a thermocouple close to the diamond on the ZnSe surface. No change was observed
up to 55°C, at which point the bond area shrank slightly from the edges. By 80°C an
unbonded ring was clearly visible around the central bond, as shown in Figure 6.12A.
Sharp, dark-lined ‘hard’ edges developed around the remaining bonded area, forming a
hard barrier to the bond edge. The composite was then held at 80°C for eight hours to
test durability. No further degradation was noted. Cooling to room temperature also
saw no change to the bonded region, beyond softening of the sharp bond edge lines.
Considering the vast difference in CTE, the bond performed above expectations over
this temperature range, indicative of diamond’s large Hamaker coefficient assisting the
bond.

Figure 6.12: A) The diamond/ZnSe composite at 80°C, B) A 10x microscope
inspection of the failed bond region and C) A 3D surface map (area of 700 pm
x 900 pm, vertical scale of 300 nm) of the ZnSe surface following debonding

The same bond was then heated in an oven environment, ramping to 80°C at 1°C /min
before dwelling for 30 minutes. During heating of the sample it was initially believed
that the bond expanded during heating, appearing much closer to the edges of the
diamond sample, with smaller, partially bonded regions disappearing (believed to have
been enveloped). In order to inspect this further, the heating process was recorded to
observe the bond behaviour and images captured were compared, as shown in Figure
6.13. It was discovered that the bond region did not expand, instead that a shift in
colour, believed to be the start of interference fringes, at the edge of the diamond sample
(unbonded region) gave the appearance that the diamond piece was smaller, making the
bond look comparatively larger. The small spots of bonded region shown in the RT
image are seen to disappear in the heated image, instead showing a band around the
lower edge which gives the appearance of a bonded region. Upon cooling, the bond
reverted to its previous state, including the smaller contact regions. A longer, 8 hour

anneal was also tested, with no noted change.
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Room Temperature 80°C

Figure 6.13: The bonded composite at room temperature and 80°C (slightly
rotated)

6.4.2 Ramp rates

The composite was then subjected to rapid changes in the 20-80°C range using a Rapid
Thermal Annealer (RTA). The bonded sample was ramped from room temperature to
80°C at rates of 1, 2, 5 and 10°C/minute. As before, heating to 80°C caused the bond
region to shrink at the outer edges. However, no further damage was observed at the
bonding interface due to increases in ramp rate, demonstrating the bond is resistant to

sharp changes in environmental temperature.

The ZnSe-sapphire bond with clear interface was also tested at a rate of 10°C/min,
showing no deterioration at all. Because sapphire and ZnSe differ less in CTE, higher
temperature annealing of the ZnSe-sapphire bond was tested to 500°C. However, this
proved too close to the decomposition temperature of ZnSe and caused the material to

change structure, clouding over entirely to become opaque.

The ZnSe-diamond bond was then heated with the intention of inducing failure. From
80°C, the bond was heated in instalments of 10-20°C, inspecting after each. At 100°C,
the bond was noted to deteriorate further in a notably interesting way. Regions which
had formed a hard edge as seen by eye did not retract during heating, resisting the
change. Asshown in Figure 6.14A, deterioration occurred at gaps between these regions,

presumably allowing air into the shifting surface regions and separating the bond.

Figure 6.14: A) The ZnSe-diamond composite at 100°C, bond failure occurs in
the gaps between ‘hard’ bond edges, and B) the composite at 145°C, by which
point nearly all clarity at the interface has now been lost
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The bond was then heated beyond 100°C to induce complete failure. As temperature
was increased to 120°C, colour became clearly visible within the debonded regions, de-
veloping into a clear interference patterns as the separated regions warped from heating.
The debonded area spread to reduce the bonded area seen in the above image by half,
though the hard bond edge remained stable. At 145°C the bond began to fail entirely,

losing nearly all clarity, as shown in Figure 6.14B.

5x Magnification 20x Magnification

Subsurface Focus Surface Focus

B

Figure 6.15: A) Microscope images at 5x and 20x magnification looking through
the damaged bond interface. Regions of different colour are separated by ‘hard’
bond lines, and B) Microscope images of a ‘hard’ line on the ZnSe surface
following separation. The subsurface damage is visible near these regions

At this stage it was noted that decomposition of the ZnSe had begun to occur, staining
the surface it was placed upon. Due to the mild toxicity of ZnSe, the experiment
was cooled until a more suitable environment was available in which to heat the bond.
Despite the majority failure of the bond, the two pieces remained together and a clear
visual difference was apparent between the fully separated edge regions (appearing grey)
and the partial contact areas (appearing coloured). Microscope images were captured
of the interface, as shown in Figure 6.15A. The ‘hard’ bond lines made clear barriers

between regions of differing colour (indicating differences in gap height).

6.4.3 Bond separation

After a few days left at RT, a small volume of acetone applied to the interface of the
heating-damaged sample during cleaning proved sufficient to separate the two pieces.
The ZnSe face was inspected under a microscope. As Figure 6.15B shows, the ‘hard’
bond edges have a clear height step and show subsurface damage. After bringing the
bond to its failure point, a white light interferometer was used to inspect these lined

regions. It was noted that these were locations where the ZnSe surface had warped,
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distorting the bulk substrate to maintain contact with the diamond, as shown in Figure
6.12B and C. It is believed that a crystal grain had been pulled out from the ZnSe
surface, maintaining contact with the diamond. Step heights of several hundreds of
nanometers were recorded, as shown in Figure 6.16. These occur as the bond strength
resists the separation of the two surfaces during annealing. In these regions, the bonding
forces have overcome the bulk strength of the polycrystalline ZnSe substrate, causing
damage to the surface instead of separating. The corresponding diamond surface was
also inspected with the interferometer but having undergone an acetone cleaning stage,

no attached ZnSe was noted.

350
300
250
200
150
100

50

Height (mm)

-100 T
0 1 2

Position (mm)

Figure 6.16: A 2D surface profile of ZnSe recorded across a ‘hard’ bond line
following bond failure

6.4.4 Elevated temperature bond

Practical use of bonded composites can occur in a variety of environments. In an at-
tempt to expand the temperature range of application, an elevated temperature bond
was trialled. The logic behind this was that if the bond were conducted at a higher
temperature, this would act as the ‘natural’ temperature of the bond, where it would
experience the least stress, the upper temperature limit would therefore be raised by a
corresponding amount. Bonding was attempted with samples heated on a hot plate to

80°C directly after activation and during contact.

Unfortunately, bonding at this temperature was not viable due to the rapid evaporation
of water from the bond. The added water would escape rapidly from the bond interface,
allowing air to enter. While the two pieces held together, the interface appeared patchy,
with lighter regions indicating the presence of air gaps, as shown in Figure 6.17. This
spread across the bond within 5 minutes, leaving a poor bond interface. From this it
was concluded that, due to the requirement of water at the interface, 80°C bonding was

not suitable for this process.
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Figure 6.17: A ZnSe-diamond bond attempted at 80°C producing a poor inter-
face

6.4.5 ZnSe-diamond bond cooling trials

A new bonded composite was cooled by resting over a liquid nitrogen bath on a metal
frame, as shown in Figure 6.18A. A nitrogen flow was maintained over the sample to
stop condensation forming and restrict the rate of cooling. A minimum temperature of
-40°C was recorded, cooling rapidly through the addition of liquid nitrogen. The bond
was held between -20 and -15°C for 10 minutes. The bond was inspected after returning
to room temperature and noted to have suffered minor degradation around the edges
of the bonded region, as shown in Figure 6.18. This behaviour mirrors the degradation
witnessed with increasing temperature, with the exception of developing hard edges to
the bonded region. As with the heated bond, the bond did not recover over this region,
retaining the reduction in the bonded area. From this and the heating trials it was
established that the composite maintained a majority clear interface over the range -40
to 80°C.

I 1 N
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Figure 6.18: A) The liquid nitrogen cooling setup in which the bonded sample
rests on a metal frame above the nitrogen bath, and B) Microscope inspection
of the bond at 5x magnification following cooling to -40°C. Shrinking of the
bonded region is noted along the edges
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6.5 Optical transmission trials

With the ZnSe-diamond bond survival well characterised over a range of temperatures,
optical trials were conducted next to investigate any distortions caused by the bond
interface. Samples were inspected using a simple interferometer setup shown in Figure
6.19A. The interference pattern over a mm diameter region was captured with and
without the ZnSe-diamond composite in one beam path. Any air gaps at the bond
interface would be expected to distort the resulting pattern. Figure 6.19B shows no
distortion was visible in the interference fringes, with reduction in visibility caused by

the strong Fresnel reflection losses as the input and exit faces.

Wedge Free Space Diamond - ZnSe Bond

CCD Camera Mirror

Figure 6.19: A) HeNe interferometer setup for inspecting bond interface optical
distortions. Omne path travels through the bond before recombining with the
freespace beam reflected off an Optical Flat (OF), and B) Interference patterns
with both beams in free space travel and with one beam passing through the
bonded composite

A 1.064 pm Nd:YAG laser was then used to record the composite’s optical transmission.
By using both clear and damaged section of the bonds, it was possible to compare
transmission between the clear and separated regions. Table 6.1 shows the recorded
transmission values. In addition, Fresnel reflections for each material were measured at
small angles of incidence (taking care to block subsequent reflections), and theoretical
values based on the previously listed refractive index for each material were calculated.
The recorded results fall in line with those predicted theoretically, with the exception
of the failed bond. In this case, the Fresnel calculation is based on four reflections
arising from an intermediate air gap. However, in reality the failed region contains areas
that remain partially bonded, which could increase the overall transmission and causing
discrepancy in results. Additionally, any air gaps could be sub-wavelength in thickness,

allowing light to tunnel through.

Table 6.1: Measured and theoretical transmissions at 1.064 pm for bare ZnSe,
the ZnSe-diamond composite and a region of failed bond

Region ZnSe Clear Bond | Failed Bond
Calculalted transmission from Fresnel Reflections (%) | 67.5£3.9 | 68.7+£3.4 46.4+3.9
Measured transmission (%) 65.7+1.5 | 67.44+0.9 54.840.9
Theoretical transmission based on index (%) 66.6 67.8 46
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6.6 Localised heating trial

For end use in an active laser system, the primary purpose of bonding the diamond layer
was to provide a heat spreading layer in direct contact with the active (Cr or Fe) doped
ZmSe. To this end, an investigation in the heat spreading benefits of the bonded diamond
layer was conducted. Locally heating a section of the ZnSe surface, the intent was to
replicate the heating induced in an active device. A comparison was conducted between
bare ZnSe and the bonded ZnSe-diamond composite. In order to simulate absorption
heating, a 445 nm diode laser beam was used as 455 nm lies close to ZnSe’s bandgap of

2.7ev (459nm) and therefore sees high absorption

A 445 nm diode laser beam was collimated by a lens (L1), f=8 mm, before being focussed
by a second lens (L.2), f=25 mm, to an approximately 30 pm x 140 pm (radius) waist just
within the ZnSe surface. The absorption coefficient at 445 nm was determined to be
more than 77 cm™!. To maximise the thermal load density, the 445nm beam waist was

positioned just within the sample’s surface, adjusted for the maximum thermal lens.

A 1064nm laser was directed through the rear ZnSe face to overlap with the region
heated by the 445 nm laser on the front surface. The beam was focussed by a lens (L3),
f=200mm, to a radius of 140 pm. The reflection off this face was captured by a lens
(L4), =150 mm, and focused onto a Spiricon CCD positioned at the Fourier plane of
the lens, as shown in Fig. 6.20A.
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Figure 6.20: A) Pump-probe setup design to compare thermal lensing in bonded
and unbonded ZnSe, and B) Optical power of induced thermal lens with increas-
ing laser power

The incident 445 nm pump power was raised to 300mW while recording the probe beam
diameter. This was then repeated within an area covered by the 500 pm-thick diamond
layer. The optical path difference introduced by the diamond layer was recorded as
720 pm for the 445 nm pump wavelength. The sample was repositioned to locate the

region of smallest pump radius before increasing the power again. A maximum thermal
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lens dioptric power of 8.2m~! was observed for bare ZnSe [101]. When scanned within
the diamond-bonded region, no thermal lens was detected within the limits of our setup.
Figure 6.20B shows the optical power (in diopters) of the thermal lens detected for both

regions tested.

6.7 Conclusion

In this chapter bonding of ZnSe to diamond and sapphire was realised. The bonding
procedure was developed by testing multiple activation routes before settling on a plasma
approach. The short treatment time allows for flexibility in activation, tailoring the
duration to each material involved. Using water as an intermediary, and the action of
capillary forces to assist, the poorer surface quality of diamond was mitigated, producing
a clear, void-free bonding process. Despite large CTE differences, the bond resists -40 to
80°C temperatures, developing ‘hard’ bond lines as the ZnSe strives to retain contact,

dissociating from the bulk.

Optical transmission experiments through the bonded region proved that there was an
intimate contact between respective surfaces. When compared to bare ZnSe, a localized
heating trial demonstrated exceptional heat spreading with a diamond cap, reducing the
observed thermal lens at least two orders of magnitude in our setup. Several engineered
optical structures based on such composites can be envisaged for active and passive de-
vices using this technique. Expanding beyond the ZnSe-diamond composite, the process
developed was also demonstrated to be adaptable, allowing contact between ZnSe and
sapphire, as well as sapphire and diamond. Both these routes hold interest for future
research. The repeatable technique for joining dissimilar materials demonstrated shows
clear future promise in optical applications and more. Future interest could be directed
toward expanding the temperature survival range as well as bonding large scale pieces

including wafers.






Chapter 7

Conclusion and future work

7.1 Thesis summary

Reported in this thesis was work conducted to develop direct bonding for use with
dissimilar materials for optical applications. The thesis aims to present the advantages
of the direct bonding technique before applying it to a selection of material combinations
and post-processing techniques. The direct bonding process was developed from the
ground up, with stages determined based on available literature for the technique, along

with rigorous testing of each process.

Chapter 1 introduced the field of direct bonding from first discovery of the joining
phenomenon by Desagulier [11]. A comprehensive review of direct bonding’s evolution
through history was presented, stretching as far back as 1665. Influential work and the
gradual increase in interest was covered, along with the modern transfer in academia
and industry from silicon wafer bonding to joining of dissimilar materials. The wide
variety of state of the art bonding techniques was then presented, covering the basics of
each technique while comparing the current results of each. Finally, the format for the

rest of the thesis was covered.

In Chapter 2 the principles behind different techniques used throughout this project were
explained in detail. The process of fibre caning was covered, detailing the equipment
used, explaining the principles of glass transition temperatures, analysis techniques such

as differential thermal analysis and preform production methods.

The underlying science behind direct bonding was then covered. The different inter-
action forces which contribute to joining materials are covered, including hydrogen,
covalent and van der Waals bonds. The importance of Hamaker coefficients and the
intimate, nanometre-scale contact requirements between surfaces to be bonded were
also explained. The overarching principles of bonding methodologies investigated were

then listed, from activation stages to the annealing processes which strengthen bonds
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by transferring to rigid, covalent bonds. Finally, the details of characterisation tools
such as the white light interferometer and microscope, along with the manufacturing

equipment such as polishing stages and furnaces were catalogued.

Chapter 3 delved into the development of direct bonding at the Optoelectronic Research
Centre. A hydrophilic approach to bonding amorphous borosilicate glass was established
through iterative improvements to the steps and apparatus used. Early bonds showed
poor interface qualities with only 50% clear to a eye inspection. Through repeated trials
contaminants at the interface were reduced until interfaces showed over 95% clarity.
The final bond process produced clear interfaces with minimal voids and bond strength
enough to survive mechanical dicing after a 350°C annealing stage. No interface line was
visible by eye on the diced face, showing that the two bonded samples had effectively

combined into one homogeneous medium.

For dissimilar, crystalline materials, a highly resilient bonding technique was created
using either hydrofluoric acid or plasma activation. Understanding of the activation
procedures was gained through repeated trials, introducing the plasma cleaning stage
to both activation methods and improving handling of the samples during the final,
joining stages. Using a 50-hour or longer anneal at 800°C, bonds proved strong enough
to survive not just ultrasonic cleaning, but harsh environmental changes, mechanical
dicing and polishing too. Alternate activation methods that were trialled were also
detailed, before summarising the full and final bonding processes developed during the

project in clear and detailed steps for future use.

Chapter 4 applied direct bonding to the manufacturing of fibre preforms which were
drawn into planar structures at fibre dimensions. Fusing and bonding were tested as
methods to produce the preform, establishing direct bonding as the most reliable method
for creating a void-free interface. Damage induced by dicing was avoided by facing
faces to be bonded upwards, towards the blade. Several fibre structures were caned in
iterative improvement trials, with each draw cleaved and inspected via microscope to
look for air holes at the interface. While problems were encountered in the draw process
due to twisting and handling of the cane material, these were overcome through the
introduction of a guiding rod which was hung from the preform and fed directly into the
cane puller. The trials demonstrated that the planar structure and aspect ratio were

maintained as bonded and machined for the preforms.

A three-layer, planar structure was successfully created using fusing and caning of two
custom neodymium doped phosphate glasses. While poor material characteristics (inho-
mogeneity, intrinsic loss, inverted core-cladding index profile) hindered the project from
being progressed further, the full production method was conducted, demonstrating the
potential for a small-scale large mode area fibre amplifier for higher energy/peak powers

at 880 and 808 nm should suitable materials be determined.
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Chapter 5 focussed on the work developing and characterising the bonding between YAG
and sapphire. A resilient bond was produced through both HF and plasma-activated
bonding. Initially attempts were made to produce a hydrophobic activation before it was
determinined that hydrophilic route would provide a more resilient bond. Difficulties
encountered such as bonds separating during annealing or dicing were overcome by
testing multiple activation stages like sulphuric acid, plasma and HF to find the best
treatment. HF and plasma were determined as the best routes for activation. Initially
weak bonds which separated during ultrasonic cleaning were strengthened by increasing
the temperature and annealing time to 800°C and 50 hours for HF-activated bonds, with
an additional 50 hours for plasma activation. Both HF and plasma proved suitable for
creating bonds resilient enough to survive dicing, with plasma activation producing a

clearer bond interface but requiring a longer annealing process.

The resulting composites were annealed at extreme temperatures of up to 800°C, cooled
to cryogenic temperatures of -184°C and survived dicing and polishing across the in-
terface, showing remarkable resilience. An 8 mm long bonded Nd:YAG and sapphire
composite was used as the gain element in a 1.064 pm laser which was pumped with over
20 W of incident power (in a ~0.45mm cross section) and produced an output of over
7W. The efficiency of this device was limited by a large amount of diffraction visible in
the output beam (believed to be caused by clipping of the expanding pump beam on the
heat sink at higher powers), as well as poor effectiveness of the anti-reflection coating
and non-parallel end facets. The high doping concentration also led to front-loading of
the heat profile in the composite making it less able to take advantage of the planar
structure. However, the trial demonstrated the Nd:YAG /sapphire laser holds strong
potential for cryogenic, high power waveguide applications, albeit requiring a number of

refining steps.

In Chapter 6, the bonding process developed for ZnSe and diamond, along with ZnSe
to sapphire and diamond to sapphire was demonstrated using a water-assisted, plasma-
activated approach. The primary achievement of this part of the project was joining
of two materials of vastly different CTEs and mechanical properties. To achieve this,
multiple activation procedures were tested including heated sulphuric acid and plasma
activation in an effort reduce surface contact angles and produce super hydrophilic bond-
ing faces. Plasma was chosen as the most effective method, with diamond samples re-
ceiving an extended activation to reduce contact angles below 5°. The development of
the bonded procedure was detailed, including the introduction of a water droplet to the
bonding faces directly prior to contact. This method reliably developed a bond between
faces which wouldn’t contact spontaneously, finalising a complete bonding procedure for

ZnSe and diamond.

The temperature survival range of the bonded diamond-ZnSe composite was then tested
through heating and liquid nitrogen cooling. The temperature range and heating rates

showed the bond was resilient to rapid changes from -40 to 80°C. The diamond-bonded
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composite was then tested in a localised heating trial. Using a pump-probe setup, the
thermal lens induced by a focussed blue diode laser was recorded for the diamond-bonded
composite and compared with bare ZnSe. The thermal lens dioptric power recorded in
the bare ZnSe (8.2m~!) was completely eliminated in the diamond-bonded sample,

clearly demonstrating the heat spreading potential of the direct bonded diamond layer.

7.2 Future work

7.2.1 Direct bonding for planar fibre preforms

The work reported in this thesis demonstrated the capability to produce a planar-
structured, fibre-scale device for use in active laser devices. However, material con-
straints and deficiencies restricted development at the final stages. Despite two attempts
at production, the phosphate glass produced for the project did not meet the require-
ments to progress due to inhomogeneity of the glass, clumping of the neodymium dopant

and incorrect index profiles causing loss or impeding the waveguide design.

To advance the planar waveguide production, improving the glass homogeneity is essen-
tial for both cladding and core to allow for pump and laser guiding, reducing intrinsic
losses in the glass can also be complimented through a higher doping concentration.
Due to the planar design guiding only in one axis, short devices are required to keep
the device within the Rayleigh range and minimise clipping of the pump beam towards
each end of the device. Therefore, a higher doping concentration is required. Increas-
ing the neodymium quantity requires homogeneity to be improved to stop the bulkier

neodymium from clumping within the glass as observed in this project.

The index profiles of the core and cladding also need suitable refractive indices to support
total internal reflection, with closely matched values (as specified during this project)
to inhibit higher order laser mode guidance. The glass would therefore need a thorough
characterisation, ensuring it meets the standards required by an end device both before
and after the fibre draw. Finally, the curvature noted in the draw was believed to
be due to the temperature gradient in the tower susceptor. A larger susceptor could
provide a more even heat profile, reducing the effect. This could also allow for a greater
aspect ratio, reducing the risk of clipping of the pump beam and allowing for better heat

extraction through the thin axis.

With these problems accounted for, a proposed next step would be producing a three-
layer preform via direct bonding, conducting each bonding stage separately using a
low temperature anneal. Repolishing of the second bonding face may be required after
annealing the first bond. The three layer preform could then be drawn as demonstrated
in the phosphate glass draws, producing large quantities of material to be cleaved into

short segments. For an end device, coating to reduce risk of damage to the outer face
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is desired, however this would require adapting the fibre caning process or developing a
coating procedure post-draw. Following end facet polishing the short devices could then
be tested when built into an amplifier setup for a diode bar with cladding pumping, as

well as constructing an oscillator around the bonded, caned and cleaved segments.

7.2.2 Nd:YAG to sapphire bonding for active devices

Some clear steps are available to further the Nd:YAG to sapphire bonding investigation.
While a bond of remarkable resilience was developed, the efficiency of the 1.064 pm laser
oscillator was lower than believed to be possible due to a number of reasons. These
included the diffraction visible in the output beam, poor AR coating and choice of
doping concentration. If the project were to be continued, the first step would be to
acquire YAG doped with a lower concentration of neodymium. To truly take advantage
of the heat-spreading benefits of the sapphire layer and planar structure, a longer device
of lower doping concentration should be produced. This would create a more even heat
profile across the length, instead of front-loading the absorption of the pump - and

therefore the heat load as well - within the crystal.

A three layer composite is also suggested as a logical progression. With sapphire bonded
to both sides of the gain medium, heat can be extracted uniformly across the thin
dimension of the device, face cooling both sides to truly take advantage of the planar
structure. This would require bonding and annealing of one side before re-polishing
the alternate face to be bonded using the same process. Following this, greater care
must be taken in polishing the final composite’s end facets as the significant curvature
noted on the end faces was believed contribute to the large power noted outside of the
central beam. Faces to be polished should be packed in with like materials (sapphire
with sapphire etc.) to minimise rounding at the edges as material is worn away. Only
once faces are confirmed to be flat should an AR coating be applied. With these steps
conducted, the 1.064 pm laser trial could be repeated and compared to the initial test
in efficiency. Following this, a 9XX amplifier setup could be designed as an alternate
trial. Finally, a cryogenic temperature trial could be conducted to observe how the laser
operation improves with sapphire’s increase in thermal conductivity. The real advantage
of the Yag-sapphire bond would be in the production of high power laser oscillators at

cryogenic temperatures

From the perspective of bonding, an assessment regarding the yield of each bonding
technique and routes by which to increase this (larger area bonding) are suggested,
along with a qualitative assessment for the strength of bonds using a tensile or shear
test method. Ideally, a flexure strength test could be conducted as described in Section
2.2.4, however this would require many samples to be produced and bonded for the

sole purpose of strength testing. Comparison should be made between HF and plasma
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activated bonds as well recording strength with increasing annealing times to determine

the optimal activation and annealing processes to maximise bond strength.

7.2.3 Direct bonding zinc selenide to diamond

The zinc selenide to diamond bond was conducted as a hydrophilic process, with the
addition of a water droplet to the interface. While it is believed that water evaporates
from the bond over time, it has not yet been tested if a layer of water remains at this
interface. Zinc selenide is typically used as a host medium in active devices operating
in the mid-IR range. Due to water’s absorption spectrum in this band, it is suggested
that the absorption of a ZnSe piece bonded using the technique developed here should

be characterised.

Following this, chromium or iron doped ZnSe should be acquired to test if bonding works
similarly to materials for an active device. To test the new material, the same trial as
conducted with the blue diode could be tested once more with absorption more repre-
sentative of an active device. Finally, could pieces of diamond and ZnSe be acquired
of the exact required dimensions, a planar waveguide device could be built, bonding a
two or three layer structure for trialling. The dimension would need to be well defined
and then precisely aligned during bonding as the inability to undergo high temperature
annealing to increase strength precludes mechanical polishing or similar processing fol-
lowing the bonding stage. Given an additional sapphire layer, a thin disk design could
also be built. For that reason, ZnSe to sapphire bonding, which was briefly tested in this
project, should be trialled further. The two materials have much closer thermal expan-
sion coefficients so the temperature survivability range should be thoroughly investigated

once more.

Due to diamond’s absorption in the infra red, bonding with an intermediate layer is
of interest for the ZnSe-diamond combination. As such a bond conducted with a thin,
sapphire or dielectric layer should be tested. An end device could be envisaged of a
thin disk layer using doped ZnSe bonded to diamond via a thin intermediate layer of
sapphire. In addition, bonding of different surface areas and sample thickness should be
trialled, including diamond wafers where the low thickness could help alleviate the poor

surface quality’s impact on bonding strength.

Finally, as with the YAG-sapphire bonds assessment of the yield for bonding processes,
along with a qualitative assessment of the strength of bonds produced should be con-
ducted. A comparison should be conducted between room temperature and 80°C an-
nealed bonds to see if the strength of the bond can be increased through heating even

at low temperatures.
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