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ABSTRACT

Topic of adhesion has been well known in the scientific community due to
its wide range of applications in microelectronics. Research on adhesion has been
extensively carried out for improvement on the interfacial joining between
materials. In microelectronic packaging, ceramic metallization has been the subject
of interest due to its unique properties specifically under extreme environment.
Although this topic has been extensively studied and reported using various
bonding techniques, many open questions are still left to be addressed
systematically to improve the device reliability.

In this thesis, a systematic study has been carried out for the methods to
enhance the interfacial adhesion between Cu thin film and ALO;3 substrate. The Cu
thin film was chosen for metallization onto the ceramic ALO3; substrate by DC
magnetron sputtering method as this method is simple, well-controlled, and
compatible with industrial manufacturing process. Conventionally, an adhesion
layer is required between Cu and Al,O3; due to poor wettability of Cu to the
ceramic substrate. However such process inevitably requires a greater time and
increases the production cost.

A direct bonding of Cu thin films to ALOj3 substrate without adhesion layer
was implemented in this study. The key study was focused on the impact of
bonding parameters to the mechanical integrity of the interfacial joining. In general,
the metal film properties are strongly affected by the deposition parameters [1]. In

addition, the residual film stress is the major challenge for good bonding. In this
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study, the effects of three deposition parameters on film stress have been
investigated and identification on the film stress was analysed using XRD-sin®¥
method. The effect of kinetics movement of Cu atoms to the residual film stress
was studied and verified on the adhesion strength. The adhesion improved with an
optimized working pressure due to the film stress minimization during the
deposition step.

The surface condition of Al,O3 substrate prior to bonding has also been
elucidated. Adhesive forces between materials are affected by the environmental
factors, surrounding medium and composition. M.B. Ranage [2] has mentioned
that the particles in microelectronics are deposited from air, liquids or from human
resources, in the size from 0.1 pm to several micrometres. Development of an
effective cleaning method is mandatory for a robust bonding. The interaction
between Cu and Al,O3 is believed to be affected by the surface cleanliness, as well
as the modification of surface chemistry after treatments. Different surface
cleaning techniques and treatment sequences were studied to understand their
effect on Cu film adhesion with polycrystalline Al,O3 substrate. Excellent adhesion
strength of more than 34 MPa has been achieved by argon plasma cleaning which
is an abrupt increase compare to 6.1 MPa without plasma cleaning. The reason
behind such drastic improvement is the effective removal of the surface
contaminants as well as the creation of surface dangling bonds.

With further analysis, the study was extended on bonding mechanism was
extended in terms of surface roughness, porosity density and surface morphology.

The bonding mechanism and the area in contact between materials have been
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analysed using polycrystalline AlL,O; with three different range of surface
roughness. A comparative study was also carried out using monocrystalline ALO3
substrates with surface roughness smaller than 0.5 nm in order to provide
additional evidence on the obtained results. The study of bonding mechanisms and
their quantitative contribution to the Cu-ALO3; bonding were carried out. It was
revealed that surface adsorption provides majority of contribution to the observed
adhesion strength. Mechanical interlocking is another contributing factor behind
the observed adhesion strength increase in the latter especially for the substrate
with higher surface porosity. For the substrate with surface roughness of 350 - 500
nm, it has contributed up to 18.6 % to the Cu film adhesion with Al,O3
polycrystalline. Diffusion bonding mechanism may be operative only with post
deposition annealing treatment. From the XPS measurement, it was observed that
Cu atoms have diffused deeper into the substrate without chemical reaction
between Cu and ALOs3.

The current works conducted have achieved superb adhesion strength
beyond 34 MPa, this value has far exceeded the MIL-STD-883E of 10 MPa. The
guidelines for enhanced Cu-AlLO; adhesion were proposed in this thesis with
uncomplicated and trouble-free processing step. Extra insertion of glue layer such
as titanium, tantalum or chromium is not required in this proposed bonding system.
More importantly, types of bonding mechanisms have been justified and quantified

to understand their contribution in Cu-AlLO3 bonding system.
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CHAPTER 1 INTRODUCTION

1.1 Background

Bonding can be classified based on the scale of study. For the smallest
scale of bonding, it can be defined as the binding between ions, atoms or molecules.
For larger scale of bonding, it involves the attachment between the bulky items or
the adhesion between two surfaces. Bonding, joining or adhesion is very general in
our life; it always plays an important role in applications such as mechanical,
electrical, biological or chemical. However, achieving an intimate contact with
outstanding adhesion strength between materials is not an easy task to be
accomplished. When materials (metal-metal, metal-ceramic, metal-polymer, or
polymer-ceramic etc.) are bonded together, problems at interface (Fig. 1-1) such as
buckling [3] , cracking [4], formation of voids [5, 6], adhesive fracture and de-
lamination [7] may occur. Several factors such as high residual stress (external or

internal), presence of contaminants, geometry concern or misfit in the coefficient

of thermal expansion are always in the discussion to prevent bond failure.

N L5

Figure 1-1: Types of bonding failures (a) buckling [3] (b) cracking [4] (c) void
formation [5].
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In the field of microelectronic packaging, multichip module (MCM) is a
popular choice for devices to be deployed under extreme environmental conditions
[8]. MCM is not a new topic, the basic science and the technologies of this area
have been covered for more than 30 years [9]. However, in the quest of developing
better reliability, low cost of production and excellent speed of performance, much
more research is needed. One of the main reliability concerns is related to the

adhesion between heterogeneous materials used in the package.

Electronic packages consist of different materials which are often joined
together physically or chemically for specific functions. Attachment between wire
and lead, lead and compound, die attach, IC and compound are crucial to maintain
the system’s reliability [10]. The issue of reliability from the substrate component
is also an important concern for the system exposed to the environment
accompanied with high temperature, high pressure and large vibration. Therefore,
packaging technologies with good adhesion strength using advanced ceramic
substrates for metallization is needed in these ruggedized electronic systems. Yet,
interface complication is always a problem in the fabrication steps or service. In
this project, a multidisciplinary approach is used to evaluate the adhesion between
directly sputtered Cu films on Al,O3 substrate in the effort to develop more robust

metallization scheme for microelectronic packages.
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1.2 Proposal

1.2.1 Motivation and hypothesis

Due to the demands on simple fabrication, low processing temperature and
low pressure for direct bonding, a Cu-ALO3; system with excellent adhesion
strength beyond the MIL-STD-883E (10 MPa) [11] for metallization scheme is
proposed using DC magnetron sputtering deposition method. This bonding system
can be made more robust by: (1) optimizing the bonding conditions in order to
minimize the residual stress induced throughout the coating process, (2)
implementing a standard treatment procedure to increase the surface cleanliness
and the wettability of the substrate prior to bonding, (3) increasing the adhesion
strength by varying the substrate surface structure, as well as having a good
understanding about the bonding mechanisms at the interface through
quantification analysis. This approach explicates a simple, easy and inexpensive
way for ceramic metallization with no additional adhesion layer for Cu-ALO;
bonding. To further assists the analysis of various factors affecting the adhesion,
both polycrystalline and monocrystalline Al,O3 substrates have been studied in the

current work.

1.2.2 Objectives and scope of work

This research project will be mainly focusing on the metallization of

ceramic substrate for microelectronic packaging applications. The major target is to
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enhance the adhesion strength and study the bonding mechanisms between
sputtered Cu thin films and ALO3; ceramic substrate by understanding the key
factors behind the Cu-ALOs; interface adhesion. Criteria such as low resistance
conductive path and high mechanical strength must be considered in order to
protect the device from the harsh environment. Such electronics can find
applications in deep sea oil rigs, industrial chemical, nuclear plants, geological
surveys, space vehicles, and military installations. This thesis reports mostly of the
experimental study for the interface bonding between Cu thin films and ALO;

substrate. The objectives of the thesis work are:

o Understand the key factors behind Cu-ALOs; interface adhesion through
qualitative and quantitative analysis

o Optimize the processing parameters leading to achieve Cu-Al,0O3 adhesion
strength of more than 10 MPa as required by the MIL-STD-883E standard

o Provide guidelines for microelectronic packaging in ceramic metallization

without the use of adhesion layer

The scope of the work covers the following areas:

o Effect of the processing parameters
The sputtering parameters or conditions are crucial for interface bonding
between heterogeneous materials. This could be varied for different bonding

systems. In this study, factors such as deposition pressure, deposition time and post
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annealing temperature have been investigated. The optimization of the bonding
parameters will lay foundation for subsequent studies.

By altering the deposition pressure, transformation of the residual stress
during the sputtering process is studied. Different stress state (tensile stress or
compressive stress) may affect film growth mechanism at the interface region.
Besides deposition pressure, post annealing step has been applied to exam the Cu

diffusion at high temperature.

o Importance of surface pre-treatments

Various types of surface treatments either is in-situ or ex-situ have been
investigated. Surface pre-treatment is a well-known technique for adhesion
enhancement. However, this topic has not been studied quantitatively. This is
particular important for the reported Cu-ALO3; system because it represents a
popular metallization scheme for many high-end device applications. Due to the
inertness of ceramics, there is an intrinsic low adhesion with metal thin films.

Surface treatments such as heating, plasma bombardment and acid etching
were evaluated and checked on their effectiveness to the interfacial adherence.
Surface analysis has been carried out before and after the treatment in order to
check on their impact on the film adhesion. Besides surface chemical analysis, it is
known that bonding quality between materials can be reflected by the material’s
wetting behavior. For this reason, it is imperative to evaluate the change of wetting
state and surface energy with diverse cleaning conditions and study their be haviors

toward the adhesion strength for Cu-ALO3; bonding. This could help to acquire
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insights into the subject of surface chemistry in order to develop a better contact

between heterogeneous materials.

o Role of substrate surface roughness

Surface roughness is always a very important topic for interface bonding.
Failure of interfacial joining can be caused by significant adhesion deterioration at
the contact point [12-14]. In some cases, surface roughening is used to increase the
interface contact area for adhesion improvement [15-17]. The complexity of the
surface structure has a broad range of scales in height and spatial distribution. For a
substrate with high surface roughness, there will be a large deviation between the
effective area and the image projected area. Hence, information on real contact
between metal film and substrate is needed to understand the key factors for a good
bonding.

Polycrystalline Al,O3; substrates with different range of surface roughness
have been used to check their interface adherence with Cu thin films. The effective
area of the substrates was calculated using MATLAB in order to study its
effectiveness to the adhesion enhancement. Besides adhesion improvement, it is
equally important to study the bonding mechanisms between Cu thin films and
AlLO3 substrate. In this study, the bonding mechanisms have been investigated and

their contributions to the entire system have been quantified.
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1.3 Organization of the Thesis
For summarization, this thesis consists of six major chapters and has been

arranged in the subsequent manner followed by a brief description.

Chapter 1 introduces the background information of this project with the
motivation provided in order for the author to develop few approaches to conquer
the problems encountered. Objectives and scope of work will be included at the

end of this chapter to provide a comprehensible aim of this project.

Chapter 2 is the literature review section of the thesis. It consists of an
overall review for this research project on the following topics: failure mechanisms
in microe lectronics packaging; adhesion and de-lamination in microe lectronics;

surface finish prior to bonding; metal-ceramic bonding and types of bond strength

measurements.

Chapter 3 presents the simple fabrication process of the test sample using
the DC magnetron sputtering equipment. It also studies several fabrication factors

affecting the bonding between Cu thin films and Al,O; substrate.

Chapter 4 shows the concern of surface cleanliness and surface properties
of the substrate prior to bonding. Different types of surface pre-treatments have
been employed to exam their effectiveness to the adhesion strength for Cu-AlO;

bonding. The changes observed before and after the treatments will be analyzed

and discussed.
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Chapter 5 demonstrates how the effective contact area to be calculated
based on the data extracted from the AFM analysis. A MATLAB coding was
developed to calculate the total effective area of the polycrystalline substrates with
different surface roughness. Types of bonding mechanisms for Cu-ALO3 bonding

and their contributions will be elucidated.

Chapter 6 summarizes the overall findings in this project and concludes

with important results from chapter 3 to chapter 5. Several recommendations for

future work are included.
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CHAPTER 2 LITERATURE REVIEW

Microelectronic packaging is an influential section for the microelectronic
industry. With the trend of miniaturization and advanced level of integration [18],
importance of design, manufacturing and fabrication processes are always the focal
points for improved reliability in microelectronic packages. To ensure good overall
performance of the system, few fundamental aspects include mechanical, electrical,
chemical and thermal characterizations must be incorporated for every step of

processes. In the next section, an overview of the packaging failures will be

discussed together with some examples.

2.1  Failure Mechanisms in Microelectronic Packaging

Topics of reliability, performance and life span are very crucial and cannot
be neglected in microsystems, especially in the market of microelectronic
packaging. Two approaches have been implemented (a) design systems packaging
up front for reliability and (b) acceleration testing to check on the product’s
performance over a period of time [19]. It is always true that all of these
approaches are expensive, complicated and time consuming in every step of
manufacturing and testing. However, a range of possible failures can be predicted
and solved by using these approaches before moving forward for further processes

or until the end of the production.
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From the earlier study, the failure mechanisms encountered can be

minimally classified into two main categories which are overstress failure

mechanism and wearout

Mechanical Failures:

- Brittle fracture

- Plastic deformation

- Interfacial delamination
- Cracking

Electrical Failures:

- Electromagnetic interference

- Electrostatic discharge
- Radiation
- Breakdown

- Interconnect melting

~

4 N

Mechanical Failures:
- Fatigue

- Creep

- Wear

- Void

- Interfacial delamination

g Y
Electrical Failures:

- Hillock formation
- Junction Spiking

- Electromigration
\ J

-
Chemical Failures:

- Corrosion
- Diffusion
- Dendritic growth

N Phase transformation

Figure 2-1: Types of failure mechanisms and modes in microelectronic packaging

[19].
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failure mechanism. For overstress failure mechanism, it happens when the level of
stress created is much higher than the component’s capacity. On the other hand,
wearout failure mechanism is a different kind of deterioration takes place gradually
even if it is under a low stress situation. From the mechanisms mentioned, the
failure might be initiated electrically, mechanically, thermally, or chemically as
depicted in Fig. 2-1 [19, 20]. As stated in Fig. 2-1, problem of delamination at the
interface area can be considered as the major dilemma in the packaging system, it
could happen either in low stress condition or high stress condition. Precautious

steps have to be implemented in order to prevent or minimize failure to take place.

2.1.1 Mechanical and thermomechanical failure mode

From the business point of view, there are high demands on short-time-to-
market and cutback of production cost. This will greatly affect the design margin
and the device quality. In addition, it will increase the probability of various
failures to occur and is leading to more troubles on the subject of reliability
requirements. According to the conducted survey, discovery on the mechanical
failure mode and thermomechanical failure mode have been accounted about 65%
in microelectronic packaging [20]. In particular, mechanical failure mode is the

bottleneck for the technology now, as well as in the future.

Mechanical or thermomechanical failure modes are mostly driven by CTE

mismatch, stress concentration, deformation, fatigue, creep etc. Studies have been
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conducted to resolve this problem in the packaging system. Several case studies

regarding mechanical failure mode are described below.

Case study 1: Residual stresses [21-26]

Cracked Interface

Failure Surface

> \—-"’\\-"‘ -

= _ _ ~

——

Figure 2-2: SEM images of (a) cracked interface for Cu-Cordierite bonding and (b)
surface failure of Cu [21].

Residual stress is the internal stress generated within a material and under a
condition with no external force applied. Occurrence of residual stress is normally
by temperature gradient of a material during heating and cooling, plastic
deformation during processing or volume change through phase transformation. In
thin film application, there are plenty of failures that have been reported due to the
induced residual stress, either is intrinsically or extrinsically. Extrinsic stress is also
known as thermal stress, which created by the CTE mismatch between coated thin
film and substrate material. As for intrinsic stress, it is the stress induced during the

processing step, leading to an impact on the film growth and nucleation. Likewise,
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development of stress can also be affected by other factors such as ion implantation,
doping, diffusion etc.

From C.H. Hsueh and A.G. Evans [21], the cracked interface was reported
between Cu-cordierite ceramic (Fig. 2-2) initiated by the residual stresses. The
bonding between materials was done at high temperature with a stress relaxation
situation. The cooling process was considered to be completed when the sample
has reached 300 K. With the indentation technique introduced, a residual stress of
1500 MPa was measured at the interface. Development of high residual stress was
mainly due to the CTE misfit (Cu alloy: 17x10®/ °C; Cordierite ceramic: 2x10°/ °C)
upon cooling between these materials. Besides, it also shows that the elastic
properties, the yield strength and the work hardening rate of Cu will also affect the

total stress of the bonding system.

Case study 2: Moisture absorption [3, 27-32]

delamination Solder
flowout

Figure 2-3: Consequences of moisture attacked: (a) hygro-swelling in flip chip
assembly [33] (b) detachment of solder during reflows [29] (c) package bulging
caused by the vaporized moisture[33].
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Presence of moisture might induce different types of failure mechanisms
and affect the overall performance of the packaged devices. The moisture effect
can be simply explained into three failure mechanisms: (i) hygroscopic stress via
swelling (ii) existence of vapor pressure at reflow temperatures (iii) deterioration of
material with high humidity level [20, 29, 33]. Under a humid environment, water
absorption in the package is relatively high. The entrapped moisture might
condense in every part of the package especially at the interface. During the reflow
or heating stage, there will be an increase of vapor pressure caused by the
vaporization process and is leading to the failures. Several failure modes such as
interface debonding, bulging, and swelling were discovered and illustrated in Fig.

2-3.
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Figure 2-4: Moisture sensitivity level of the flip chip package at 220 °C by ANSYS:
(a) distribution of vapor pressure and (b) distribution of moisture diffusion [32].

In a paper reported by X. Fan et al. [32], interfacial adhesion and vapor
pressure inside the flip chip package were strongly affected by the moisture

absorption during the reflow process. At the early stage of reflow process,
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distribution of vapor pressure increased with moisture diffusion until it has reached
the saturation stage after 10 hours of heating as illustrated in Fig. 2-4. It explained
that the vapor pressure saturation was generated much faster during reflow
compared to moisture absorption. No further increment of the vapor pressure was
detected even though there was an additional intake of moisture. On the other hand,
degradation of adhesion at the interface was experimented with the moisture
absorption although there was saturation on the vapor pressure as shown in Fig. 2-5.
The delamination will take place when the adhesion strength was lower than the

vapor pressure level.

Interfacial adhesion

™~

Vapor pressure

Level 3 Level 2 Level 1
Moisture absorption

Figure 2-5: Correlation between moisture absorption to the vapor pressure and
interfacial adhesion [32].

Case study 3: Deformation [34-38]

Deformation refers to the shape change or varies in size of an object.

Deformation of a body or a material might be affected by external forces, inner
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load of the body or the extreme environment conditions. In addition, it also
depends on the type of materials, the size and the geometry. With different
conditions applied, deformation might be in reversible mode (elastic deformation)
or irreversible mode (plastic deformation). Upon reaching the ultimate strength of a

material, fracture will take place with excessive applied load.

In the paper written by F. Laura [37], liquid crystal polymer (LCP)
substrate with high flexibility was used to investigate the reliability of a flip chip
joint using an anisotropic conductive adhesive. The bonding was done under two
different joining pressures; low bonding pressure at 60 MPa and high bonding
pressure at 120 MPa. Severe deformation was observed with high bonding pressure
as shown in Fig. 2-6 (b) compared to sample assembled at low pressure in Fig. 2-6
(@). The pads were submerged down into the LCP layer and are leading to

reliability issue.

Figure 2-6: LCP film deformation with bonding pressure at (a) 60 MPa (b) 120
MPa [37].
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2.1.2 Electrical failure mode

According to the Moore’s law introduced by G. E. Moore, he had
mentioned that emerging of transistors in an integrated circuit doubles in every two
years. Accordingly, issue of miniaturization of microelectronic has been the main
theme of research and development. With the requirements of high speed

performance, multi-functionality, multi-technology, as well as shrinking down of

the device’s size, failures from the point of electrical are getting more complicated.

There are two main parts for the electrical function in a packaged device,
include signal distribution and power distribution [39]. The functionalities in the
electrical aspects depend on the wiring, interconnection, material properties and

geometrical shape of the material.

Case study 1: Electromigration [40-44]

For interconnects, the driving force for electromigration is due to the
momentum transfer of the electrons causing the atomic diffusion under applied
electric field. Transportation of metal atoms (ions) towards the positive end of the
conductor is leading to the formation of void at the negative end of the material. At
the side of atoms depletion, the resistivity will increase gradually and is resulting in
interconnect failure. At the other side of the conductor, deposition of atoms is
generated and is leading to hillock formation type of failure. Current density,

temperature, grain structure, stress distribution, surface roughness, surface
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structure and alloying are the contributory factors for electromigration in an

electronic system.

For advanced flip chip technology, there is a need to increase the number of
input-output for interconnects. Hence, the size of the solder ball has to be reduced
to meet the requirement. However, it could lead to the matter of reliability
especially electromigration. From T.Y. Lee et al. [45] , experiments were done to
analyze the electromigration behavior of solder joints and solder strips. A flip chip
solder joint was formed by attaching the silicon chip to the FR4 substrate using
eutectic Sn-37 % Pb interconnects with diameter of 125.0 um. The bonding was
carried out at an annealing temperature of 120 °C and power supply up to 2.0 x 10
Alcm? for 70 hours and 324 hours. After long hours of current stressing,
electromigration was discovered in the structure indicated in Fig. 2-7 (b) and (c).
At the anode side of solder ball (bottom region), hillock failure was formed. Void

formation was also clearly revealed on the cathode side (top region).

SOum

Figure 2-7: Cross-sectional images of eutectic Sn-37 % Pb solder ball (a) before

current stressing (b) after 70 hr of current stressing (c) after 324 hr of current
stressing at 120 °C and 2 x 10* Alcm* [45].
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Case study 2: Electrostatic discharge (ESD) [46-50]

Static charge is known as imbalance electrical charge condition of a
material. Electrostatic discharge is a phenomenon whereby the static charge
transfers between two materials with different potentials under rapid electricity
flow. It can be transferred via direct contact mechanism or through an induced
electric field. The ESD process can be divided into 4 stages: (i) charge generate (ii)
charge transportation (iii) electrical conduction and (iv) device breakdown [51].
There is a possibility of direct, indirect or hidden damage to the device [50]. It will
also cause permanent damage to the integrated circuit if the voltage is extremely

high especially to the metallization layer, gate oxide and junctions.

In the paper reported by J. Ruan et al. [48], the authors have investigated
the ESD failure mechanism on aluminum nitride-based capacitive RF MEMS
switches via transmission line pulsing (TLP) method. The experiment was carried
out with constant impedance of 50 Q and the voltage scale in the range of 260 V to
420 V. The original top view of the device was shown in Fig. 2-8 (a) and
degradation of the device after the stress testing was indicated in Fig. 2-8 (b). The
device has operated continuously until it was fully destructed. From the
measurement taken, the feature of the capacitive contact was strongly affected by

the TLP stresses.
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Figure 2-8: Top view of AIN-based capacitive RF-MEMS switch (a) before EDS
test (b) after EDS test [48].

2.1.3 Chemical failure mode

Besides mechanical and electrical failure modes, failures occurred
chemically in a packaged system are increased drastically especially under the
extreme environment. Corrosion, diffusion, electrochemical reaction or the
dendritic growth of chemical reactions are generally caused by the factors of
humidity, temperature, voltage or stress. Problem of cracking, de-bonding,

breakdown thru interconnect, trace or via are the consequences from chemical

failure mode.

Case study 1: Corrosion [52-56]

Corrosion can be considered as the most common type of failure in

chemical processes. It is a natural destructive process in which the metal is being
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oxidized and transformed into an oxide with higher stability. The deterioration is
more significant when the material is being attacked by the elements in an aqueous
phase of condition containing dissolved ions through chemical or electrochemical
reaction [18, 57]. Weakening of material properties in the aspect of strength,
hardness, ductility and toughness is leading to crack or pit formation. Besides
metals, other materials such as ceramic and polymer will also corrode under certain
situation. Galvanic corrosion, erosion, stress corrosion, concentration cell, pitting,

crevice, fretting, etc. are some of mechanisms in corrosion failure.

In the corrosion study carried out by C. W. Tan et al. [54], the bonding
behavior of copper ball onto aluminium-based bond pad was measured using
interfacial shear test. The experiment was conducted at 121 °C under a very humid
environment. Up to 192 hours of testing, an excellent interfacial shearing force of
157.4 gf was achieved due to the strengthening effect from Cu-Al intermetallic
formation. But, there was a drop on the shearing force after 288 hours and the
interfacial shear force has decreased to 97.6 gf at the end of the testing (576 hours).
Cracking at the interface was observed after 384 hours and increased with the
testing time; it was mainly due to the stress corrosion cracking induced by the
concentrated CuO at outer bond interface. After 576 hours, 100% concentration of
Cu-O compound was detected and is leading to an observed detachment failure for

Cu-Al bonding in Fig. 2-9.
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Figure 2-9: Degree of corrosion with testing time [54].

Case study 2: Diffusion [58, 59]

Diffusion is defined as a mechanism involving the mass transportation of
substances (ions, atoms or molecules) according to the concentration profile of the
materials. Diffusion between materials is commonly used to generate new chemical
product for further improvement, and it is normally conducted at elevated
temperature or high pressure. In microelectronic packaging, formation of
intermetallic compounds via diffusion reaction plays an important role in the
reliability study and joint integrity [18]. However, well controlled of the thickness,
the growth between phases and the changes of the microstructure are still very
tedious in the process. Without proper control, it will strongly affect the
performance of the system in terms of stiffness, ductility, fracture resistance of the

material.
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Figure 2-10: Decrease of breakage energy with annealing time [58].

An intermetallic compound Cu/Ni#/Au/PbSn was investigated by Zribi et al.
[58] to test on the mechanical properties of BGA solder joint on FR4 substrate. The
substrate was first plated with Au with different thickness. The solder joints were
then thermally aged at 150 °C for long hours under the inert gas atmosphere after
solder reflow. Tensile-shear mechanical testing was then carried out at different
annealing durations as illustrated in Fig. 2-10. From the mechanical measurement,
decrease of adhesion strength (breakage energy) with the aging time from 0 to 150
hours was observed. The toughness reduction was caused by the growth of ternary
alloy (AugsNigs)Sng at the NisSn, /solder interface. In this study, high solubility of
Au tends to dissolve into the solder during reflow and forms AuSn, intermetallic
alloy. Migration of AuSn, started with the aging step at 150 °C, it moved to the
interface region and affected the bonding of BGA assemblies.
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2.2 Adhesionin Microelectronic Packaging

Assemblies of layers from heterogeneous materials are on high demand to
accomplish different special functionalities in the application of microelectronic
packaging. Nevertheless, the physics and the science of adhesion are still an
extremely challenging topic to the engineers in the aspects of design and process.
The weak linkage of the object is mostly influenced by the thermomechanical
properties of the materials (CTE, Young’s modulus, melting temperature, strain
hardening etc.) [10, 60-62]. In addition, factors such as intrinsic stress created
throughout the deposition [1, 63, 64], impurities on the surface [65], chemical
damage during the process [66], as well as the geometry of the bonded surfaces [15,
67] are the driving forces to initiate the interface breakage. The schematic in Fig.
2-11 illustrates the preliminary stage for the failures to take place in a coating
system [68]. Well control and precautious steps have to be incorporated in order to

make sure the device can be fabricated smoothly from the beginning of the process

until the end of the production.

@ @ (a) Superficial mechanical or chemical damage
(b) Mechanical damage at the interface
S
Topcoat < (c) Delamination by scratch
(d) Local delamination
(e) Colordeterioration
(f) Micro-cracking

Primer

Pre-treatment

Figure 2-11: Different types of failures in a multilayer bonding scheme [68].
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2.2.1 Substrate technology

Substrate is important for assembly of different electrical components. The
requirements for the substrate technology have been incrementally increased by the
ongoing development of the packaging industry especially for MCM application.

Some fundamental properties of the substrate must be well considered to ensure the

good performance of the system [39]:

(@) Smaller CTE mismatch between materials
(b) Good thermal conductivity

(c) High mechanical stiffness

(d) Stable in high temperature environment

(e) Low electrical permittivity

Table 2.1 Organic and inorganic types of MCM substrates

Organic-inorganic Substrates Inorganic Substrates
Epoxy-Glass Glass-ceramic
Maleimide-Styril Mullite + Silica + Alumina
Polyimide-Glass Aluminum Nitride
Epoxy-Kevlar Alumina + Borosilicate
Low TCE Polyimide
Alumina
Silicon Nitride

Berryllium Oxide
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For substrate selection, there are two main categories, including organic
materials and inorganic materials as listed in Table 2.1. The extraordinary
properties of ceramic substrates (Al,O3, AIN, SiN etc.) have attracted intensive
interest for metallization in microelectronic packaging application. Besides of
superb stability in the aspects of mechanical, thermal and chemical, it is also a non-
toxic, and inexpensive material with high hardness and good wear resistance [69-

73]. Its superior properties are recommended for microe lectronic devices to further

improve the reliability and able to operate under harsh environment.

However, metal film adhesion with ceramic substrate is intrinsically low
due to the poor wetting of metals on ceramics. Intimate contact between these two
materials is difficult to achieve and maintain. Various joining methods such as
eutectic joining [62, 72-76]; ion beam dynamic mixing[77]; casting bonding [62];
spraying [78, 79] etc. have been explored to obtain optimized bonding. An
adhesion layer of materials such as titanium [70, 80], chromium [80, 81] or
zirconium [39] is deposited for adhesion improvement. However, the adhesion
causes higher cost and may bring in additional reliability concerns. An ideal

solution would be direct deposition without the adhesion layer.

2.2.2 Metallization

Aluminium (Al) has been widely used for metallization layer for the past 30
years. By increasing the electrical conductivity, reducing the overall capacitance,

as well as lowering the power utilization, Copper (Cu) has been brought up as the
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current favorite in the field of microelectronic [39, 82, 83]. Furthermore, higher
melting point of Cu (1085 °C) compared to Al (660 °C) is leading to a better
resistance to the problem of electromigration and capable to operate under the high

temperature environment.

Besides electrical properties, the chemical properties of materials are a
discussion topic in metallization scheme. Aland Cu tend to oxidize when removed
from the vacuum atmosphere. The oxidation rate of Cu is slower and normally
takes place at the temperature above 350 °C. Conversely, Al will react with oxygen

vigorously compared to Cu[82]. There is no pure Al exists in nature due to the

extreme strong bonding at the interface.

Silver (Ag) and gold (Au) have also been listed as another two favorable
options. They are also known as noble metals (d-block) in the periodic table in the
group of 11. The resistivity of Ag (1.60 puQ-cm) and Au (2.27 pQ-cm) are
comparable with Cu (1.72 uQ-cm) [84]. Gold is an excellent corrosion protector
for the devices; but the adhesion of gold to any material is always a tough issue to
be solved, it is also a fast diffuser which might destroy the device effortlessly. As
for Ag, even though the conductivity is slightly higher than Cu, the speedy
diffusion of Ag make it not a good choice in the processing and the corrosion rate
of Ag is very high [85]. Based on the characteristics and the material properties, Cu

is chosen as the most suitable candidate for metallization material in this study.
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2.2.3 Considerations for good adhesion

Some precautious steps have to put in mind in order to prevent debonding
or delamination during processes. A diagram as depicted in Fig. 2-12 [10] is used
to summarize the concern of adhesion-de lamination in microe lectronic and MEMS.
In order to secure a strong bonding at the interface, it is crucial to have a good
fundamental understanding for all the components and elements in a bonding
system. With the knowledge attained, it is more accessible to the design stage and
the material selection steps. It is important to select suitable materials with good
compatibility in a packaging system. Simulations under various conditions can also

be done during the design stage to scrutinize the possibility of interfacial failures.

Design step for device and ¢ Material selection with compatibility
package ¢ Structure design for stiction prevention
Manufacturing step * Surface C,'ea“' ! Inessl
. L. ¢ Preparation guidelines
(Chip fabrication and : iy e
\ ¢ Material deposition and stress minimization
packaging) . .
¢ De-honding prevention steps
. . ¢ Avoid mechanical and thermal shock outside
During Operation : :
permitted boundaries

Figure 2-12: Debonding prevention in microelectronic and MEMS [10].
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There is no assurance at which the problem of delamination is not going to
happen in the subsequent steps even though the material selection and the design
steps have been settled. During manufacturing, proper guidelines have to be
included and standardized for the coating procedures such as surface pre-treatment
and coating parameters. Good control throughout the deposition process is crucial
to determine the total residual stress in a bonding. Different types of testing such as
mechanical, electrical and thermal has to be incorporated during the operation
stage in order to investigate the functionalities of device under different conditions.

In summary, considerations throughout the process are vital to accomplish the

appointed performance.

2.2.4 Bonding mechanisms

Adhesion mechanisms between two objects are important to achieve

excellent bonding. Bond formation between heterogeneous materials is basically

developed by several adhesion theories:

@) Adsorption: It is a process whereby the adsorbate (ions, atoms or
molecules) will transport to and adhere on the substrate surface without
penetrating inside the bulk material. The contact between the substances is

determined by the wetting behavior of the adsorbent.

(b) Diffusion: Kinetic movement of atoms or molecules from the region of low

concentration to the region of high concentration. The extent of diffusion at
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the interface is the key factor to determine the adhesion strength of the

bonding.

Chemical bonding: Creation of bond chemically through the interaction
between atoms or molecules. The bond formation may result from covalent

bonding, ionic bonding, hydrogen bonding, or metallic bonding.

Physical locking: Non-planarization of the substrate surface induces
mechanical interlocking bonding mechanism between two materials
especially at the porous regions. Larger area in contact is attributed by the
rough surface of the substrate material. However, detachment or other

failures may be initiated by the excessive surface roughness.

Intermediate layer: An extra layer with different material is inserted in
between film and substrate in a bonding system. This thin layer in nano-

scale is normally used to improve the adhesion between materials.

2.3 Surface Modification Prior to Bonding

An interface symbolizes the interaction between two individual forms of

matter when they are in contact. The interface formation can be assembled either

from similar or dissimilar materials and phases. The layer in contact is dependent

mostly on the material properties which might be influenced by surface

modifications as listed below [86]:
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@) Compatibility

(b) Surface Texture

(c) Interfacial electrical properties
(d) Wear and tear

(e) Corrosion

()] Wettability

Hence, surface science is an important topic for adhesion or bonding. The
surface condition or the surface state for the materials being bonded can be
described with several aspects: (i) original geometrical shape of the subject to be
bonded (ii) mechanical surface finish (iii) chemical surface finish and (iv) physical
surface finish. For bonding with a complex geometrical shape, material with high
flexibility is needed to adapt the surface structure of the substrate. The smoothness
of materials can be modified by mechanical surface finish such as etching or
polishing method. For chemical surface finish condition, the surface chemical state
can be modified to improve the interfacial bonding through chemical reaction
between materials. Physical surface finish is caused by the defects on the surface

such as grain boundaries, pores, grooves, etc.

2.3.1 Surface roughening

The joint created between materials can be portrayed by the basis of their

geometrical shapes at the interface. When they are in contact, strong bond is
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formed via a full connection on the entire region of the bonded materials [87].
Therefore, surface roughening is suggested in some cases in order to increase the

substrate’s flexibility to adapt the shape of the material being bonded.

From Kim et al. [15] and C. Yang et al. [17], topography of polyimide
substrates have been modified by increasing the surface roughness using plasma
pre-treatment at the power of 125 W and 200 W respectively . The main purpose
was to reduce the flatness of substrate in order to develop a better bonding for
metal-polymer structure through mechanical interlocking bonding mechanism.
Hence, surface compatibility or surface texture is the major factor influencing the

bonding geometrically.

2.3.2 Polishing

It is not perfectly accurate that rougher surface helps to enhance the
interface bonding. In some cases, extreme uneven surface might cause more
failures to happen such as cracking, reducing the conductivity of the system, and
scattering related problem etc. Surface polishing either mechanically or chemically

is a good way to reduce the high irregularities of the surface structure to a certain

extent.

For mechanical polishing method, solid particles with high pressure are used
in the process with the presence of chemically inert solution to flatten the substrate.
However, the vigorous interaction between particles and substrate might create
scratches on the surface and degrade the interfacial adhesion. On the other hand,
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chemical polishing can only apply to certain types of materials [87] and the toxicity
level is undesired. The choice of mechanical or chemical polishing depends on the

type of materials, desired surface morphology, processing cost, and so on.

2.3.3 Chemical finishing

For chemical finishing, modification of a material’s outer surface is done
by adding a layer of chemical constituents or removing the compounds from the
surface for various functionalities. For chemical etching, it is commonly adopted to
eliminate the organic or inorganic impurities on the substrate surface [88, 89]. In
addition, it is used to remove the sacrificial layer of certain materials such as oxide
layer from the silicon wafer prior to coating. The chemical solutions used depend
not only on the material properties, factors such as concentration of the etchant,
time and temperature are also the crucial considerations. A good and accurate

control is necessary to prevent any undesired circumstances or damages [90].

The second approach of chemical surface finish is to form a specific layer
of chemical constituents on the surface for adhesion improvement between
materials through the chemistry reaction at the interface. This layer of adhesion
promoter is capable to modify the wetting behavior (hydrophilic or hydrophobic)
of the surface to be bonded. In the photolithography process, a chemical named
hexamethyldisilazane (HMDS) is normally utilized to enhance adhesion of

photoresist to the wafer and to increase the degree hydrophobicity of the wafer’s
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surface. HMDS can be applied in the phase of liquid or gas during the priming

stage [91].

2.4 Adhesion Measurements

In the field of semiconductor, adhesion is always a crucial topic for
discussion. A proper and reliable methodology is necessary to measure the
interfacial adhesion strength. Over the years, a variety of measurements have been
developed. The approaches used can be classified with different categories such as
qualitative or quantitative; destructive or non-destructive [92]; in the unit of force
(N), stress (N/m?) or energy (N/m) [93]. There is no standard method to measure
the interfacial adhesion for a coating system. Selection of testing method generally
depends on the test structure. For an ideal measurement, three criteria should be
considered: (i) quantitative analysis integrated with numerical data (i) simple
preparation with readily accessible equipment (iii) relevance data with the final
application [92]. Several types of testing techniques are selected and summarized

in Table 2.2.

Table 2.2: Summarization of different adhesion measurements

Type of test Method Measurement Unit Destructivity

Quialitative Scotch tape - - Destructive
Abrasion - - Destructive
Impacting - - Destructive

Chapter 2: Literature Review Page 34



Grinding - - Destructive

Quantitative Scratch Force N Destructive
(Semi) Tensile Stress N/m? Destructive
Shear Stress N/m* Destructive
Peel Energy N/m Destructive
Four Point Bending Energy N/m Destructive
Indentation Energy N/m Destructive
Brazil Nut Energy N/m Destructive
Surface acoustic waves  Young Modulus - Non- destructive
Dynamic modulus Young Modulus - Non- destructive

2.4.1 Tensile test

This is the most primary mechanical technique for adhesion measurement.
It is also known as pull test or tension test. Quantitative measurement of this
method enables the users to analyze the amount of force (N) required to detach the
coating from the substrate material. This can be done by increasing the loading
force in the direction normal to the testing specimen as illustrated in Fig. 2-13 (a)
under a constant pulling rate Results can be obtained in the unit of stress (Pa) by

dividing the specimen area (eg. 2.1).

s =F/A, (2.1)

where o is the uniaxial stress, F is the normal force applied and A is the area of the

specimen.
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Figure 2-13: Tensile test configuration (a) adhesion test (b) elongation test.

Besides interfacial strength measurement, this method can also be applied
to a wide variety of materials (ductile, brittle, rigid or flexible) with specific
dimensions for better accuracy. For material with high ductility and elasticity,
elongation analysis of the material can be done using dog bone-shaped structure as
illustrated in Fig. 2-13 (b). A stress-strain diagram can be plotted and checked on
the material properties such as elastic deformation and plastic deformation, as well

as the Young’s modulus of the tested material.

The preparation step of this technique is very straightforward, and various
brands of tensile testers are commercially available [93]. There are two main
weaknesses of this method. Firstly, broad scattering of the analyzed data affects

the precision of the result. A number of tests have to be repeated for the samples
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under the same conditions coupled with statistical analysis in order to increase the
repeatability of the data [92]. Secondly is the issue of alignment between studs and
sample. The problem of misalignment during the gluing process and the amount of
glue applied will strongly affect the final result. Precautious and patient are very

imperative for this test methodology. However, tensile test is still the most

trustworthy and consistent technique among the adhesive force measurements [94].

2.4.2 Sheartest

Compare to direct tensile test, this technique is considered less favorable
for bond strength measurement. The direction of shear force is different from
tensile test. The force is applied in the direction parallel with the sample as shown
in Fig. 2-14 at constant velocity. For shear test, it is usually conducted for the
coating system whereby there is an adhesive layer in between two materials and
provided the upper material is thick enough for shearing. The force required to

break the sandwich system per unit area is calculated as shear stress in eq. 2.2.

G =P/S, (2.2)
£€=x, (2.3)

where o is shear stress, € is shear strain, S, P, x and h are the bonding area, shear

force, displacement and thickness of the adhesive layer respectively.
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Figure 2-14: Shear test geometry [92].

This technique is not recommended for direct thin film coating on substrate
due to the thickness limitation. Although the preparation step is easy; the
uniformity and viscosity of the adhesive will greatly affect the accuracy of the

result. In addition, constant pressure during bonding is needed for every test

samples.

2.4.3 Peeltest

Peel test with different configurations are illustrated in Fig. 2-15. Both
tensile loading and shear loading are included while performing this test, the ratio
obtained from these loadings is known as loading mode-mixity [92]. This test
method is suitable to measure the adhesion energy of a flexible coated film,
provided the film is easy to be stripped off from the substrate. Factors such as
thickness of the film, material properties of the substrate and the film, peeling rate

and peeling angle are needed to be considered on the final data compilation [95]. It
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has been reported by Kim et al. that the peeling strength of a coating system was
different with thickness although there was no changes on the true interfacial

adhesive strength [96].

(b) (d)

Figure 2-15: Four different types of peel test measurements: (a) 90° peel test (b)
180° peel test (c) climbing drum test (d) T-peel test [92].

There are two ways to conduct the peel test, either is directly holding the
coated film or peeling from the backing material on top of the film. However, the
accuracy for the backing approach is poorer due to unstable failure at the peeling
surface [92]. The second disadvantage of this method is that the peeling strip of the
specimen is not easy to initiate and it might be varied for different samples.
However, users can accurately control the delamination rate and the locus of failure

by this method.

Chapter 2: Literature Review Page 39



2.4.4 Scratch test

Scratch test (Fig. 2-16) is also known as stylus test or scribe test [97]. It is
an adhesion technique used to determine the failure occurred at the point of critical
loading by moving the diamond stylus along the surface tangentially [98]. For bulk
material, cohesive failures such as plastic deformation or cracking can be observed.

For coated material, detachment of coating material from the substrate can be

analyzed under the higher load regime.

Applied Normal Load

\ J

Stylus displa: t
Diamond Stylus (= ylus displacemen
B
Coating on substrate
F
v
C >

Progressive Scratch

Source: www.nanovea com

Figure 2-16: Schematic illustration of progressive scratch test [97].

There are two approaches for scratch test: (i) constant load test with a stable
speed (ii) progressive load test with a constant loading rate. The critical load can be
studied through the microscopic inspection, the fluctuation along the scratch by the
frictional force recording, the acoustic emission detection by noticing the elastic

waves created from the cracks, or the scratch depth sensing due to the rapid change
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of depth. Nonetheless, study of scratch path using microscope observation is still

the most consistent and reliable approach in the scratch analysis.

According Benjamin and Weaver in 1960 [99], the shearing force used to

detach a coating system can be calculated based on the critical load needed (eq.

2.4).

_ aP _ i
F_\/TTaZ ,Where a= fﬂp. (2.4)

where F is the shearing force per unit area, a is the radius of stylus contact circle, r
is the radius of the stylus tip, P is the hardness of the substrate, and W is the critical

load .

However, this calculation method is not fully supported for all types of
bonding. It can only be applied on the specimen with fully detachment at the
interface [100]. For a very soft coating material, it might stick around the stylus tip
and amass at the side of the scratch path. In addition, the high indentation force
during the test will also give rise to the residual stress at the interface and is leading

to the deformation of the deposited film and the substrate.
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2.4.5 Four point bending test

Beam bending test is commonly used to measure the flexural strength of a
material. Besides bending strength analysis, four point bending test (Fig. 2-17) is
employed to quantify the interfacial adhesion strength between materials [101,
102]. For adhesion measurement, a preset cut has to be drawn in order to produce a
constant bending moment between the inner pins. Debonding failure will be
initiated when there are two mechanical forces applied at the specific distance from
the pre-crack region. The interface fracture energy or the energy release rate of the

bonded system can be calculated using eq. 2.5.

_ 21 (1-v2)p22
Ge = 16EB2h3 (2.5)

where G is the critical energy release rate, v and E are the Poisson’s ratio and
Young’s modulus of the substrate , P is the loading force, 1 is the distance between
the loading pins and the supporting pins, B is the sample width and h is the

thickness of the substrate.
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Figure 2-17: Schematic of four point bending test [102].

For this type of measurement, factors such as the notch depth, the testing
speed, the size of the sample, and separation between the pins will give an impact
on the data scattering. An experiment has been carried out by R.Shavie et al. [102]
using Si-low k dielectric bonding system. In order to increase the percentage of

precision, a notch at about 80 - 90% of the thickness from the top layer with the

working speed at 0.06 to 0.08 pm/s was recommended.

25 Ceramic Metallization

Although ceramic metallization is a well known and highly deve loped topic
in various applications, for example electronic and semiconductor, aerospace and
military, medical and life science, power generation, oil and gas etc.; it is still a
subject of interest in industrials and research institutes. There are three main
characteristics for metallization: (i) high reliability with strong bonding (ii)

reduction of cost and time during process (iii) waste lessening for eco-friendliness.
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Over the years, works have been carried out in order to optimize the

interfacial bonding between metal and ceramic substrate. Besides the factors such

as variation of bonding parameters, transformation of the bonding structure under

different conditions or altering the surfaces to be bonded, a number of bonding

methods have been extensively studied. Table 2.3 summarizes some reported

metallization schemes and adhesion test methods used. Discussion on different

types of bonding is made next.

Table 2.3: Metallization methods on ceramic substrates

Method Material Measurement Observations
I Eutectic Cu-ALO; 90° peel test High processing temperature
12.1 kg/cm Special controlled of oxygen
partial pressure
< Casting AlFALO; 90° peel test High processing temperature
13.0 kg/cm
1°I'Cold gas Al-ALLO; Tenslle test High spraying pressure
spraying 31.0 MPa Problem of uniformity
Used of adhesion layer
T Plating Ni(p)-ALO3 Tenslle test Problem of oxidation
51.6 MPa Void formation atthe interface
* Transient AIFALO; Shear test High bonding temperature
liquid 64.0 MPa Used of interlayer with many

components

Precise controlled on the wt%
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ST Sputtering Cu-AlLOs - - Used of adhesion layer
T'lon beam Cu-AIN - - Used of adhesion layer
dynamic
mixing
I Pulsed Cu-AlLO; - - Unstable at high temperature
high energy - Difficult to synthesize
density plasma - Needs of high voltage
P Co-firing W-AIN Tenslle test - High processing temperature
process 3.8 kg/mm?
' Screen Ag/Pd-AIN Tensile test - High processing temperature
Printing 1.9 kg/mm?
1 Screen Au-Lead - - High processing temperature
Printing Borosilicate - Toxic

Glass

2.5.1 Eutectic bonding

This bonding method is not a new technology for ceramic metallization. In

1976, direct bonding of metal to the ceramic material using eutectic temperature

was first discovered by Burgess and Neugebauer [109]. For direct copper bonding

(DCB) [60, 62, 72-75, 110-112] using eutectic bonding technique is well

established in MCM packaging for the metallization scheme.
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Theoretically, DCB is formed when the temperature has reached in the
range of 1065 °C to 1085 °C, which is the eutectic temperature for the molten
eutectic to be coexisting according to the Cu-O phase diagram as presented in Fig.
2-18. For direct bonding to Al,O3 substrate, a piece of Cu foil is placed on top of
the substrate before placed it in the furnace. With controlled amount of oxygen gas,
a liquid is formed at the interface when the heating temperature is above 1065 °C;
this layer of liquid will then form a layer of copper-oxygen eutectic skin in
between Cu and Al,O3. Consequently, formation of strong bond can be achieved
when the system is cooling down to room temperature. The final product produced
at the interface either is CuAl,O4 or CuAIO,. According to reports in [72, 75, 109],
the oxygen concentration or partial pressure is the key factor to determine the

interfacial adhesion strength of the system.

Yuichi Yoshino [75] has inspected on the role of oxygen for DCB system.
He discovered the adhesion strength of the bonding was strongly affected by the
dissolved-oxygen concentration at the interface. In this experiment, 90° peel test
with peeling rate of 50.0 mm/min was used for the adhesion measurement. The
partial pressures of the oxygen used in the experiment were 3, 5 and 8.5 Pa. From
the peel measurements, he has reported the peeling strength was reduced with
higher oxygen partial pressure, which might be due to the voids and excessive

oxide formation. The peeling strengths were 12.1 kg/cm, 8.2 kg/cm and 6.7 kg/cm

respectively.
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Figure 2-18: Cu-O phase diagram [113].

As for the directly bonded Cu to AIN substrate, the preparation step is more
complicated compared to the AlLO3 substrate. Pre-oxidizing of AIN to create a
layer of ALO3zon top of AIN is needed before the eutectic bonding [74, 114]. This
can be done by either chemical reaction at low temperature or oxidation at high
temperature [72]. Besides high temperature prerequisite, elevated technical asset is
needed for this method. Due to the complexity and high cost, alternative bonding

techniques are needed to replace the eutectic bonding method.
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2.5.2 Casting bonding

As mentioned, direct bonding of metal layer to the ceramic substrate is a
well-established method since 30 years ago. For directly bonded aluminum (DAB),
there are some limitations. Firstly, the strong interfacial bonding is affected by the
oxide layer on the aluminum [62, 115, 116] on either ALO3 or AIN substrate.

Second factor is due to the poor compatibility between materials [115].

X.S Ning et al. [62] used casting bonding method to join an Al block with
purity of 99.99 % onto a 96 % Al,O;3 plates as illustrated in Fig. 2-19. The Al block
was inserted into the carbon die before being pushed it into the ceramic plate. The
carbon die with the Al block was then heated under the nitrogen atmosphere at
1023 K in order to reduce the oxygen level and to melt the Al block. The melted Al
was then pushed into the ceramic plate using a piston. The bonding process was
completed after the solidification process at room temperature. 90° peel test was
used for the interfacial adhesion measurement. The measured adhesion strength

was above 13 kg/cm for this type of bonding coordination.

Piston —-7

Aluninua
block

_—

N

N
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Ceramic plate
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Figure 2-19: Schematic illustration of casting bonding for Al-ALO3 bonding
system [62].
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2.5.3 Coldgas spraying (CGS)

Spraying is an alternative way to deposit a layer of metal film to the

ceramic substrate. There are two types of spraying energy: thermal energy [117-

119] and kinetic energy [78, 79, 120-122]. For thermal spray coating, the generated

molten spray particle either is in the form of completely melted or partially me lted

under the high velocity condition. Bond formation can be successfully done when

the particle is in the contact with substrate and rapidly quenched. The creation of

the molten particles can be done via combustion blaze or plasma jet [123] and it

can be applied on wide range of materials such as polymers, metals, or oxide

materials.
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Figure 2-20: Diagram of cold spraying process [118].
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Cold gas spraying (Fig. 2-20) utilizes the Kinetic energy to accelerate and to
project the particle onto the substrate surface. The bond quality is strongly
dependent on the plastic deformation of the injected particles. With this method, a
very dense coating can be easily achieved by the tremendous velocity inside the

chamber.

B. Wielage has investigated the cold gas spraying method to produce an
electronic circuit board by spraying the Cu powder onto the Al,O3 substrate [78].
Water atomized Al powder was coated in between the Cu layer and the Al,O3
substrate for adhesion enhancement. The process was done at 300 °C and the
velocity in the range of 0.15 m/s to 0.30 m/s. The adhesion strength achieved was
31 + 4 MPa. There was an increment up to 58 + 6 MPa after annealed at 300 °C for
10 hours. From Fig. 2-21 (a), high density of Cu film and Al layer was clearly
revealed, but with poor uniformity. From the STEM image in Fig. 2-21 (b),
boundaries of the sprayed Al particles were observed and the problem of

delamination was also discovered at the interface.

Al spray particle ————wy
boundaries

STEM 30kV 1500K X WO =15mm = 200 nm

Figure 2-21: Cross sectional images of (a) Cu-Al-ALO3 bonding system by CGS
method (b) STEM image of Al-coating on the Al,O3 plate [78]
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2.5.4 Transientliquid phase bonding (TLP)

Transient liquid phase bonding consists of the characteristics for both of the
diffusion bonding and brazing bonding methods [104, 124, 125]. This joining
technique used a thin interlayer to provide a strong bonding between two parent
materials. The interlayer has to be first melted, diffused into the parent materials
and followed by dissolution at which the thickness of the liquid is wider than the
interlayer at the original state. The diffusion rate is relied on the diffusivity of the
materials and the heating rate during the bonding process. Isothermal solidification
starts to take place until there is no liquid and the process ends with
homogenization in order to produce a structure with indistinguishable
concentration profile. The simplified kinetics of the TLP joining is shown in the
schematic in Fig. 2-22. Good adhesion strength is achievable by this method, but it

is very time consuming and high production cost.

Interiayer =
Parent
I Metal —> ‘
Wmax

Wo Liquid layer widens to maximum value at the end of Stage I1.
Stage 0: Interdiffusion during heatup. . Y y ®

3
I SRR =
\

Stage [I1: Isothermal Solidification
Stage [: Dissolution

T s

Stage IV: Homogenization

Stage il: Widening

Figure 2-22: Bonding kinetics of transient liquid phase joining technique [126].
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Figure 2-23: Cross sectional views of Al-ALO3; bonding system using Cu-Ni-Cu
interlayer with bonding time at (a) 60 min and (b) 75 min [127].

Joining of Al to Al,O; with Cu, Cu-Ti and Al-Cu interlayer in the bonding
system was performed by G. F. Zhang et al. [104]. Difference weight percentages
of Cu and Ti components were used to check on their effect to the shear strength
and the wetting behavior of the sandwich system. Precise controlled on the wt%
was necessary to optimize the interfacial adhesion strength. From J. C. Yan et al.
[127], the AlFALO3 bond was done by using Cu-Ni-Cu interlayer at 580 °C for 30
— 90 min in a vacuum furnace. Increase of shear strength with bonding time was
observed. The highest shear strength of 102 MPa was achieved with 90 min of
bonding time. The width reduction in Fig 2-23 might be due to the interdiffusion

bonding between Al, Cu and Ni.

2.5.5 Physical vapor deposition (PVD)
Physical vapor deposition is a process by which a thin film of material is
deposited on a substrate surface by physical reaction. Evaporation and sputtering

are the two main deposition techniques in physical vapor deposition (Fig. 2-24). It
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is commonly used for building IC interconnects, microelectronic devices,

conductive coating in the range of few nanometers to micrometers.

There are three main types of evaporators including filament, RF heating
and electron beam. For evaporation deposition, the source material is evaporated
under high temperature condition. The vapor particles are transported from its
source to the substrate under low pressure atmosphere. Thin film is formed on the
substrate surface after the condensation process. Thin film with high purity can be

deposited by this technique, but the step coverage of the film is very poor.

Filament

Evaporation RF Heating

Electron Beam

Physical Vapor
Deposition Diode Sputtering

Magnetron

Sputtering Sputtering

lonised Metal
Sputtering

Figure 2-24: Physical vapor deposition technology.
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Figure 2-25: Schematic diagram of sputter deposition [128].

Sputter deposition (Fig 2-25) is a physical process whereby high energy
particles strike on a target material with high purity, and dislodge atoms physically.
The sputtered atoms migrate through a vacuum and eventually deposit on the
substrate surface. The film properties can be modified by the sputtering conditions
such as substrate temperature, working pressure, applied power, deposition
temperature, target structure, target-to-substrate distance and so on. For example, D.
Desideri et al. [128] has characterized the Cu thin film coated on glass-ceramic and
glass by DC magnetron sputtering. Cu thin films with some hundreds of
nanometers were coated in the pressure range of 0.13 to 6.6 Pa. The films obtained
show similar structural and electrical characteristics on both glass-ceramic and

glass substrate by applying the same working pressure. When the deposition
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pressure increases, there was a large increase in resistivity caused by the grain

boundary scattering.

Sputter deposition has been a good option for various applications with the
following advantages: (i) able to deposit and maintain complex alloy (ii) capable to
deposit high temperature and refractory metals (iii) good uniformity and film

quality (iv) in-situ treatment step to provide better surface cleanliness prior to

deposition (v) similar composition of deposited film from the source material.

2.6 Chapter Summary

The reliability and the owverall performance of a device are greatly
dependent on the processes during fabrication. The packaged devices have to be
well operated and maintained its stability mechanically, electrically and chemically.
From different types of failure mechanisms and failure modes, mechanical failure
mode has been accounted for the highest percentage compared to other failure
modes in microelectronic packaging application. In addition, interface debonding
has been considered as the most critical issue in multilayer packaging system.
Elevated stress state, high humidity and presence of defects are some of the major
factors for mechanical failure to take place. It is important to implement the
precaution steps during the design stage and the manufacturing step. In addition,
surface modification such as etching, polishing or chemical finishing can also be
incorporated in order to maximize the compatibility between materials, as well as
improve the film adherence onto the substrate.
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The bonding methods employed will also have significant impact on the
interface adhesion between heterogeneous materials. The kinetics mechanism of
the technique used for ceramic metallization will affect the owverall bonding
mechanism between metal film and substrate material. With a proper bonding
technique and precise mechanisms introduced, an excellent adhesive strength can
be achieved. Other considerations such as film uniformity, in-situ treatment prior to
bonding, creation of defects during bonding, complexity of the fabrication step, etc.

must also considered for proper bonding between materials.

For metallization on ceramic substrate, sputter deposition is a viable
approach as it is compatible with existing semiconductor process, and does not
require extremely high temperature as some other bonding techniques do. This

technique is going to be used for the study of adhesion between Cu thin films and

AlLO3 substrate in this thesis report.
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CHAPTER 3: EFFECT OF PROCESSING PARAMETERSTO THE

COPPER-ALUMINA ADHESION STRENGTH

3.1 Introduction

Thin film deposition is an important topic for manufacturing, production
and research applications. Applications are found in medical, telecommunication,
microe lectronic, optical, metallurgical and semiconductor industrials. Generally,
there are two main categories of deposition: chemical vapor deposition and
physical vapor deposition. Chemical vapor deposition is a process by which the
film is coated through a chemical reaction on the substrate surface. Physical vapor
deposition is relied on the physical motion such as mechanical, thermodynamic,
and electromechanical to produce thin film on the substrate [129]. The deposition
techniques are varied in the film quality and the degree of sophistication. For a
given application, the ideal technique depends on the purpose of deposition, the

substrate surface structure and the film thickness.

In microelectronics packaging, thin film deposition is one of the basic
building blocks. This presents a great challenge to the system’s reliability,
especially under the extreme conditions. For metallization scheme, the unique
properties of ceramic substrates have been extensively studied. A thin layer of

metal film is coated onto the ceramic substrate using different bonding techniques
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in order to optimize the joining conditions at the interface. However, the methods
used have encountered problems such as film uniformity, fabrication steps
complexity, high processing temperature, additional materials, interface failures

etc.

Direct Cu-ALO3 bonding was carried out in this study without additional
steps and materials. It was done using sputtering deposition technique with DC
magnetron sputtering mode. Coating can be done on large area and substrates with
complex surfaces. The deposition rate is controlled by the time and the working
power in order to maintain the film stoichiometry. Besides film thickness, quality
(physical and chemical properties) of the deposited film such as film stress, film
density, grain size, orientation etc. can also be modified by the sputtering
parameters. In this study, effort has been made to improve the interfacial adhesion
between Cu thin film and polycrystalline Al,O; substrate by changing the
deposition time, the working pressure and by employing the in-situ post deposition
annealing step. The purpose of this study is to investigate the residual stress
induced throughout the deposition process and its effect on the interfacial adhesion
strength. Generally, there are two main types of residual stress components: (i)
intrinsic stress and (ii) extrinsic stress [10, 21, 64]. Intrinsic stress is the residual
stress induced during the processing steps. For example, there was a change of
stress state from compression to tensile for sputter deposited molybdenum film on
silicon substrate in a pressure range of 6 — 12 mTorr and the stress state will be
different during the incorporation of nitrogen gas for molybdenum nitride film

formation [63]. Extrinsic stress is affected by the mismatch of coefficient of
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thermal expansion (CTE) between dissimilar materials. This can be avoided by
selecting materials with smallest CTE mismatch. In a worst case scenario, high
stress level may cause the problems of delamination, cracking, buckling, peeling or

fracture and subsequently reduces the lifetime of the device.

3.2  Experimental Setup

3.2.1 Sample preparation

The polycrystalline ALOj3 substrates (purity of 96%) in the size of 4”
(diameter) x 0.6 mm (thickness) were purchased from Semiconductor Wafer, Inc.
The substrates have been polished to surface roughness (rms) of 10 — 150 nm by
chemical and mechanical polishing method (CMP). Before deposition, the
substrates were diced into small pieces by DISCO DFD 6361 with a speed of 1.0
mm/s. The cut substrates were in the dimensions of 3.0 mm x 3.0 mm x 0.6 mm.
The sample cutting step was advised to be done prior to the deposition in order to
prevent film cracking or film delamination. After that, cleaning step was conducted
using organic solvent such as acetone and isopropyl alcohol under ultrasonic
agitation at room temperature. The samples were then dried in an oven at 70 °C for

3 min.

The substrates were transferred to the sputtering chamber immediately after
the surface cleaning step. Deposition of Cu thin film onto the Al,O3 substrates was
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performed using PRO Line PVD 75 (Kurt J. Lesker Company). Before coating
process started, the chamber was first evacuated by roughing pump and turbo pump
in sequence in order to achieve the pressure of at least 5.0 x 10” Torr. The ignition
of plasma commences when the desired working pressure has been reached. The
deposition power was fixed at 300 W. Argon gas was allowed to flow into the
chamber continuously by adjusting the gas flow at a given flow rate. Before film
deposition, target was pre-sputtered by closing the shuttle for the following
purposes: (i) Removal of contaminants, (ii) Cleaning up the oxidized surface. (iii)
Establishing an equilibrium state for the system with sufficient time provided. The
pre-sputtered step was executed at 50 W for 5 min. Subsequently, the power was
increased to 300 W for Cu film deposition. The substrate-to-target separation was
set at 20.0 cm with the substrate holder constantly rotated in clockwise direction
under the speed of 20.0 mm/s. After the deposition process, the target was shielded
by the shutter and the power was turned off to 0 W. The flow of argon gas will then
discontinued before venting. Finally, the chamber was vented by turning on the
nitrogen gas valve and the specimens were taken out from the chamber when it has

reached the atmospheric pressure.

3.2.1.1 Different deposition pressures

Investigation on the effect of working pressure to the interfacial strength
was conducted by changing the deposition pressures: 1 mTorr, 5 mTorr, 10 mTorr,

15 mTorr and 18 mTorr. The deposition was all done at room temperature. Plasma
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ignition is impossible when the deposition pressure is smaller than 1 mTorr. For

this equipment, 18 mTorr is the maximum working pressure.

3.2.1.2 Different deposition times

Three different deposition times (25 min, 50 min and 100 min) were used to
control the thickness of Cu thin film. The deposition process was carried out under
the working pressure of 1.5 x 10 Torr and the deposition rate of about 0.3 nm/s. It

was completed at room temperature.

3.2.1.3 Post deposition annealing

Temperature (°C)
A 30 min

300 =

100 ==

RT =

Time (min)

Figure 3-1: In-situ post deposition annealing profile for Cu-Polycrystalline AlLO3

bonding
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After Cu film deposition process, the post annealing step was performed
directly inside the sputtering chamber under vacuum condition to prevent
oxidation. Two annealing temperatures (100 °C and 300 °C) were tested. The
specimens were heated from room temperature to 100 °C and 300 °C with the
heating rate of 10 °C/min (Fig. 3-1). A 30 min of dwell time was included. The
specimens will be removed from the chamber when it has cooled to room

temperature.

3.2.2 Materials characterization and adhesion measurement

Thickness of the deposited Cu thin film was checked using Alpha-step 1Q
surface profiler from KLA-Tencor. The profile of this measurement was conducted
using step height analysis and the average value was taken based on three selected
points. The deposition rate at different deposition parameters was then calculated
from the measured thickness. The cross-sectional images of the specimens was
captured using dual beam focused ion beam (FIB) built-in with in-lens scanning
electron microscopy (SEM) from FEI Nova' Nanolab DualBeam™ 600i. A
trench was cut from the sample surface and tilted into a correction angle at 52°
under the scanning voltage of 5 kV. The crystallographic structure of the sample
was characterized by X-ray diffractometer (XRD) Shidmazu thin film in 26 mode
with the scan range from 10° to 80° and the scanning speed at 2 °/min. The
operating voltage and current were set at 40 kV and 30 mA respectively with a

secondary monochromator under Cu Ka radiation.
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The XRD- sim?¥Y method was used to determine the residual stress of
sputtered thin film under different conditions. Psi angle (W) is the tilt angle
diffraction plane and the surface normal of the sample. The measurement was
performed using Bruker D8 Discover XRD system with Cu Ka; radiation (A = 1.54
A). The voltage was set at 40 kV while the current was fixed at 40 mA during the
experiment. An apparent peak position will be selected for the stress analysis after
a set of scanning at the fixed incident angles, d”ns. With the correlation between
lattice strain and psi angle (V) in the range of 0° to 50°, the residual stress created

in a polycrystalline film will be computed from the LEPTOS 7.03 software.
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Figure 3-2: Schematic illustration of tensile test.
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The debonding test was performed using Instron tester 5567 under tensile
mode of testing. The interfacial measurement was illustrated in Fig. 3-2. After the
deposition step, the specimen was pasted onto the test fixture using super glue
(Selleys Supa Glue, Australia). The specimens were then sent for adhesion test
under ambient condition with a load cell of 500 N. The testing speed was fixed at
10.0 pm/s. The adhesion strength was calculated from the average value of 10

pieces of specimens.

3.3 Results and Discussions

3.3.1 Effect of deposition time

Different Cu film thickness was obtained by changing the deposition time
under the same sputtering conditions. The sputtering times are 25 min, 50 min and
100 min with the thickness measurement as shown in Fig. 3-3. For working power
at 300 W, thickness of the deposited film increases as a function of deposition time

with the deposition rate at about 0.3 nm/s.
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Figure 3-3: Thickness of Cu thin film as a function of sputtering time.

Figure 3-4: SEM cross-sectional images of Cu-polycrystalline AlLO3 bonding with
different deposition times (a) 25 min (b) 50 min and (c) 100 min.
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The cross sectional images of Cu-polycrystalline ALO3; bonding were
presented in Fig. 3-4 for different sputtering times. The Cu thin films were firmly
adhered on the ALO; substrates with no failure indication such as delamination,
cracking or buckling at the interface. Based on the film growth conditions, the
columnar shape of microstructure was evidently revealed on Fig. 3-4 (a) and (b).
Enlargement of columnar grains was observed by lengthening the deposition time.
The average columnar diameter increased from 0.26 pm (25 min) to 0.54 pum (50
min) in the direction perpendicular to the substrate surface. As for sample coated at
100 min (Fig. 3-4 (c)), the columnar structure with distinguishable column
boundary was not clearly observed. Transformation of film structure from
columnar shape to a columnar-dendritic mixed microstructure was discovered as
the film becomes thicker. It is believed the microstructure transformation is
affected by the kinetics mechanism of sputtered atoms for the ordering evolution in
the aspects of grain growth or crystallographic texture with prolong deposition
period. According to G. Abadias et al. [130], microstructure evolution by film
thickening is mainly governed by two mechanisms. The first mechanism is caused
by the growth rivalry between the crystals orientating in different facets for the
purpose of overall free energy minimization from the surface or at the interface.
With the phenomenon of grain competitive growth, the texture orientation,
microstructure and topography of a coated film will change incessantly by
increasing film thickness. The second mechanism is induced by the migration of
grain boundary or the recrystallization process. The recrystallization process takes

place when the substrate is heated at high temperature or at the situation where
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there is an ongoing strong ion irradiation. In addition, I. Petrov et al. [131] has also
reported the ion bombardment during the deposition process will strongly affect the

orientations of the coated film.

Deposition time: 25 min

Deposition time: 50 min
Deposition time: 100 min

[ ) . 220

Intensity

2 Theta (degree)

Figure 3-5: XRD pattern of deposited Cu thin film on amorphous glass slide with
different deposition times

The crystallographic study of the sputtered Cu thin film was shown in Fig.
3-5. Cu film was also deposited on a piece of glass slide to avoid the peaks from
polycrystalline AlLO3 substrate. Given that glass slide is an amorphous material;
there will be no XRD peak from this material. For Cu film with smaller thickness

(25 min and 50 min), the XRD signal of amorphous glass was detected. The three
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peaks were attributed to the Cu thin film with orientations of (111), (200) and
(220). For 25 min and 50 min of deposition times, it displayed a preferred
orientation at (111) while the (200) and (220) are relatively low. The same can be

said for the sample coated at 200 min.
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Figure 3-6: Effect of deposition time to the adhesion strength between Cu thin film
and polycrystalline Al,O3 substrate.

G. Abadias et al. [130] has stated the stress field of a film is not dependent
on the film thickness. The mobility and the kinetics movement of adatoms have the

primary role with increasing film thickness. X.H. Liang et al. [132] found that
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stress field of a film will be weaker, and can be even neglected when the coated
film is getting thicker. There is no direct relationship between stress state and film
thickness, but favorable execution on microstructure; texture and orientation are
considered vital in thin film technology applications for better lifetime

performance.

As shown in Fig. 3-6, the sample coated at 25 min shows an average
adhesion strength of 8.4 MPa with the standard deviation of 4.3 MPa. For the
samples with similar film microstructure, a decrease in the adhesion strength with
film thickness was observed. However, the large error bar from the thinner film
might be affected by the substrate surface roughness. In this study, 25 min of
sputtering time is not appropriate especially for polycrystalline Al,O3 substrates
with very high surface roughness. We believe the entire surface of the substrate is
not able to be coated and results in interface failure. For 100 min of sputtering time
with different film microstructure, increase of adhesion strength was insignificant
(<1 MPa) compared to 50 min of sputtering time. Hence, 100 min of deposition
time is not recommended by the following reasons: (i) long time consuming (ii)
high consumption of electricity (iii) speedy usage of the sputtering target (iv)
generation of heat for extensive deposition period. The heat generated is not only
circulating around the chamber; it will also affect the temperature of the substrate
during deposition. For better consistency, 50 min of deposition time is selected for

future study.
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3.3.2 Effect of deposition pressure

The deposited thin film was measured for residual stress after deposition
under different working pressures. The state of stress (tension or compression) and
its magnitude might eventually affect the film adhesion. This work is important
especially for sputtering deposition technique due to the high impact energy from

the irradiated ions or atoms, where microstructure evolves during deposition.

Figure 3-7: FIB-SEM cross-sectional micrographs of Cu-polycrystalline Al,O3
bonding with different deposition pressures: (@) 1 mTorr (b) 5 mTorr (c) 10 mTorr
(d) 15 mTorr and (e) 18 mTorr.

The effect of deposition pressure to the adhesion strength between Cu thin
film and polycrystalline Al,O3 substrate was examined by changing the working

pressure from 1 mTorr to 18 mTorr. From Fig. 3-7 (b) to (e), no failure was
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detected at the interface. However, it is noticed that there was a sign of
delamination for the sample coated at 1 mTorr (Fig. 3-7 (a)). It is believed the
interface failure is caused by the high residual stress during the sputtering process.
Decrease in Cu film density with deposition pressure was observed. It changed
from a denser film at low deposition pressure to a porous columnar film at higher
deposition pressure. Presence of voids between columnar grains has been enlarged

with the working pressure.

The evolution of the film structure is due to the factors such as kinetics
movement, mobility and collision mechanism of sputtered atoms from target to
substrate. The circulation of argon gas ions is not only applied for atoms injection
from the target material, it is also used to moderate the speed of movement for the
atoms at a controlled distance. Extremely high or low pressure will strongly affect
the film quality and properties. At a very low deposition pressure, there is lesser
amount of particles. Higher ion energy by least collisions is leading to elastic
bombardment of adatoms. The active adatoms will then be transferred to the
substrate with high surface mobility. The film densification is suggestive of the
impinging particles at low deposition pressure by increasing the Kinetic energy of
the adatoms onto the substrate surface. When the deposition pressure increases,
there is a reduction in the adatoms mobility. Due to the frequent collisions, the
scattering effect and the decrease of mean free path have weakened the kinetic
energy of the arrival atoms. The coalescence process is more Kinetically limited

and is leading to the observed columnar grains with significant void boundaries.
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The mean free path of Cu can be calculated with the equation below:

R (3.1)

VZ2rPd?Ny '

where R is the universal gas constant =8.3145 J/molK, T and P are the temperature
and pressure respectively, d is the diameter of molecule, Na is the Avogadro’s

number =6.0221 x 10%/ mol and n=3.14159.

Table 3.1: Effect of deposition pressure to the mean free path of Cu atoms

Deposition Pressure (mTorr) Mean Free Path (cm)
1 7.72
) 1.54
10 0.77
15 0.51
18 0.43

According to the kinetic theory of molecular gases, the mean free path of a
molecule at constant temperature has a value that is inversely proportional to the
pressure. In Table 3.1, it shows a decrease on the mean free path from 7.72 cm to
0.43 cm as the deposition pressure increases. In addition, the directed momentum
loss mean free path determines the rate of loss of kinetic energy and direction of

particles travelling through a gas, and it is a controlling parameter in establishing

Chapter 3: Effect of Processing Parameters tothe
Copper-Alumina Adhesion Strength Page 72



the energy of bombardment during film growth. In this study, the target-substrate
distance is about 20 cm and this value is higher than the calculated mean free path.
Sputtered atoms undergo many collisions before arriving to the growing film
surface especially at high deposition pressure. Hence, the kinetic energy transfer
from the plasma to the growing film surface is enhanced as the sputtering pressure
decreases. Due to high particle energy at low deposition pressure, the atomic
peening mechanism is the net effect of film densification delivered by the energetic
particles; certain amount of lattice damage could be induced too. This gives rise to
films showing high residual stress and poor interfacial adhesion between Cu thin

films and Al,O3 substrate.

For the sample deposited at high deposition pressure, a large fraction of
sputtered atoms collide with residual gas molecules on their way to the substrate.
Consequently, the arrival energies of these sputtered atoms are suspected to be
much lower than their initial energies. Films grown with such low arrival energies
tend to have an appreciable density of voids or defects since arriving atoms do not
have sufficient mobility to move into ideal lattice sites. A volume change which
affected by the vacancy concentration of the film is suspected. High stress state is
eventually developed due to the film shrinkage effect and resulted in low adhesion

strength.

Besides film microstructure analysis, investigation on the residual stress
under different deposition pressures was carried out using non-destructive XRD
sin"¥ method. In this study, the lattice plane of (220) with 26 angle at 74.129° (¥ =

0°) was selected after the XRD 20 broad scanning (Fig. 3-8). The strain of the
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chosen plane was then measured by rotating the psiangle (‘) from 0 ° to 50 °. The
analyzed result was plotted in the form of strain-sin?¥ as illustrated in Fig. 3-9 and
the normal stress induced was calculated automatically using LEPTOS XRD fitting

software in the following way (eg. 3.1).

€pw=  (dgw—0o)/ do= o[ (1+v)/ E] sin>¥, (3.2

where €4y is the lattice strain for a given plane, d, and dy v are the unstressed and
stressed lattice spacing respectively, o is the residual stress of the film, v is the
Poisson ratio with the value of 0.34 and E is the Young’s modulus for Cu with the

value of 137.174 GPa.
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Figure 3-8: XRD pattern on (220) plane with psi angle (¥) changing from 0° to
50° for sample coated at 1 mTorr.
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From Fig. 3-9, the positive slope in strain-sin®¥ graph indicates the
presence of tensile film stress. This trend was applied to other deposition pressures
from 5 mTorr to 18 mTorr. Regardless of the deposition technique and the coating
conditions, the residual stress induced could also be affected by the mismatch of
coefficient of thermal expansion (CTE) of the materials. When the CTE value of
metal film is higher than substrate, tensile state of stress will be created from the
film. Compressive film stress is induced when the CTE value of metal film is lower
than substrate. In this study, the CTE of polycrystalline ALO3 is 8.0 x 10 /K and
Cu film is 17.0 x10°® /K. Higher CTE value of Cu is leading to tensile film stress at
room temperature. However, since the film was deposited without heating, the
stress contribution from CTE mismatch is negligible. The measured stress in this

case is contributed by the intrinsic stress of the film.
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Figure 3-9: Graph of strain-sin®¥ for sample coated at 1 mTorr

A deposition technique with proper controlled is necessity for stress
minimization. In Fig. 3-10 and Table 3.1, the correlation study between deposition
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pressure and adhesion strength, as well as the induced residual stress was
evaluated. It is believed the mechanical stress of a film is affected by the ion
bombardment during the deposition process. At 1 mTorr deposition pressure, this
group exhibits the weakest adhesion strength of 4.3 + 1.3 MPa with maximum film
stress at 276.5 MPa. The adhesion strength between Cu thin film and
polycrystalline ALOj3 increased with deposition pressure up to 10 mTorr. The

reduced film stress to 45.3 MPa at 10 mTorr is leading to the observed adhesion

enhancement.
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Figure 3-10: Tensile strength measurement for Cu-polycrystalline Al,O3 bonding
as a function of deposition pressure and residual stress.
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At low deposition pressures, densification of film microstructure is
responsible for the observed high residual stress. It is believed the atomic peening
effect by energetic ions or atoms is the key factor for film densification [63].
Development of columnar growth structure is restricted by the striking effect of
energetic particles, and is leading to the observed high tensile stress.

After the optimized pressure at 10 mTorr, decrease of adhesion strength at
15 mTorr and 18 mTorr were observed in Fig. 3-10 and Table 3.2. At low
deposition temperature, little surface diffusion is developed for thin film. The
vacancy concentration is expected to be higher than at equilibrium. There is a
volume change which affected by the vacancy concentration of the film, and
eventually is leading to residual stress of the film. The stress change depends on
the vacancy volume and the site of annihilation. At higher deposition pressures,
presence of voids and the size of columnar grains increase with the Ar pressure due
to the kinetics movement of adatoms. R. Huang et al. [133] has reported that the
grain growth process is tend to reduce the amount of grain boundaries in order to
eliminate the excess volume of the film. The annihilation of the vertical boundaries
may result in an in-plane change of film dimensions. In such case, high mechanical
film stress is developed due to the film shrinkage effect. Interface failure occurs if
the columnar structure is not capable to maintain the high mechanical stress in the
film. Hence, moderate kinetic energy at 10 mTorr is finalized as the optimum

pressure for Cu-ALO3 bonding in this study.
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Table 3.2 Change of adhesion strength and film stress with deposition pressure

Deposition Pressure (mTorr) Film Stress (MPa) Adhesion Strength

(MPa)
1 276.5 43+13
S) 163.8 5.5+21
10 45.3 8.6 £0.3
15 116.7 6.1+17
18 129.9 56 £2.7

3.3.3 Effect of post deposition annealing

Annealing used to be a process to relieve stresses of a bonding system [10].
The stress may be originated by intrinsic stress formed during film deposition, or
the stress due to the CTE mismatch during cooling. High stress condition might
also be relieved through delamination, cracking, buckling or fracture. According to
Waters. P. [3], strain energy is accumulated by the amount of stress induced.
Interface failure will take place when the strain energy release rate has exceeded

the interfacial toughness of the film.

In this study, in-situ post annealing step was carried out directly after the
deposition process. The samples were heated at 100 °C and 300 °C for 30 min from
room temperature with a heating rate at 10 °C/min. Annealing temperature beyond
300 °C was not included in order to prevent re-crystallization of Cu film [134,
135]. Problem of thermal shock was avoided by slow cooling process under inert

gas atmosphere.
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Figure 3-11: Cross sectional images of Cu-polycrystalline Al,O3 bonding (a) at
room temperature (b) annealed at 100 °C for 30 min and (c) annealed at 300 °C for
30 min.

Change of film microstructure was observed in Fig. 3-11. Transformation
of Cu film from columnar grains to a more densified morphology at 300 °C was
clearly revealed. For the sample annealed at 100 °C for 30 min (Fig. 3-11 (b)), film
structure evolution was initiated from the interface region. It continues to grow
from bottom to top by densifying the columnar structure gradually. At 300 °C in
Fig 3-11 (c), there was an increase of film density by reducing the void boundaries.
At elevated temperature, we believe the Cu atoms are able to diffuse and fill up the
porous boundaries between the columnar grains. Besides the atomic diffusion,
annealing step might also help to accelerate the coalescence process of the Cu thin

film.

There was a decrease of film stress from 116.7 MPa (room temperature) to
53.3 MPa (300 °C for 30 min) after the annealing. Corresponding to the residual
stress reduction, the adhesion strength between Cu thin film and polycrystalline

AlL,O3 substrate shows an increase of 18 % from 6.1 MPa to 7.2 MPa. The adhesion
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enhancement is attributed to the reduction of residual stress, as well as the improve
contact with substrate surface. Besides, Cu atoms with high mobility are suspected
to have moved into the depth of the substrate through diffusion bonding.
Discussion on diffusion bonding will be further elaborated in Chapter 5. In
addition, there is a possibility of residual stress reduction by the out diffusion of Ar
gas atoms entrapped during film deposition, especially when the working pressure
is high. However, we believe the contribution from out diffusion of Ar gas during

heating will be very small.

20 140
116 7 MPa [ Adhesion Strength -
'. —m— Residual Stress L 120
i Ceposition pressure; 15 mTaorr L
—_ Ceposition time 280 min L 100
W 5
n_ -
= - 80
- ] L
5 53.3MPa | .
[ |
o] L
L 10+ 40
w [ =k
[ -
o° - w o0
z |
1] L
: r
ﬂ 5 —] 1 ‘ \ _LI
<< i

0 T | T
RT 100 300

In-situ Post Annealing (°C) for 30 min

Figure 3-12: Effect of post deposition annealing to the residual stress and adhesion
strength between Cu thin film and polycrystalline Al,O3 substrate.
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3.4

Chapter Summary

Besides extrinsic stress, intrinsic stress induced for a bonding system will

strongly affect the adhesion tendency between materials. For the purpose of stress

minimization, different bonding parameters include deposition time, working

pressure and post annealing were investigated for their effect on Cu film adhesion

with polycrystalline Al,O3 substrate. The findings are:

(1)

(2)

3)

(4

(5)

(6.)

There is a change of microstructure and crystallographic orientations with

deposition time

No significant relationship between stress field and film thickness

Columnar film with higher degree of porosity is formed by increasing the

deposition pressure

Kinetics movement, mobility and collision mechanism of adatoms are the

factors for microstructure evolution

There is a change of adhesion strength and residual stress with deposition

pressure

10 mTorr is the optimized pressure for Cu-polycrystalline Al,O3 bonding
with lowest film stress of 45.3 MPa and highest adhesion strength of 8.6

MPa
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(7.)  There is a transformation of film microstructure from columnar to a denser

film after in-situ post deposition annealing (100 °C and 300 °C for 30 min)

(8) There is an increase in adhesion strength for 18 % by residual stress

reduction after post deposition annealing.

(9.) Diffusion of Cu atoms through the porous boundaries for adhesion

improvement at elevated temperature
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CHAPTER 4: IMPORTANCE OF SURFACE PRE-TREATMENT

4.1 Introduction

In the past decades, numerous inorganic (alumina; aluminum nitride etc.)
and organic-inorganic materials (polyimide-glass; epoxy-glass etc.) have been
utilized as the substrates in electronic devices. In particular, the metallization of
ceramics has long been a subject of interest due to its excellent thermal,
mechanical and che mical stability, high hardness and good wear resistance [54, 69,
70, 72, 73]. This enables the manufacturers to fabricate microelectronic devices
with better reliability which are able to work under harsh environment. In order to
fully achieve the advantages, good adhesion between the metallization films and
the substrate is crucial. However, since metals tend to have a higher surface energy
than ceramics, it is difficult to form a strong bond between metal films and ceramic

substrate.

An electronic package usually consists of different materials for different
functions which are often connected via physical and/or chemical means.
Debonding or delamination between these heterogeneous materials during
fabrication or service is always a great concern for device reliability. Metallization
on ceramic substrates is an important issue due to the intrinsic low adhesion caused
by poor wetting of metals on ceramics. MIL-STD-883E standard (method 2027.2)

[11] requires a minimum of 10 MPa for metallization on ceramic substrate. To

Chapter 4: Importance of Surface Pre-treatment Page 83



achieve the desired adhesion strength, many factors have to be considered to
develop a better bonding between different materials. In the study of joining
method, various techniques such as eutectic joining [62, 72-76], ion beam dynamic
mixing [136], casting bonding [62], spraying [78, 79] etc., have been explored to
obtain optimized bonding. Besides, insertion of an adhesion layer such as Titanium
[52]; Chromium [52, 137] or Tantalum is often employed before the final metal
film is deposited on a ceramic substrate. These methods either require a high

processing temperature, or additional materials and steps.

There is a clear advantage to form metal films on a ceramic substrate
without using an adhesion layer. In such a case, the surface condition is an
important factor affect the adhesion strength. It is well known that a clean surface
is very important to achieve high adhesion strength. Over the years, a variety of
surface treatment methods have also been extensively developed for improving
interface bonding. However, the topic related to the impact of surface pre-
treatments to the Cu-polycrystalline AL,O3; bonding has not been systematically
studied and little has been known for the effectiveness of individual surface
treatment as many reports were focused on an optimum solution. In this paper,
effort has been made to increase the adhesion strength between Cu thin film and
polycrystalline AlL,Os; by employing a few types of surface treatment prior to
bonding as listed in Table 4.1. Copper thin films of around 1.0 + 0.2 pm were
sputtered on polycrystalline ALOj3 substrate without employing any adhesion layer.
Different surface treatments are designed to be applied in different sequences to

understand the contribution by each of these treatments.
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4.2  Experimental Setup

4.2.1 Sample preparation

Preparation of polycrystalline ALO3; substrates has been described in
section 3.2.1. Before film deposition, the substrates were cleaned using different
combinations of treatment as listed in Table 4.1.

Immediately after the surface treatment, Cu thin film was deposited onto
the Al,O3 substrate using DC magnetron sputtering technique (PRO Line PVD 75,
Kurt J. Lesker Company®). The sputtering chamber was pumped to a vacuum level
below 5.0 x 10° Torr before the coating process starts. After the desired vacuum
pressure was reached, the deposition will be conducted under the power of 300 W
with deposition pressure of 1.5 x 10 Torr, and the deposition rate was about 0.3
nm/s. During the deposition, the sample holder was rotated at 20.0 mm/s in order to

obtain a uniform film. The distance between the substrate holder and the sputtering

target was maintained at 20.0 cm.

A comparison study was also conducted using monocrystalline Al,Os
substrate (Latech Scientific Supply Pte Ltd) with surface roughness (root mean
square, rms) less than 0.5 nm. The purchased monocrystalline substrate in the
orientation of (11 20) has similar surface energy with polycrystalline ALOs;

substrate. Surface analysis after treatment was investigated and compared based on

the density of substrate surface pores.
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4.2.2 Materials characterization and adhesion measurement

Investigation on the substrate’s chemical state on the surface and
subsurface (depth profiling) was carried out by a Kratos Axis Ultra X-ray
photoe lectron spectroscopy system under the vacuum state of 10® to 10°. The
binding energies of the elements were calibrated using CASA XPS processing
software by referring the adventitious C 1s peak at 284.8 eV as internal reference.
The surface energy of the substrate was measured using three different liquids: viz.
distilled water, ethylene glycol and diethylene glycol with known surface energy.
The surface energy of the ceramic samples was then calculated using the Owen,
Wendt, Rabel and Kaelble (OWRK) method. X-ray diffractometer (Shimadzu)
equipped with a secondary monochromator with Cu Ko radiation was used to
determine the crystal structure of the substrate in the scan range from 20 to 80°.
The amount of solvent residue was measured using a thermal gravimetric analyser

(TGA-Q500) under a controlled atmosphere.

The adhesion measurement has been described in section 3.2.2. After
tensile test, the separated surfaces were analysed using scanning electron
microscopy JEOL JSM 6360 to examine the location of the failure. True adhesion
strength was available only if the failure is between the Cu film and the Al,O;
substrate. If cohesive failure in the applied glue or adhesive failure between the
glue and the Cu film is observed, the case will be highlighted. Under such

circumstance, the actual strength between the film and substrate will be greater

than the recorded strength value.
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4.3 Results and Discussions

4.3.1 Adhesion strength after different surface treatments

As shown in Table 4.1, four different surface treatment steps are grouped
into 4 categories (group 1 to group 4) and were applied to the ALO;3; substrate
before film deposition. The treatments include solvent cleaning, acid washing, heat
treatment, plasma cleaning, and they were organized into different sequences in
order to evaluate their individual contribution to the film adhesion. Results are
compared with as-received condition (denoted as group 0). The as-received
polycrystalline ALO3substrates have a surface roughness (root mean square, rms)
in the range of 10 — 150 nm after going through a chemical mechanical polish
(CMP) process.

The interfacial adhesion strength between Cu thin film and polycrystalline
AlLO3 substrate under different group of surface pre-treatments was shown in Fig.
4-1. The highest adhesion strength of 34.0 MPa and above has been achieved
through plasma treatment (Group 2). This value has been far exceeded the MIL-
STD-8883E of 10 MPa. Changes on the interfacial bonding are affected by: (i)
removal of contaminants (ii) change of wetting behaviour and (iii) creation of
surface dangling bonds. Discussion on the effect of surface pre-treatments to the

interfacial bonding tendency will be further elaborated in the following sections.
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Table 4.1 Types of surface pre-treatments, group into different sequences, and the
resulting adhesion strength

Treatment Cleaning steps Description Average adhesion
strength (MPa)
Group 0 No As-received sample 5.4 +34
Group 1 Solvent cleaning - Acetone 10 min with ultrasonication
- IPA 10 min with ultrasonication 6.1+17
- Dry at 70 °C for 3 min
Group 2 Solvent cleaning - Solvent cleaning as described above
—> Acid etching - Piranha acid at 90 °C for 15 min
- Rinse with distilled water 7.1+1.9
- Dry at 70 °C for 3 min
Solvent cleaning - Solvent cleaning as described above
—> Heat treatment - In-situ heating at 300 °C for 30 min 7.3+18
right before film deposition
Solvent cleaning - Solvent cleaning as described above
- Plasma treatment | - In-situ Ar plasma treatment at 50 W 2min: 25.0 £6.0
a.) 2min 10 min: > 34.0
b.) 10 min
Group 3 | Solvent cleaning - Solvent cleaning as described above
—> Heat treatment - In-situ heating at 300 °C for 30 min 16.9 + 3.0
—> Plasma treatment | - In-situ Ar plasma at 50 W for 2 min
Solvent cleaning - Solvent cleaning as as described
- Plasma treatment | above
—> Heat treatment - In-situ Ar plasma at 50 W for 2 min 53+21
- In-situ heating at 300 °C for 30 min
Group 4 Solvent cleaning - | - Solvent cleaning as described above
Plasma treatment = | - In-situ Ar plasma at 50W for 10 min
Re-contamination - Exposed to air atmosphere for 10 7.7x7.0

days
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Figure 4-1: Effect of surface pre-treatment on the adhesion strength between Cu
film and polycrystalline AlLO3 substrate.

4.3.1.1 GroupO

As shown in Fig. 4-1, the as-received sample shows an average adhesion
strength of 5.4 MPa with the standard deviation of 3.4 MPa. This group exhibits
very weak bonding with a large variation among different samples. The large error

bar might be caused by 2 factors; (i) wide range of substrate surface roughness (ii)
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uneven distribution of contaminants throughout the wafer fabrication, especially
after the CMP process. The commercial polycrystalline ALO3 substrates contain a
relatively large number of pores on the surface. Although the degree of porosity
has been reduced after the CMP, there are still many pores available to act as

storage site for impurities or the residues left behind after the CMP process.

4.3.1.2Groupl
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Figure 4-2: Surface energy and contact angle before and after the organic solvent
cleaning.
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The most common cleaning method to remove organic contamination is to
use organic solvents such as acetone, and isopropyl alcohol with the aid of
ultrasonication. The treatment (group 1) slightly improves the adhesion strength
from 5.4 + 3.4 to 6.1 + 1.7 MPa. Analysis of the surface energy reveals a better
wetting performance of the substrate as indicated by the measured surface energy
from 46.3 to 59.5 mJ/m? and the contact angle from 54.7 to 40.0° (Fig. 4-2).
However, we find that organic solvent cleaning is not effective for the

improvement of Cu film adhesion to alumina substrate probably because it is not

sufficient to totally remove the contaminants that adhere on the substrate’s surface.

4.3.1.3 Group?2

Under treatment conditions in group 2 (Table 4.1), one more step was
added after the solvent cleaning. The surface was either treated by piranha acid
etching, or in-situ (i.e., right before sputtering without breaking the vacuum) heat
treatment, or in-situ plasma treatment. In general, piranha solution was used to etch
native oxide and organic residues on silicon wafer [53]. In the current work, the
diced substrates were soaked in a 3:1 mixture of concentrated H,SO4 and H,0,
solution at 90 °C for 15 min, rinsed, and then transferred to the deposition machine.
The acid etching shows very limited improvement as shown in Fig. 4-1. The same
can be said for the heat treatment at 300 °C for 30 min inside the sputtering
chamber. Notice that there was no change of the crystal structure (Fig. 4-3) and the

surface morphology (Fig. 4- 4) of the substrate after the heat treatment, we believe
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that there might be some residual solvents trapped inside the large number of pores
after the initial solvent cleaning. To confirm this, a TGA measurement was carried
out and the results are presented in Fig. 4-5. The weight loss was monitored for
heating up to 300 °C with a heating rate of 10 °C/min. The substrate with solvent
cleaning shows a significant weight drop as compared with the one without. Based
on Fig. 4-5, solvent evaporation probably takes place from 23 to 200 °C
corresponding to the drastic drop of weight in this temperature range. From Fig. 4-
6, no indication of weight lost for monocrystalline substrate with and without
solvent cleaning. It is believed the moisture is totally evaporated from the substrate
surface without flowing into the bulk substrate. Besides contaminants, the substrate
surface porosity is the trapping site for moisture. However, the removal of the
residual solvents does not seem to be a key factor for the adhesion strength

improvement as the strength only slightly improved.
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Figure 4-3: XRD analysis after different surface treatments.

Figure 4-4: SEM images of polycrystalline AlLOj3 (a) before and (b) after heat
treatment at 300 °C for 30 min.
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Figure 4-5: Weight loss analysis after heating up to 300 °C for polycrystalline
AbLO; substrates with and without solvent treatment.
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Figure 4-6: Weight loss comparison analysis after heating up to 300°C for
monocrytalline and polycrystalline Al,O3 substrates with and without solvent
treatment

Since both heating and piranha solution treatments have shown limited
improve ment, they are not recommended for adhesion enhancement in practice. On
the other hand, plasma treatment has shown significant enhancement for the
bonding system. From Fig. 4-1, in-situ Ar plasma cleaning under pressure of 15
mTorr with the power of 50 W has led to much improved Cu film adhesion with
polycrystalline Al,O3. The strength has increased with the plasma treatment time
from 2 min to 10 min. After 10 min of argon ion bombardment, the adhesion

strength reached beyond 34 MPa (the star sign indicates the breakage is between
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the glue and the film surface, indicating the copper film / ALOj3 substrate adhesion
IS no less than 34 MPa), which is at least a 6-fold increment from the as-received

sample. This value has far exceeded the MIL-STD-883E requirement of 10 MPa.

Sum 020889 S5 SEI SkuU X3, 588 »m G008 18 5SS SEI

»m 8808 83 SS SEI 1SkU X3, 580 Sxm GB08 18 SS SEI
s

%3, See S»m B20B 89 SS SEI kU X3, Sum 8208 18 SS SEI

Figure 4-7: SEM micrographs of (a-1) polycrystalline Al,O3 before (a-2) after 10
min of Ar plasma cleaning at 20 W (b-1) polycrystalline Al,O3 before (b-
2) after 10 min of Ar plasma cleaning at 50 W and (c-1) monocrystalline
AlLO;3 before (c-2) after 10 min of Ar plasma cleaning at 50 W.
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Besides plasma cleaning time, investigation on the substrate surface
chemical state was carried out before and after the argon ion bombardment using
two different levels of power (20 W; 50 W) for 10 min. In this study, two types of
substrates were also used for comparison: (i) very smooth monocrystalline ALO3
(rms < 0.5 nm, orientation of (1120)) and (ii) polycrystalline ALO3 (rms 10 — 150
nm). SEM inspection was made on the same area before and after the plasma
treatment as presented in Fig. 4-7 to check the changes on the surface morphology
and the substrate roughness. From Figs. 4-7 (a) and (b), reduction of surface
charging effect after the Ar plasma bombardment was observed, and this
phenomenon was more evident with higher plasma power at 50 W. The reduced
surface charging is suggestive of a cleaner surface after the treatment by knocking
off the organic and inorganic contaminants from the surface including the
concaved regions. Yet, there was no significant increase in the surface roughness
even after the bombardment process was carried out at 50 W. The monocrystalline
AlLO3 has very flat surface and limited number of surface pores (Fig. 4-7 (c)). It is
not surprising that this sample has the cleanest surface after Ar plasma

bombardment at 50 W for 10 min.
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Table 4.2 Elemental compositions of polycrystalline Al,O3 substrate before and
after plasma treatment for 10 min

Elements Elemental composition (At %)
Before plasma After plasma
treatment treatment
Al 2p 26.7 33.7
O2p 51.5 60.7
C1ls 16.9 2.8
Na 2p 0.4 0
Si 2p 4.6 0
Ar 2p 0 2.9
Al/O ratio 0.52 0.56
Average adhesion strength 5.4+ 3.4 >34.0
(MPa)

To support the above analysis on surface cleanliness, XPS was also carried
out to quantify the amount of contaminants removed from the surface after the Ar
plasma treatment. The organic contaminants have indeed been much reduced after
10 min of treatment as indicated by the reduction of carbon from 16.9 to 2.8 at.%
as indicated in Fig. 4-8 and Table 4.2. In addition to the removal of carbon, other
contaminants such as Na and Si were also found to be reduced to 0% in the
polycrystalline substrate. Furthermore, the atomic weight percentages of Al (as
indicated by the Al 2p peak) and O (O 1s) have also increased with the plasma
cleaning time, which leads to an oxygen-rich surface after the plasma treatment.

From the elemental compositions listed in Table 4.2, the ratio for AlI/O increases
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from 0.52 to 0.56 after plasma treatment. The increase of Al/O ratio could be
another indication of removal of organic containments. Besides, we also believe
the substrate porosity has an impact on the amount of entrapped impurities too. The
atomic weight percentage and the impurity level were higher for the substrate with
higher number of porosities. Hence, the removal of contaminants was more
effective on flat surface as shown in Fig. 4-8 (b) as compared with rougher surfaces

in Fig. 4-8 (a).
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Figure 4-9: XPS spectra of polycrystalline alumina (a) Al 2p and (b) O1s peaks
before plasma treatment and after 10 min of plasma treatment.

Besides the surface contaminant removal, the plasma treatment is believed
to have broken the chemical bonds on the surface [138], leading to the observed
enhancement in the adhesion strength. For XPS spectrum analysis in Fig. 4-9,
higher Al/O ratio after plasma treatment is leading to the increased of peak
intensity of Al 2p. A slight shift was observed for the Al 2p peak after plasma
treatment. In general, XPS peak shift might be caused by the film thickness or the

charging effect of the material [139]. In this study, however, both do not seem to
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be responsible for the shift because (i) alumina is a thick substrate, so the film

thickness effect is excluded; (ii) alumina is an insulating material regardless of the

plasma. A possible cause could be the formation of dangling bonds after the

plasma treatment, which requires further investigation in the future. There was a

peak broadening at binding energy of 532.0 eV in core level for O 1s (Fig. 4-9 (b)).

We postulate that the broadening might be due to the new bond formation with O,

and detailed analysis will be provided next.
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Figure 4-10: XPS peak fitting of polycrystalline alumina (a) Al 2p and (b) O 1s
spectra after 10 min of plasma treatment.

Based on the XPS narrow-scan spectrum analysis in Fig. 4-10, the Al 2p

and O 1s peaks after plasma treatment are well fitted by one and three binding
energy components respectively. The single peak locates at 75.0 + 0.1 eV [140Q] is

attributed to Al 2p in ALO;3 (Fig. 4-9 (a) and Fig. 4-10 (a)) before and after plasma

treatment. For the O 1s spectrum in Fig. 4-10 (b), three individual component
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peaks at 531.86 eV (68.07 At %), 533.70 eV (24.24 At %) and 535.07 eV (7.69

At %) [140] are shown after deconvolution. The peak with lowest binding energy

and highest intensity is assigned to Al,O3. Formation of C=0 bond belongs to the

middle peak. The one with highest energy is assigned to H-O bond in H,O. It was

reported that at low pressure condition, hydrogen gas can be considered as a

residual element, and the dissociated H atom might interact with other species to

form H,O or C,H, [141].
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Figure 4-11: Change of wettability, surface energy and contact angle with plasma

treatment time.
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It was reported that for industrial application, adequate adhesion can be
achieved if the surface energy is greater than 50 mJ/m? [138]. In the current work,
surface energy has been measured before and after the plasma cleaning using
contact angle measurement. Results on the surface energy and contact angle are
shown in Fig. 4-11. It is clear that Ar plasma cleaning has improved the surface
energy significantly, reaching 73.3 mJ/m? after 10 min treatment. Corresponding
water contact angle is extremely low immediately after the plasma treatment.
However, after exposure in ambience for 10 days, the surface contaminants came
back, and the surface energy was reduced to 44.3 mJ/m?. The substrate has lost the
benefits introduced by plasma treatment and nearly returned to the original state.

The polycrystalline Al,O3 substrates were treated with various surface pre-
treatments and the surface was then analyzed by contact angle measurement using
three different liquids as described in section 4.2.2. For the substrate without any
treatment, the contact angle of the original surface was > 90° with poor wettability
and hydrophobic condition (Fig. 4-2). For plasma treatment, it is believed the
substrate surface was activated by Ar bombardment. The contact angle of plasma
activated surface was less than 10° after 10 min of Ar bombardment. It is suggested
ALO; surface is very active with a large number of dangling bonds. From the
contact angle measurement, a large number of hydroxyl groups may exist on the

activated substrate surface after the droplet test.

Change of bond configuration by physical bombardment also contributed to
the XPS peak broadening for O 1s spectra. Formation of O-H bond is observed

after the surface has been activated by plasma treatment. Under a low pressure
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condition, hydrogen gas is considered as a residual element. With the dangling
bonds created on the substrate surface, the dissociated H atoms may interact with

the O ions and form O-H bond on the surface as shown in Fig. 4-10.

It shows that plasma for a length of time is sufficient to enhance the number
of dangling bonds for the Al,O3 substrate surface and improves the surface affinity
to adhesion. The microscopic flatness of the substrate was not deteriorated by the
plasma activation process (Fig.4-7). Hence, it can be considered to be an optimum
treatment for Cu-ALO3 bonding. The comparison has illustrated the importance of
keeping the surface clean for strong film adhesion. It is therefore recommended
that film deposition to be carried out immediately after the cleaning step inside the

sputter deposition chamber without breaking the vacuum.

4.3.1.4 Group 3

To further understand the interplay between heating and plasma treatment,
they are both applied after solvent cleaning (group 3, Table 4.1). Following the
sequence of solvent cleaning, heating, and argon plasma treatment, the adhesion
strength was 16.9 = 3.0 MPa, which is much lower than the two-step treatment
without heating (25.0 MPa after 2 min plasma treatment and > 34 MPa after 10
min treatment). The measured surface energy (Fig. 4-12) shows insignificant

increase after the plasma treatment (from 50 mJ/m?
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Figure 4-12: Surface energy change of the polycrystalline Al,O3 (rms 10-150 nm)
before and after treatments applied.

to 55.8 mJ/m%). When heat treatment is applied after the plasma treatment, the
surface energy dropped significantly to 19.6 mJ/m?. The corresponding adhesion
strength has also dropped to a very low level at 5.3 MPa. The result suggests that
when heating is the last step before Cu film deposition, it could very likely
contaminate the surface by evaporating the residues inside the chamber back to the
substrate surface. When heating is applied before plasma treatment, it might have
played an adverse role by anchoring the surface contaminants, making it more

difficult to be removed by the subsequent plasma treatment. We take note the
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vacuum level (5.0 x 10® Torr) is not very high, therefore the residual oxygen
inside the chamber might have helped “securing” the adhesion of contaminant
molecules onto the substrate surface. The role played by oxygen residue is unclear
so far, and more investigation is needed to understand its effect on surface
condition and film adhesion. As heating and plasma treatment are often used for
thin film deposition, our current work suggests that the two treatment procedures

should not be applied in sequence before film deposition.

4.3.15Group 4

As a further verification, the plasma cleaning substrates were placed under
the ambient condition for 10 days before Cu film deposition (group 4 in Table 1).
The obtained low strength at 7.7 MPa with a large standard deviation displays a
good similarity with the as-received samples. The surface energy was reduced to
44.3 mJ/m?, which is similar to the one before treatment. The decrease in adhesion
strength (-77 %) and surface energy (-41%) were indicative of the return of

impurities to substrate surface.
4.4  Chapter Summary

Surface pre-treatment is one of the imperative factors affecting the
interfacial adhesion between materials. Different surface cleaning techniques and

treatment sequences were studied for their effect on Cu film adhesion with
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polycrystalline ALO3; substrate. The treatments were categorized into 5 groups

from group O (as-received sample) to group 4 (re-contaminated sample) using

polycrystalline Al,O3 substrates with rms in the range of 10 — 150nm. The findings

of this chapter are:

1)

(2)

3)

(4.

(5)
(6.)

(7))

(8)

(9)

(10.)

Embedded impurities or residues through the surface pores has weakened
the Cu film adhesion to the Al,O3 substrate

There are changes on surface wettability and adhesion strength for different
surface pre-treatments

Organic solvent cleaning with the aid of ultrasonication has very limited
impact on improving the adhesion strength

Heat treatment and piranha acid soaking are not sufficient to remove surface
contaminants

Humidity or residual solvent is not the key factor for adhesion enhancement
There is at least a 6-fold of adhesion strength increment by in-situ argon
plasma cleaning

Plasma treatment is an effective way to provide a cleaner surface for better
bonding

Development of dangling bonds after plasma treatment is the reason of
excellent adhesion strength

There is an increase of amount of contaminant with the density of substrate
surface pores

The re-contamination step is induced when heat treatment is applied either
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before or after the plasma treatment
(11.) Multi-treatment steps are not recommended for Cu-Al,O3 bonding
(12.) Substrate has lost its plasma induced properties after exposed to the normal

air atmosphere
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CHAPTER 5: COPPER-ALUMINA BONDING MECHANISMS

5.1 Introduction

Ceramic metallization has been a subject of interest in electronic devices
for the past few decades. Ceramic substrate metalized with a layer of conductive
film has been extensively studied mechanically, chemically and electrically [62,
74, 109, 114, 142, 143]. The unique material properties and excellent stability of
ceramic substrate make it a good option in microelectronic packaging for critical
applications [54, 69, 70, 72, 73]. Due to the high demands from market, a well-
built and robust structure is needed to improve the system’s reliability especially
under harsh environment. According to Zhang et al. [20], mechanical failure mode
is the major failure path in microelectronic devices, and interfacial debonding
between heterogeneous materials is a great concern for reliability.

For adhesion enhancement, different factors include surface pre-treatment,
surface cleanliness, joining techniques, bonding parameters etc., have to be
considered. For Cu-AlLO3; bonding, various bonding methods such as eutectic
joining [75], transient liquid bonding [104], cold gas spraying [78] and casting
bonding [62] have been studied to achieve optimized bonding. However, these
methods typically require a high processing temperature, and the process is not
compatible with the existing packaging industry practice. For low temperature

metallization, an adhesion layer (typically Ti/W) is often needed due to the poor
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adhesion at the interface. Direct coating without the adhesion layer has a clear
advantage, but the bonding mechanism between directly coated metal thin films
and ceramic substrate is yet to be clarified, especially in terms of the quantitative
contributions by different contributing mechanisms.

In this project, direct Cu-AlL,O3bonding was carried out by DC magnetron
sputtering method without inserting any adhesion layer. Effort has been made to
improve the adherence of Cu thin film on polycrystalline Al,O; with different
surface roughness as listed in Table 5.1. According to the ASTM standard D907-70
[144], adhesion is a state of affairs when there is a valence force or mechanical
interaction or both of the actions take place to hold the surfaces together. In other
definitions, adhesion can be classified into four main categories include interfacial
bonding, inter-diffusion bonding, physical anchoring and intermediate layer
adhesion [145]. Joint created between Cu thin films and Al,O3; substrate might be
attributed by not only surface adsorption, but also the summation effect from other
bonding mechanisms. Factors such as surface roughness, porosity density, surface
morphology and topography will affect the interfacial joining and causing
difficulties during the interface characterization. In order to have better
understanding for a bonding system, it is crucial to justify the bonding mechanisms

and quantify their contributions for adhesion improvement.
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5.2 Experimental Setup

5.2.1 Sample preparation

Preparation step for polycrystalline Al,O3 substrate and Cu thin film
deposition process have been described in section 3.2.1 and section 4.2.1
respectively.

After film deposition, in-situ annealing was performed directly inside the
sputtering chamber without breaking the vacuum. The specimens were heated to
100 °C and 300 °C for 30 min respectively. The heating rate was set at 10 °C/min.
The argon gas remained during the annealing. The specimens were taken out after
the chamber has been cooled to room temperature slowly.

Monocrystalline Al,O3 substrates were purchased from Latech Scientific
Supply Pte Ltd for comparison study. The substrates in the orientation of (1120)
have similar surface energy with polycrystalline Al,O3 and the surface roughness
(root mean square, rms) is smaller than 0.5 nm. The cleaning step and the
deposition parameters remained the same for both monocrystalline and

polycrytsalline AlOj3 substrate.

5.2.2 Materials characterization and adhesion measure ment

For the surface analysis, atomic force microscopy (DI-3100, Bruker

Corporation) was used to measure the surface topography of the substrate with a
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scan area of 20 x 20 um. The number of sampling points was set at 512 along each
line. Tapping mode was used with a frequency of 1.0 Hz, and the probe tip’s radius
was 15.0 - 20.0 nm. The effective area of a substrate was calculated using a
MATLAB program based on the data extracted from the AFM scanned
measurement. Scanning electron microscopy JEOL JSM 6360 with back scattering
imaging was used to analyze the separated surfaces after the tensile test from both
the Cu and ALO; sides. The results were used to interpret the failure site in the

adhesion test.

Investigation on the chemical state was carried out by Kratos Axis Ultra X-
ray photoelectron spectroscopy system (XPS) integrated with depth profiling
analysis under the vacuum condition of 10°® to 10°. Calibration on the binding
energies were completed by locating the C (1s) peak at 284.8 eV as internal
reference. Spectra analysis and curve fitting for each element were performed
using CasaXPS processing software. The XPS data provide fine details of the

surface chemical state which SEM/EDX may not be able to.

Please refer to section 3.2.2 for the residual stress and adhesion strength
measurements. Description of apparent surface energy measurement was included

in section 4.2.2.
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5.3 Results and Discussions

5.3.1 Adhesionstrength of substrates with different roughness

As shown in Table 5.1, polycrystalline Al,O3 substrates with different

surface roughness (root mean square, rms) are grouped in S1 (10 — 150 nm), S2

(200 — 350 nm) and S3 (350 — 500 nm). Substrates from group S1 have been

polished through a CMP process. Substrates from S2 and S3 are the unpolished

samples. Top views of the substrates were shown in the SEM micrographs. For

polycrystalline Al,O3, pores are clearly revealed on the substrate surface and the

density of surface porosity increases from S1 to S3. Results are compared with

monocrystalline Al,O3 substrate that has very smooth surface morphology (rms <

0.5 nm) and very low surface porosity.

Table 5.1: Surface analysis for Al,O3 substrates with different roughness and and
interface adhesion of Cu films on these substrates

Properties Monocrystalline Polycrystalline Al,O3

Al,O3 S1 S2 S3
rms (nm) < 0.5nm 10 - 150 200 - 350 350 - 500
SEM image
Adhesion
strength 59+15 6.1+17 7.7 +4.6 85+32
(MPa)
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Surface
energy
(mJ/m?)

46.6

oL.7

63.3

66.1

True contact
area  (um?

scan area: 20

HmM x 20 pm)

400

407.5

446.8

486.6

Effective
adhesion
strength
(MPa)

59+15

6.0+ 1.6

6.9+41

7.0+26

Bonding

mechanism

Adsorption

Adsorption +
Mechanical
locking

Adsorption +
Mechanical
locking

Adsorption +
Mechanical
locking

Diffusion

bonding

No

No

No

No

%
enhancement
by
mechanical

interlocking

1.7

16.9

18.6

From the adhesion strength measurement in Table 5.1, it shows an adhesion

improvement of 44 % by increasing the substrate surface roughness. In addition,

the increase of surface energy from 46.6 mJ/m? to 66.1 mJ/m? has also indicated a

better wetting performance of the rough substrate. According to Wenzel’s law (eq.

5.1), the wetting behavior of a material will be amplified by the surface roughness

of that material, in which the hydrophobicity or the hydrohilicity of a material will

be enhanced by increasing the surface roughness [146].
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cos O, =1 cos Oy, (eq. 5.1)

where r is the ratio of roughness for actual and projected area of the solid surface,

Omand Oy are the measured contact angle and Young’s contact angle respectively.

5.3.2 Correlation between surface roughness and effective area

The effective area of the substrates was calculated by a MALTAB program
using the height information in discretized locations measured by AFM. Fig. 5-1
(a) shows the planar profile of a polycrystalline alumina substrate. From the 3D
image generated in Fig. 5-1 (b), the surface topography of the substrate was clearly
revealed in the direction of z-axis. Hence, it is crucial to work out the true contact

area of a sample. Accordingly, effective adhesion strength was calculated, as

shown in Table 5.1, based on true contact area.

X

(b)

Figure 5-1: AFM surface profile of a polycrystalline Al,O3 substrate (a) 2D image
(b) 3D image
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The relationship of surface roughness to the effective area of a substrate, as
indicated in Table 5.1, shows the increased effective area as the roughness
increases. This means that the interface contact area is enlarged by the uneven
surface structure of the polycrystalline Al,O3 substrates. In addition to the rough
surface, the surface porosity has an impact on the Cu-ALO3 adhesion too. Besides
adsorption bonding on top surface, the sputtered atoms can be pinned down to the
porous sites and locked tightly inside the concaved regions. The monocrystalline
Al O3 substrate has very flat surface, it shows no pores, voids and valley formation
on the surface. During the deposition process, it is impossible for mechanical
anchoring to take place. We believe that surface adsorption is the only contributing
bonding mechanism in the Cu-monocrystalline Al,O3 bonded system.

To observe the film / substrate interface, SEM images are given in Figs. 5-2
and 5-3 for the cross-sectional views of the coated specimens. From Fig. 5-2,
intimate contact between Cu film and Al,O3 substrate was observed. The same has
occurred for other polycrystalline substrates with different surface roughness.
Entire coverage of Cu sputtered atoms onto the polycrystalline Al,O3 with irregular
surface structure was shown in Fig. 5-3. Throughout the deposition process, ions
and/or atoms inside the sputtering chamber are moving ballistically from target to
substrate by momentum transfer. The energetic Cu atoms will be moving randomly
on the substrate surface or bombarded into the concave regions before final
settlement. This leads to much improved Cu film adhesion with rough

polycrystalline  Al,O3 which has a higher effective bonding area.
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Figure 5-2: SEM side view image of Cu-Al,O3 bonding system with
polycrystalline substrate from group S2.

Figure 5-3: FIB-SEM cross sectional images of Cu-AlLO3 bonding using
polycrystalline substrates from group (a) S1 (b) S2 and (c) S3.

The reported effective adhesion strength in Table 5.1 provides an
approximation of the contribution to the adhesion enhancement by the mechanical
interlocking mechanism. If we wuse the effective adhesion strength of
monocrystalline sample as the baseline, assuming the only contributing mechanism

is surface adsorption (to be elaborated later), contribution from mechanical
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interlocking will then be differentiated. Detailed discussion will be made in the

next two sections.

5.3.2.1 Total effective area coded using MATLAB computing system

The effective area of the substrates was calculated using a MALTAB
program using the data extracted from AFM analysis. The scan area was set at 20
pum x 20 um with sampling points of 512. An algorithm was proposed to calculate
the effective area using Heron’s formula (eq. 5.2). Basically, the effective area of a
sample was calculated by summing up the area of the individual small cubic as
illustrated in Fig. 5-4 (a) with sampling interval of 39 nm in both x- and y-
directions. The 3D image extracted from the small cubic was illustrated in Fig. 5-4
(b). The irregular surface structure shows different vertical distances along the z-
axis on every point of the substrate. This will absolutely complicate the final
calculation on the effective area for polycrystalline Al,O3 substrate. Therefore, a
method was proposed to find out the surface distances along x- and y-axis by
elongating the structure in Fig. 5-4 (c) into a rectangular shaped of structure as
illustrated in Fig. 5-4 (d). The effective area of an individual rectangular will then
calculated using Heron’s formula (eq. 5.2) based on MATLAB coding. The total
area of a small cubic was taken based on the average value from four different
directions (two diagonals from each axis) for error minimization. From the
algorithm suggested, the effective area of a sample with the scale size of 20 um
was calculated from 262144 small cubic (Fig. 5-5), which able to provide better

accuracy in the effective area analysis.
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S=(a+b+c)/2 (eq. 5.2)

A=/SES—a)(S—-b)(S —o0),

where S is the semiperimeter of a triangle, while A is the area of a triangle with

side lengths of a, b, and c.

~h%h& "Illl ‘
.

() (b) (c) (d) (e)

Figure 5-4: Illustration of area estimation using Heron’s formula.
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Figure 5-5: Effective area calculation of a polycrystalline Al,O3 substrate using
262144 of data points.
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5.3.2.2 Comparison of total effective area using 2D, 3D and MATLAB calculation

20 600
{ | —@— Average adhesion strength between Cu-ALO,
18 < | —— Effective area calculation using 2D AFM model
| | — Effective area calculation using 3D AFM model
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Figure 5-6: Methods comparison for total effective area calculation

The 2D and 3D AFM total effective area was calculated manually using
Microsoft Office application. The simple 2D calculation was drafted using
trapezoid area (Appendix A2) whereby the height of trapezium was kept at a
constant value of 0.5882 um. The 3D AFM area calculation was proposed by
including the Z-matrix (Appendix A3). Among the methods used (Fig. 5-6), results
are considered comparable for substrate with smaller surface roughness. However,
there is a huge deviation on the effective area from AFM 2D methods when the
substrate surface roughness increases. It implies the importance of surface porosity

or the concave surface structure of the substrates to the true interface contact area
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between Cu thin film and Al,O3 substrate. The joining profile between materials

has to be figured out through the total contact area computation.

5.3.3 Surface adsorption

As mentioned above, monocrystalline Al,O3 substrate with very flat surface
was used to quantify the contribution of various bonding mechanisms. From the
SEM inspection in Fig. 5-7, a clean separation between Cu thin film and
monocrystalline Al,O3 was observed. The very flat surface of the substrate shows
no possibility for the physical locking bonding to take place. There was indeed no
Cu residue on the substrate side after separation. From Fig. 5-7(b), the grain
structure of the Cu thin film was clearly revealed. The smooth surface structure
shows no failure such as cracking, buckling in the Cu film itself after the adhesion

test.

1SkV X3, 868 Sm 14 61 BEC 1S5kV X3, 868 = 13 5SS SEI

Figure 5-7: SEM images of separated Cu-monocrystalline Al,O3 bonding (a)
monocrystalline AlLO3 substrate side and (b) copper side.
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Figure 5-8: XPS spectra with depth profiling analysis on monocrystalline Al,O3
substrate after tensile test. The Ar plasma bombardment time is indicated in the
graph.

To further verify the above claim, the surface after tensile test was also
inspected using XPS integrated with depth profiling technique by argon plasma
etching for 0, 1, 2, 5, 8 and 10 min. The purpose was to exam possible interaction
between Cu film and Al,O3 substrate. From the XPS spectra analysis with binding

energy in the range of 923 to 970 eV in Fig. 5-8, the Cu 2p peak with estimated

binding energy range from 925 to 960 eV was not detected in the XPS spectra,
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indicating there is no residual Cu left on this extremely flat substrate surface. This
observation supports our early SEM observation that Cu thin film has been
completely detached from monocrystalline Al,O3 substrate after the adhesion test.
In addition, it also confirms that there is no chemical reaction between Cu and
AlLOs. Therefore, physical surface adsorption is suggested to be the only bonding
mechanism for Cu-monocrystalline AlLO3z; bonding which is responsible for the

observed low adhesion strength.

5.3.4 Mechanical interlocking

As discussed above, besides surface adsorption, mechanical interlocking
and diffusion bonding mechanisms might exist for rough and polycrystalline
substrates. For Cu-polycrystalline Al,O3 bonding in group S1, the substrates have
surface roughness (rms) in the range of 10 — 150 nm. Fig. 5-9 shows the SEM
images of separated surfaces of Cu thin film and polycrystalline ALO3. There were
some Cu residues on the substrate side after separation (Fig. 5-9 (a)). It is
suspected the Cu atoms have locked mechanically and trapped inside the pores
during deposition. On the Cu side as shown in Fig. 5-9 (b), the cracking lines and
broken sites are suggestive of a higher separation force to pull the Cu film away
from polycrystalline Al,O3; as compared with monocrystalline substrate. This is

primarily due to the mechanical locking effect.
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Figure 5-9: SEM images of separated Cu-polycrystalline Al,O3 bonding (a)
polycrystalline  Al,O3 substrate side and (b) copper side.

For Cu-polycrystalline ALO3; bonding, a Cu 2p peak was observed on the
substrate surface right after 1 min of Ar bombardment as presented in Fig. 5-10.
However, Cu element was not detected in longer plasma etching times beyond 1
min. On the topmost layer of substrate (0 min), Cu film has been completely pulled
away from the substrate surface. The results seem to indicate that there was only a
small amount of Cu at sub- but very close to the top surface. With the Cu 2p XPS
narrow spectrum analysis in Fig. 5-11, the obtained binding energies were caused
by the splitting of spin orbital for Cu 2p 3/2 (931.0 eV) and Cu 2p 1/2 (951.1 eV)
core level transition respectively. The Cu 2p spectrum was well fit by single
component which attributed to the Cu° element [140], and there was no indication
of chemical bonding between Cu and Al,O3. In addition, oxidized Cu is not

detected.

Chapter 5: Copper-Alumina Bonding Mechanisms Page 126



Cu 2p

w
WMW 10 min
8 min
w 5 min
w 2 min
w 1 min

MMWWN/\WMM“WWM 0 min

Intensity (CPS)

T I T T T T T T
980 970

| | | | |
960 950 940 930 920 910

Binding Energy (eV)

Figure 5-10: Cu 2p XPS spectra with depth profiling analysis on polycrystalline
AlLO;3 substrate after tensile test
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Figure 5-11: Cu 2p XPS narrow spectrum on polycrystalline Al,O3 substrate after 1
min of depth profiling.

Therefore in Cu-polycrystalline Al,O3; bonding, we believe the interfacial
adhesion is contributed by physical adsorption and mechanical interlocking.
Obviously mechanical locking is strongly affected by the surface roughness [16,
17] and the porosity density of the substrate. The uneven surface structure of

AlLO3 has contributed to the increase of adhesion strength for Cu-ALO3 bonding. It
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is physically straight forward to understand that rough surface is easier to attract
particles than substrate with smooth surface as illustrated in Fig. 5-12. The large
contact area provided by the curved surface or the porous region increases the
chance of permanent atoms settling by mechanical interlocking bonding.

The separated surfaces viewed from Cu and polycrystalline Al,O3 sides are
presented in Fig. 5-13 and Fig. 5-14. The amount of Cu residues has increased with
the substrate surface roughness from S1 (10 — 150 nm) to S3 (350 — 500 nm), and
these residues preferably stayed around the porous regions (Fig. 5-13). From the
SEM images in Fig. 5-14, similar surface features on the detached Cu films are
observed. This proves that the Cu film is deposited by closely following the surface
profile of the substrate. The observed broken sites on the Cu thin film suggest
strong mechanical locking effect between Cu thin film and polycrystalline Al,O3
substrate. The observation indicates that besides atoms adsorption on the surface,
sputtered Cu atoms with high mobility have sufficient energy to travel into the
deeper region in substrate sub-surface via pores and voids. With more pore spaces
on the substrate surface, more spaces will be created for Cu atoms to be deposited

inside.

R4

Larger area in contact

(a) (b)

Figure 5-12: Schematic illustration of area in contact of an atom on a (a) smooth
surface and (b) rough surface
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Figure 5-13: SEM micrographs of substrate surface after the tensile test by using
polycrystalline Al,O3; with different surface roughness (a) group S1 (b) group S2
and (c) group S3.
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Figure 5-14: SEM micrographs of Cu film after the tensile test by using
polycrystalline Al,O5; with different surface roughness (a) group S1 (b) group S2
and (c) group S3.

The preceding investigation is based upon the assumption that the true
contact area of monocrystalline ALO; substrate is 400 um? due to its extremely
low surface roughness (< 0.5 nm). With the baseline study from Cu-
monocrystalline Al,O3 bonding (indicated in red dotted line in Fig. 5-15), besides
surface adsorption, the adhesion strength for ALOj3 substrates with higher surface
roughness is improved by other bonding mechanisms. From the SEM images in
Fig. 5-13, the adhesion enhancement is claimed to be contributed by mechanical

interlocking bonding. The quantitative observation of mechanical interlocking
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bonding (%MI) is determined by eq. 5.4. From Table 5.1, it shows an enhance
contribution of mechanical interlocking from 1.7 % (group S1) to 18.6 % (group

S3) with the increase of substrate surface roughness.

7.0 4 |—=— Mechanical Interlocking
- Surface Adsorption

G.5

18.6 %

Effective Adhesion Strength (MPa)

5.8 I I I I
=05 10 - 150 200 - 350 350 - 500

Substrate Surface Roughness (nm)

Figure 5-15: Impact of substrate surface roughness on the effective adhesion and
the bonding mechanisms between Cu thin film and Al,O3 substrates

The effective adhesion strength is calculated with the equation below:

o

OE :A_T x A, (eq. 5.3)

where o is the measured adhesion strength, A and At are the sample scan area and

true contact area respectively.
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The quantitative observation of mechanical interlocking bonding (%MI) is

determined with the equation below:

OE PolyAl203 — OE_MonoAl203
%MI = Y % 100 %, (eq. 5.4)
OE _MonoAl203

where G poyaizos IS the effective adhesion strength of polycrystalline Al,O;
substrate with different surface roughness and o poyaros effective adhesion

strength of monocrystalline Al,O3 substrate.

5.35 Diffusion bonding

At the as-deposited state, diffusion of Cu atoms into lattice or grain
boundary of the substrate is quite unlikely due to the low deposition temperature
and short duration. Following the previous discussion, we believe surface
adsorption and mechanical interlocking are the only contributing factors to the
observed adhesion. In this section, possibility of diffusion bonding is analyzed by
applying in-situ post deposition annealing at 100 °C and 300 °C respectively for 30
min under inert gas atmosphere. Monocrystalline and polycrystalline S1 substrates
were used for comparison study.

Post annealing is commonly used to alleviate the internal stress induced
during the deposition to prevent interface delamination [147]. However, from Fig.
5-16, post annealing has weakened the interfacial bonding between Cu and

monocrystalline ALO3; substrate. The adhesion strength dropped from 5.9 + 1.5
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MPa (room temperature) to 3.2 £ 1.3 MPa after the 300 °C annealing. The Cu film
stress was in the compressive state, it has increased from -111.8 MPa (as
deposited) to -147.6 MPa after 300 °C annealing for 30 min. On the other hand, the
Cu film stress for the polycrystalline substrate was in tension and it decreased from
116.7 MPa to 53.3 MPa after annealing. The exact reason for the opposite trend of
influence requires further investigation, and it is suspected the presence (or
absence) of grain boundaries and surface pores might be the reason for the
difference. The lack of such surface features in monocrystalline Al,O3 substrate
might have prevented the migration of Cu atoms into the porous structures,
preventing the stress relief.

The adhesion strength with polycrystalline Al,O3; bonding (group S1)
improved by 18% after post annealing at 300 °C for 30 min. There are two
potential factors behind the improvement. The first one could be the reduction of
the film stress which has reduced the stored elastic energy in the film. Such a
reduction helps the enhancement of film adhesion. The second factor could be Cu

diffusion deeper into the pores and voids, which will be analysed further later.
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Figure 5-16: Effect of in-situ post annealing to the Cu-ALOj3 adhesion strength and
film stress.

SEM inspection was carried out on the separated surfaces as shown in Fig.
5-17 for Cu-monocrystalline AlLO3; bonding. From Fig. 5-17(a), cracking lines
were evidently exposed on the monocrystalline Al,O3 substrate. Cu film cracking
was observed in Fig. 5-17 (b). The substrate surface cracking might be caused by
the tensile stress imposed by the Cu film although the exact magnitude of such
stress is difficult to estimate using a simple model.

For Cu-polycrystalline AlL,O3 bonding, the separated surfaces of annealed
sample show similar surface features (Fig. 5-18) as the ones without post-

annealing. High percentage of the substrate surface has been occupied by Cu
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residues under high temperature heating as indicated in Fig. 5-18 (a). This is in

agreement with the observed adhesion improvement.

Figure 5-17: SEM images of separated Cu-monocrystalline Al,O3 bonding after
post annealing at 300 °C for 30 min (a) monocrystalline Al,O3 substrate side and
(b) copper side.

Figure 5-18: SEM images of separated Cu-polycrystalline Al,O3 bonding after post
annealing at 300 °C for 30 min (a) polycrystalline Al,O3 substrate side and (b)
copper side. Same scale bar is applied for the images.
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Figure 5-19: XPS spectra with depth profiling analysis on post-annealed (a)
monocrystalline AlL,O3 and (b) polycrystalline Al,O3 substrate after tensile test.

To further investigate the distribution of Cu in the substrate, XPS analysis
integrated with depth profiling was conducted on the substrate after film separation.
Plasma etching for up to 10 min was carried out on the substrates annealed at 300
°C for 30 min (Fig. 5-19). On the monocrystalline Al,O3 surface, no indication of
Cu element was observed within the binding energy range of 923 eV to 970 eV
(Fig. 5-19 (a)). The clean separation at the interface shows the absence of physical
locking or diffusion bonding mechanisms in the monocrystalline substrate.
However, Cu 2p peaks were detected on the polycrystalline Al,O3 substrate after 2
and 10 min etching. Based on reported Cu (Cu®, Cu*" and Cu*") binding energies
[148], the Cu 2p 3/2 orbital in Fig. 5-18 was only well fitted by Cu® with binding
energy of 932.45 eV. Formation of cupric oxide (CuO) and cuprous oxide (Cu,0)
were not detected. According to the reactivity series of metal, Al has higher
reactivity and more exothermic (-1675.69 kJ/mol) compared to Cu (-156.06 kJ/mol)
[150]. Al has faster reaction during heating to form Al,Os. However, it also
implies the difficulty for reverse reaction in which Al is not easy to be extracted

from Al,Os3. Therefore, formation of Cu oxide is not easy to take place under this

circumstance.

This is also confirmed by the O 1s XPS narrow spectrum in Fig. 5-21 that
no chemical reaction has taken place between Cu and oxygen. The Cu 2p peaks
were not visible for surface scan due to the very low signal-to-noise ratio. The

presence of Cu atoms deeper inside the substrate is evident compared with the XPS
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depth profile of untreated sample. We attribute the increase of the adhesion

strength of the polycrystalline sample to the diffusion of Cu into deeper subsurface

of the substrate, as well as the relief of film stress. The increase of adhesion

strength is about 18 % after annealing; however we are able to distinguish the exact

contribution from diffusion mechanism and stress relief. Future investigation is

needed to further clarify this point.
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Figure 5-20: Cu 2p XPS narrow spectrum on post-annealed polycrystalline Al,O3

substrate after 10 min of depth profiling.
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Figure 5-21: O 1s XPS narrow spectrum on post-annealed polycrystalline AlL,O3
substrate after 10 min of depth profiling.
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5.4

Chapter Summary

Surface roughness is an imperative factor for all types of adhesion. It is

equally important to have knowledge on the interfacial bonding mechanism.

Besides bonding mechanism justification, the contribution of individual

mechanism was also quantified for Cu-polycrystalline Al,O3 bonding.

1)

(2)

3)

(4

(5)

(6.)

(7))

(8)
(9)

There are changes on the surface energy, interface contact area and the
bonding mechanism between monocrystalline and polycrystalline Al,O3
substrates

There is an increase of adhesion strength with substrate surface roughness
Adhesion improvement of more than 40% has achieved using Al,O;
substrate from S3 group (rms: 350 — 500nm)

Higher effective area is observed for substrate with higher density of
substrate surface pores.

Surface adsorption provides majority of contribution to the interface
bonding especially for Cu-monocrystalline Al,O3 bonding

Surface porosity is another contributing factor for adhesion enhancement by
anchoring reaction between thin films and subtrate

Mechanical interlocking has contributed up to 18.6 % on the film adhesion
Diffusion bonding is only activated after post deposition heat treatment

No chemical interaction between Cu thin film and Al,O3 substrate before

and after annealing under vacuum condition
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CHAPTER 6 CONCLUSION AND FUTURE WORKS

6.1 Conclusion

Experiments in this study have revealed key factors, as well as the bonding
mechanisms that contribute to the Cu-polycrystalline Al,03 bonding enhancement.
Improvement on interfacial bonding can be achieved through deposition
technology, as well as the surface composition, cleanliness of the bonded surfaces
and the substrate microstructure. Plasma treatment is the most effective surface
cleaning technique, leading to film adhesion at greater than 34 MPa, well above the
set target of 10 MPa of the project. The key findings and their contributions on Cu-

ALO3 bonding will be elaborated below.

6.1.1 Effectof processing conditions to Cu-polycrystalline Al,O3bonding

The mechanical integrity of the interfacial joining for Cu-ALO3; bonding
prepared by DC magnetron sputtering, with different bonding parameters such as
sputtering time, deposition pressure and in-situ post annealing have been
investigated. Evolutions of structural, morphological and mechanical properties of
the Cu thin films as functions of bonding conditions were analyzed. By changing
the deposition time, the Cu thin films exhibited a transformation of film
microstructure and the change of crystal orientation with the film thickness.

However, the adhesion strength of Cu-AlLO3 bonding is not sensitive to the film
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thickness. Increasing the deposition pressure to an optimized level (10 mTorr in
this study) accompanied improved residual film stress of 45.3 MPa has yielded the
highest adhesion strength of 8.6 £ 0.3 MPa compared to other deposition pressures.
The distributions of residual stresses are strongly affected by the kinetic movement
and the mobility of Cu adatoms during film growth. The internal stress during the
annealing process allows to be lowered for a bonding system. In-situ post
annealing for the bonding system was conducted at two different temperatures. It
was also found that post annealing at 300 °C for 30 min has contributed up to 18 %
on film adhesion by reducing the film stress from 116.7 MPa to 53.3 MPa. It is
believed the surface porosity helps to improve the bonding by acting as a stress

releasing agent upon heating.

6.1.2 Importance of surface treatments for bonding

In this study, Cu-ALO3 bonding with different surface pre-treatments was
prepared for the investigation of interface chemistry and adhesion strength. Besides
surface cleaning techniques, the effect of treatment sequences was also studied to
check on the adhesion tendency of Cu thin films on the AlLO3 substrate. The
treatments step is applied to remove the surface contaminants prior to bonding.
However, tt was found that organic solvent cleaning, heat-treatment, and piranha
acid soaking have very limited impact in improving the adhesion strength.

Argon plasma treatment is the most effective pre-treatment, and it can
increase the bond strength by more than six times. The adhesion strength of 34
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MPa has been achieved with the plasma cleaning time of 10 min. By contact angle
analysis, a drastic drop in contact angle from > 90° to less than 10° is caused by
large number of dangling bonds of the substrate surface. The substrate surface has
been activated and increase in the surface wettability for better interfacial bonding.
From the XPS bonding configuration analysis, the O-H bond formation after
plasma treatment is suggestive of bond stabilization on the substrate surface due to
the dangling bonds created after strong Ar bombardment. The microscopic flatness
of the substrate was not deteriorated by the plasma activation process it is therefore
recommended that film deposition to be carried out immediately after the cleaning

step inside the sputter deposition chamber without breaking the vacuum.

Caution should be exercised that heating the substrate either before or after
the plasma treatment is not recommended as it serves as re-contamination rather

than helping the surface cleaning.

6.1.3 Bonding mechanisms for Cu-polycrystalline Al,O3; bonding

Different types of bonding mechanisms have been studied for their
contribution to adhesion between magnetron sputtered Cu film and AL,O3 substrate.
Surface adsorption provides majority of contribution to the observed adhesion
strength. Comparison between substrates with very low roughness and the ones
with higher roughness and surface porosity has revealed that mechanical
interlocking is another contributing factor behind the observed adhesion strength

increase in the latter. Quantitatively, the mechanical interlocking bonding
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mechanism has contributed up to 18.6 % to the Cu film adhesion with Al,O3
polycrystalline substrate with surface roughness of 350 - 500 nm. Diffusion
bonding mechanism may be operative only with post deposition annealing
treatment. However at this stage, we are not able to quantify its contribution as
annealing has also reduced film stress change when increased strength was found
in the polycrystalline sample. XPS analysis confirms that Cu atoms have diffused
deeper into the substrate, and there is no chemical reaction between Cu and Al,O3

during the annealing treatment.

6.2 Overall Contribution

In this study, the highest adhesion strength greater than 34 MPa was
achieved for direct bonding of Cu thin film to polycrystalline Al,O3; through DC
magnetron sputtering process. This is an abrupt increase compare to 6.1 MPa
without plasma cleaning. According to the MIL-STD-883 E (method 2027.2), the
achieved value has far exceeded the military standard of 10 MPa. By understanding
the key factors on adhesion improvement for Cu-polycrystalline AlL,O3; bonding,
the processing steps are uncomplicated and can be easily done at room temperature
condition. In addition, no adhesion layer such as titanium, chromium, or tantanum

etc. is needed to improve the wetting behavior of Cu to the Al,O3 substrate.

Several key factors have been studied and guidelines have also been

proposed for enhanced Cu-Al,Os3 interface adhesion:
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e Substrates with higher surface energy promote stronger adhesion with Cu
thin film. Increase of surface energy can be done through surface pre-
treatment. Plasma treatment is the most effective among commonly applied
surface treatment techniques.

e Minimization of Cu film stress during deposition process to prevent
interface failure. Change of deposition pressure or adding a post annealing
step helps to reduce the film stress for Cu-polycrystalline Al,O3; bonding.

e Adhesion strength for Cu-ALO; bonding can be improved by using
substrates with higher surface roughness. Rougher surface is able to tightly
lock the deposited Cu atoms with greater contact area.

e Substrates with higher degree of surface porosity can further enhance the

Cu film adhesion on the ALO; substrate. Besides adhesion improvement, it

acts as stress releasing agent upon heating.

In addition, analysis on bonding mechanism between Cu thin film and
AlLO3 substrates has been carried out. Besides bonding mechanisms justification,
the contribution of individual mechanism has been quantified in order to have
better understanding and more in depth study for Cu-polycrystalline Al,O3 bonding.
Physical adsorption and mechanical interlocking bonding were investigated.
Contribution of mechanical interlocking increased with surface roughness and has
contributed up to 18.6 % for the bonding system. Diffusion bonding was activated
after post deposition annealing, and applied to the substrates with high surface

porosity. For Cu-monocrystalline ALO3 bonding, physical adsorption is the single

bonding mechanism due to its very flat surface structure.
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6.3 Recommended Future Works

Several recommendations for future works will be proposed in order to

have deeper understanding and further improvement for the Cu-ALO3 bonding.

Bonding optimization and reliability testing:

Besides post deposition annealing, deposition time and working pressure,

others processing conditions are suggested for further bonding optimization:

o Vary the deposition power from 100 W to 300 W
o Increase of substrate temperature during the deposition process

o Change of working distance for the substrate-to-target by placing a beaker

with different sizes onto the target holder (Fig. 6-1)
With proper deposition conditions, reliability testing such as thermal

cycling and high pressure testing are suggested for further bonding enhancement

for CU-A|203.
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Figure 6-1: Change of substrate-to-target distance during sputtering process (a)
long distance (b) short distance.

Adhesion analysis using the optimized pressure for different types of surface

pre-treatments

The optimized pressure of 10 mTorr has been achieved for Cu-AlO;
bonding in this study. Future work is recommended to deposit the Cu thin films on
the AlLO3 substrate using 10 mTorr of deposition pressure for the suggested surface
treatments in Chapter 4. It is believed a better performance could be achieved by
incorporating the optimized conditions during the sputtering process for Cu-AlLO3;

bonding system.
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Study of bonding mechanism for sample with plasma treatment

Bonding mechanism analysis has been carried out for Cu-polycrystalline
ALO3; and Cu-monocrystalline Al,O3; bonding in Chap 5. The tested samples were
solvent cleaned with the aid of ultrasonication prior to bonding. Besides surface

adsorption and mechanical interlocking, no chemical interaction was detected

between Cu thin films and Al,O3; substrate.

For AlLO3 substrates with plasma treatment, surface activation is suspected
after strong Ar bombardment. We believe the excellent adhesion strength is
achieved through surface activation between Cu and Al,Os. It is important to study
the bonding mechanism for Cu-polycrystalline AlLOs; bonding after plasma
treatment. However, Cu thin film is difficult to be removed due to the strong
adhesion at the interface. Work has to be done to remove the Cu film before further

analysis.

Comparison study using monocrystalline Al,Os; with different orientations

The comparison study has been completed using monocrystalline Al,O3
with the crystal orientation of (1120). This plane was selected due to the similar

surface energy with polycrystalline Al,Os; substrates. For further analysis,
monocrystalline ALO3z with other orientations: (0001), (1010) and (1012) are

suggested to check their effect to the interface bonding between Cu thin films and

ALOj; substrate. Complexity hexagonal crystal structure (Fig. 6-2) of ALOj3; has
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been a topic of interest in many applications. The arrangement of the anions and
cations within the lattice structure will strongly affect the surface chemistry for a

bonding.

The correlation between surface energy and the interfacial adhesion
strength for Cu-ALO3; bonding was carried out using monocrystalline Al,O3 with
different orientations (Fig. 6-3). The surface chemistry analysis is proposed to
check their impact to the interaction between Cu thin films and ALOj3 substrate. We
believe the arrangement of AP, 0% and the empty sites from dissimilar planes is
leading to different bonding mechanism through interstitial, vacancy or other
points of defects. Simulation using Accelrys Materials Studio 4.4 is proposed to
evaluate the interface energy between Cu thin films and Al,O3 substrate and

compare with the experimental results.

(0001 - 11-20

y A3+
) 0%

s
e

Figure 6-2: Crystal structure of corundum Al,O3 [149].
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Figure 6-3: Correlation between crystal orientations to the surface energy and
adhesion strength for Cu-AlLO3 bonding.

Correlation between adhesion stre ngth and work of adhesion:

Work of adhesion, W,y is denoted as the energy needed to create two free
surfaces from the interface between bonded materials with the equation as shown

in eqg. 6.1 [10].

Wad = Yf + Ys _Yf’s, (61)
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where Y'rand Y are the surface energy of the film and substrate respectively, Yt is

the energy from the film-substrate interface.

In this study, we found that surface energy of a material is one of the
factors affecting the interface adhesion of a bonding. The candidate believes the
relationship between adhesion strength and the surface energy is an interesting
topic to be studied and it will have a significant effect on the adhesion of a bonding
system. For polycrystalline and monocrystalline Al,O3, the surface energies of the
substrates are different with their specific crystal orientations. It is believed the
contact angle of molten Cu droplet on Al,O3 substrate will subsequently affect the

value of YCU/A|203-

According to the eq. 6.1, the work of adhesion could be calculated from the
surface energy measurement. The correlation study between work of adhesion ad
adhesion strength is suggested in the future work to compare the results

theoretically and experimentally.

The relationship between work of adhesion, W,¢ and adhesion strength has
not been published experimentally. Surface energy of a particular material can be
checked with contact angle measurement using three different solvents with known
surface energy. However, the surface energy analysis of a bonding system is
difficult. For Cu-Al,O3 bonding, molten Cu droplet onto the Al,O3 has been tried
using compact arc melter from Edmund Bohler GmbH (Fig. 6-4) and checked on
the contact angle as indicated Fig. 6-5. The surface energy of Cu-ALO3 (Ycu aizo3 )

bonding can be then calculated using eq 6.2. The preparation must be well
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controlled and completed in less than 5 seconds. The substrate might be broken
into pieces due to the extreme high pressure from the electrode. The consistency of

this experiment is difficult to sustain.

Ycu A1203 = Y'ai203 - Y'cu€os b, (6.2)

where Y ajp03 and Y'¢, are the surface energy of Al,O3 substrate and Cu thin film

respectively, 0 is the contact angle.

Figure 6-4: Molten Cu droplet on polycrystalline Al,O3 by compact arc melter.

(2) (b)

Figure 6-5: Cross sectional view of molten Cu droplet on (a) monocrystalline and
(b) polycrystalline AlLOj3 substrate.
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APPENDIX Al: 2D AFM Total Effective Area Calculation for a Rough
Surface (Manually)

nim Section Analysis

Surface distance _> a1
Horiz distance(lL) 19.961 pm

Vert distance 197.01 nm
0. 555 <

de b —> az
ce 19.961 pum
4 2 nm

ai stance 4 ]
< > Angle @ E35 @
Surface distance _> ds
Horiz distance 19.961 pm
Area 1 s vert distance 190.25 nm
Angle 0.546 ©
Spectral period DC
Spectral freq §
< > Spectral RMS amp 112.90 nm
a

The surface distances of red, green and dark colour lines were stated clearly as ay,
a, and as respectively in the AFM section analysis above. The lines were drawn
manually using Nanoscope 111 5.12r2 imaging software (Digital Instruments) with
line spacing, s maintained at 0.5882 um. The 2D total effective area of a rough

surface was calculated based on the area of a trapezoid as illustrated. The colour
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lines with different roughness are imagined to be stretched in a straight line and
formed a trapezium. With the surface distance analyzed from the AFM imaging
software, the area of a trapezoid can be calculated using the area formula stated
below. Hence, the 2D total effective area of a sample can be estimated by summing

up all the trapezoids from area 1 to area 34.

Area of a trapezoid = 0.5 xs x (a; + ay)

Estimated total effective area of a rough surface

=Areal+ Area2+ ...+ Area 34

=05 xsx[(a;+ay) +(az+ az) +... + (azs+ ass)]

=0.5xsx [23111( apt+ apy)]
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APPENDIX A2: 3D AFM Total Effective Area Calculation for a Rough
Surface (Manually)

3D Total Area

In AFM 3D total effective area calculation, total 841 of data points were analyzed.
The precision of this area calculation is higher compared to the 2D area calculation
which only has 34 data points in Appendix A2. Besides, the Z-matrix of individual
data point will also be taken for the area calculation. Therefore, the height of the
trapezoid will be different for every area calculation. Similar to the 2D calculation
theory, the total contact area of a sample will be calculated by adding up all the
data points. The method used to calculate the individual data points was shown in

the next page.
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i) (1)

Areal | Area2 | Area3 » Continuously

(i, j+) U PSR E U

v

ContinuoTst

Total data points = 841 areas

Effective area calculation for individual data point:

Area 1= 0.5 x [(i+1, J) — (ip] + [(i+1, j+1) — (i, j+1)] x [(i+1, j+1) — (i+1))]

Area 2= 0.5 x [(i+2, J) — (i+1, D] + [(i+2, j+1) — (i+1, j+1)] x [(i+2, j+1) — (i+1, )]
Area 3= 0.5 x [(i+3, J) — (i+2, )] + [(i+3, j+1) — (i+2, jF1)] x [(i+3, j+1) — (i+2, )]

And continue with the following data points.
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APPENDIX A3: Algorithm Code of Total Effective Area for a Rough Surface

The MATLAB algorithm code was used to calculate the total effective area for the
polycrystalline substrate with different surface roughness. Calculation of the area
was based on the average value taken along the X- and Y-axis with two diagonals

for each axis as shown below:

Y-axis

Average Effective Area of a small cubic= (A,_D1+ A, D2+ A, D1+A, D2)/4

Along the X-axis: Along the Y -axis:
A, Dl=A, Dl 1+A, DI 2 A, D1=A, D1 1+A, D1 2
A, D2=A, D2 1+A, D22 A, D2=A, D2 1+A D22
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% This is script to calculate effective area of rough polycrystalline Al203
% with different Rms

% It takes input of space or tab delimited Z matrix

% Calculates effective area from a small rectangular

% Summing up the two triangles within a rectangular to get the area

% Calculation based on the x-axis and y-axis to get the average value

scan_size = 20; % scan size in the unit of micrometer
A_scan=scan_size”2 % in micron square

Z temp = textread('Batch 2_Polish_sample 1 length scale.txt’, " 'delimiter',
' 'emptyvalue',NaN);

[x,y]=size(Z_temp); % lattice size of area scan,512 sample line

lattice _size =Xx;

lattice_spacing = scan_size/(lattice_size-1); % in the unit of nanometer;
d = lattice_spacing;

Z =Z temp*1e6; %AFM output come in meter, change it to micrometer

%Calculation using Heron's formula
%Calculation along positive-x direction

A eff 1 1=0; % first half of the lattice area
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for j=1:1:(lattice_size-1)
for i=1:1:(lattice_size-1)
a= (d"2 +(Z(i+1,j)-Z(i,j))"2 )0.5;
b=(d"2 + (Z(ij+1)-Z(i,j))"2 )"0.5;
c=(2*d"2 + (Z(ij+1)-Z(i+1,)))"2 )"0.5;
S = 0.5*(a+b+c);
A eff 1 1=A eff 1 1+ (S*(S-a)*(S-b)*(S-¢))"0.5;
end

end

A _eff 1 2=0; % second half of the lattice area
for j=1:1:(lattice_size-1)
for i=1:1:(lattice_size-1)
a= (d"2 + (Z(i+1,j+1)-Z(i,j+1))"2 )"0.5;
b=(d"2 + (Z(i+1,j+1)-Z(i+1,j))"2 )"0.5;
c=(2*d"2 + (Z(ij+1)-Z(i+1,)))"2 )0.5;
S = 0.5*%(a+b+c);
A _eff 1 2=A eff 1 2+ (S*(S-a)*(S-b)*(S-¢))"0.5;
end

end
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Aeff 1=A eff 1 1+A eff 1 2

%Calculation on postitive-y direction
A _eff 2 1=0; % first half of the lattice area
for i=1:1:(lattice_size-1)
for j=1:1:(lattice_size-1)
a= (d"2 +(Z(i+1,))-Z(i,j))"2 )0.5;
b=(d"2 + (Z(ij+1)-Z(i,j))"2 )"0.5;
c=(2*d"2 + (Z(ij+1)-Z(i+1,j))"2 )"0.5;
S = 0.5*%(a+b+c);
A_eff 2 1=A_eff_2_1+ (S*(S-a)*(S-b)*(S-c))"0.5;
end

end

A _eff 2 2=0; % second half of the lattice area
for i=1:1:(lattice_size-1)
for j=1:1:(lattice_size-1)
a= (d"2 + (Z(i+1,j+1)-Z(i,j+1))"2 )"N0.5;
b=(d2 + (Z(i+1,j+1)-Z(i+1,j))"2 )"0.5;
c=(2*d"2 + (Z(ij+1)-Z(i+1,j))"2 )0.5;
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S = 0.5*%(a+b+c);
A eff 2 2=A eff 2 2+ (S*(S-a)*(S-b)*(S-¢))"0.5;
end

end

A eff 2=A eff 2 1+A eff 2 2

% second diagonal will be included to get the average effective area

%Calculation along positive-x direction,2nd diagonal
A eff 1 1 d2=0; % first half of the lattice area
for j=1:1:(lattice_size-1)
for i=1:1:(lattice_size-1)
a= (d"2 + (Z(i+1,))-Z(i,j))"2 )0.5;
b=(d"2 + (Z(i+1,j+1)-Z(i+1,j))"2 )"0.5;
= (2%d"2 + (Z(i+1j+1)-2(i,)))"2 )"0.5;
S = 0.5*%(a+b+c);
A eff 1 1 d2=A eff 1 1 d2+ (S*(S-a)*(S-b)*(S-¢))"0.5;
end

end
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A eff 1 2 d2=0; % second half of the lattice area
for j=1:1:(lattice_size-1)
for i=1:1:(lattice_size-1)
a= (d"2 + (Z(i+1,j+1)-Z(i,j+1))"2 )N0.5;
b=(d2 + (Z(ij+1)-Z(i,j))"2 )"0.5;
c=(2*%d"2 + (Z(i+1j+1)-2(i,)))"2 )"0.5;
S = 0.5*%(a+b+c);
A eff 1 2 d2=A eff 1 2 d2 + (S*(S-a)*(S-b)*(S-c))"0.5;
end

end

Aeff 1 d2=A eff 11 d2+A eff 12 d2

%¢Calculation along positive-j direction, 2nd diagonal
A eff 2 1 d2=0; % first half of the lattice area
for i=1:1:(lattice_size-1)
for j=1:1:(lattice_size-1)
a= (d"2 + (Z(i+1,))-Z(i,j))"2 )"0.5;
b=(d"2 + (Z(i+1,j+1)-Z(i+1,j))"2 )"0.5;
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c=(2*d"2 + (Z(i+1j+1)-Z(i,j))"2 )0.5;

S = 0.5*%(a+b+c);

A eff 2 1 d2=A eff 2 1 d2 +(S*(S-a)*(S-b)*(S-¢))"0.5;
end

end

A eff 2 2 d2=0; % second half of the lattice area
for i=1:1:(lattice_size-1)
for j=1:1:(lattice_size-1)
a= (d"2 + (Z(i+1,j+1)-Z(i,j+1))"2 )"0.5;
b=(d"2 + (Z(ij+1)-Z(i,j))"2 )"0.5;
c=(2*d"2 + (Z(i+1,j+1)-Z(i,)))"2 )N0.5;
S = 0.5*%(a+b+c);
A_eff 2 2 d2=A_eff_2_2 d2 + (S*(S-a)*(S-b)*(5-¢))"0.5;
end

end

A eff 2 d2=A eff 21 d2+A eff 2 2 d2
% Total effective area based on the 4 directions
A eff total = (A eff 1+ A eff 2+ A eff 1 d2+ A _eff 2 d2)/4
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