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ABSTRACT

The recent developments in Low Temperature Co-fired Ceramic (LTCC) as a substrate
material enable it to be used in the micro and millimetre wave range providing low dissipation
factors at high frequencies, good dielectric properties and a high degree of integration for
further miniaturised devices. The most common metallisation method used in LTCC
technology is screen printing with high cost noble metals such as silver and gold that are
compatible with the high sintering temperatures (850°C). However, these techniques require
high capital cost and maintenance cost. As the commercial world requires convenient and low
cost process technologies for mass production, alternative metallisation methods should be
considered. As a result, electroless copper plating of fired LTCC was mainly investigated in

this research.

The main goals of this project were to carry out electroless plating of fired LTCC with sufficient
adhesion and to extend the process to metallise closed LTCC channel structures to manufacture
Substrate Integrated Waveguide (SIW) components. The objectives were focused on
electroless copper deposition on fired LTCC with improved adhesion. Electroless deposits on
the Sn/Pd activated LTCC surface showed poor adhesion without any surface pre-treatments.
Hence, chemical etching of fired LTCC was carried out using concentrated NaOH solution.
NaOH pre-treatment of LTCC led to the formation of flake like structures on the LTCC surface.
A number of surface and chemical analysis techniques and weight measurements were used to
investigate the mechanism of the modification of the LTCC surface. The results showed that
the flake like structures were dispersed in the LTCC material and a material model for the
LTCC structure was proposed. SEM EDX elemental mapping showed that the flake like
structure consisted of aluminium, calcium, boron and oxygen. Further experiments showed
that both the concentration of NaOH and the immersion time affect the surface morphology
and the roughness of fired LTCC. The measured Ra values were 0.6 um for untreated LTCC
and 1.1 um for the LTCC sample treated with 4M NaOH for 270 minutes. Adhesion tests
including peel test and scratch test were carried out to examine the adhesion strength of the
deposited copper and both tests indicated that the NaOH pre-treatment led to an improvement,

with the best results achieved for samples treated with 4M NaOH.
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A second aspect of the research focused on the selective metallisation of fired LTCC. Excimer
laser machining was used to pattern a resist film laminated on the LTCC surface. This process
also roughened the substrate and created channels that were characterised with respect to the
laser operating parameters. After patterning the resist layer, samples were activated using
Sn/Pd catalyst solution followed by the electroless copper deposition. Electroless copper was
selectively deposited only on the patterned LTCC surface. Laser parameters clearly affected
the copper plating rate. Even with a similar number of shots per area, the tracks machined with
higher repetition rate showed relatively more machining depth as well as good plating
conditions with low resistance values. The process was further implemented to realize a
complete working circuit on fired LTCC. Passive components including a capacitor and an
inductor were also fabricated on LTCC using the mask projection technique of the excimer
laser system. This was successful for many designs, but when the separation between conductor

lines dropped below 18 um, electroless copper started to deposit on the areas between them.

Finally, a method to deposit copper films on the internal walls of closed channel structures was
developed. The method was first demonstrated by flowing electroless copper solutions through
silane treated glass capillaries. A thin layer (approx. 60 nm) of electroless copper was deposited
only on the internal walls of the glass capillaries. The flow rate of the electroless copper
solution had to be maintained at a low level as the copper deposits tended to wash away with
higher flow rates. The structures were tested for transmission losses and showed low (<10dB)
transmission losses in the terahertz region of the electromagnetic spectrum. The process was
further applied to deposit electroless copper on the internal walls of the LTCC closed channel
structures to manufacture a LTCC Substrate Integrated Waveguide (SIW).

Key words: Low Temperature Co-Fired Ceramic (LTCC); Electroless copper plating; Excimer
laser machining; Dry film photo-resist; LTCC passive components; Substrate Integrated
Waveguide (SIW);
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Introduction

The global electronics industry seeks low cost and reliable manufacturing strategies in order
to develop miniaturised electronic devices with high performance and long service life [1].
The necessity of developing such devices is becoming increasingly important as other
fields, i.e. medical, space, automotive and military, benefit from such developments [2].
Within electronics manufacturing, high frequency microwave and millimetre wave
applications such as communication and sensing devices have substantial customer demand
and popularity. For example, with the evolution of 3G and 4G communication networks,
the customer requirement has moved towards handsets that provide high bandwidth for data

communications and internet access.

Electronics packaging has gone through rapid changes in the past few decades, to keep up
with the above trends in device miniaturisation and functionality. A limitation of the
miniaturisation of millimetre wave electronic devices arises with the inconvenience of
integrating passive components such as waveguides and antennas onto the substrate,
because these devices are large in size or unable to achieve the required performance when
integrated. As frequency increases, the conventional substrates or packaging materials need
to be replaced with novel substrate materials to maintain the required performance. In this
respect, ceramic materials are a promising candidate for micro and millimetre wave
applications due to their excellent characteristics such as dielectric properties and low
signal loss at high frequencies. However, in order to use these materials in mass production,
convenient methods are needed to metallise them and there is increasing interest in
developing novel structures to enable further performance enhancements. With ceramic
multilayer technology it is possible to integrate waveguide structures into ceramic

substrates to achieve the further miniaturisation of the complete system. Furthermore, it is
1
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one of the promising approaches where traditional system technologies can be replaced by
System-on-Substrate (SoS), which is a recent packaging concept and still a subject of
research [3],[4]. System-on-Substrate (SoS) is an important concept when employing
multilayer miniaturised circuitry, which integrates all the system components onto a single
substrate material (Figure 1). The interconnection between system components is achieved
through tracks and metallised via holes and the SoS concept fulfils the demand from the

electronics sector for further miniaturised system technologies.

Single substrate

Passive components

Active components Interconnections

Thermal structures and
heat sinks

/

Figure 1 System-on-Substrate (SoS) concept

Power supplies

The research presented here addresses the issues associated with the metallisation of
ceramics for use in SoS. This chapter introduces the requirements of substrates for high
frequency applications and metallisation techniques which can be alternatively used in

those substrates, before describing the context in which the research was conducted.
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1.2 Research Background

1.2.1 Microwave and Millimetre Wave Applications

The radio waves in the frequency range of 3-30 GHz are generally defined as microwaves
and the term millimetre wave refers to the frequency range of 30-300 GHz [5]. Microwave
and millimetre wave devices are used in a wide variety of applications ranging from
portable communication systems, satellite transceivers, wireless local area networks, radios
etc. The main advantages of moving from the low frequency band towards the microwave
and millimetre wave spectrum are that high speed data rates can be achieved, better
tolerance to atmospheric attenuation when propagating for long distances and the
availability of unused bandwidth. This technology was first reported in 1895, by the Indian
physicist J. C. Bose who demonstrated wireless signalling at 60 GHz with various
microwave components including waveguides and horn antennas [6]. In recent years many
applications in the microwave and millimetre wave region have been employed in the
consumer electronics industry. In 2008, Li et al. presented a 24 GHz frequency—modulation
continuous-wave radar front end system. This system was used to recognise a stationary
metal object which was 2.5 - 5m away from the radar [4]. In 2009, Gautier et al.
demonstrated a RF-MEMS phased array antenna on a low loss Low Temperature Co-fired
Ceramic (LTCC) substrate for a Ka-band data link [7]: the antenna was demonstrated from
33 GHz up to 40 GHz and beyond with -10dB measured return loss. In 2011, Pursula et al.
developed a 60 GHz millimetre-wave identification reader which can be used for accessing
tags [8]. In this study, they also used LTCC as the substrate material and all the microwave
components were integrated into the module. The VTT research group in Finland has also
designed a 77 GHz beam switching antenna on LTCC [9].

1.2.2 Substrate Materials in the Electronics Industry

The primary function of the substrate material in electronic packaging is to provide physical
separation between conductors and to regulate or prevent current flow between them. It
also provides mechanical support, heat dissipation, thermal shock resistance and a
chemically stable environment for conductors [10].

Electronic substrate materials typically require good adhesion for conductors, little
variation of properties at high temperatures, low cost and good thermal conductivity.
3
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However, the substrate materials used in high frequency applications should also deliver
low loss at high frequencies and little variation of dielectric constant with frequency [11].
Table 1 compares the electrical and thermal properties of typical electronic substrate
materials. It can be seen that for high frequency applications the traditional FR4 substrates
which are widely used in printed circuit board manufacture should be replaced by substrate
materials such as High Temperature Co-fired Ceramic (HTCC) and Low Temperature Co-
fired Ceramic (LTCC).

Table 1 Comparison of electrical and thermal properties of typical electronic substrate
materials (data compiled from:[12], [13], [14], [15], [16])

Substrate Dielectric Dissipation factor ~ Thermal  Thermal

material  constant (loss tangent) expansion conductivity
(ppm/°C)  (W/m.K)

LTCC 7.1 @10 GHz 0.0009 @10 GHz 4.4 4.6

HTCC 9.2 @10 GHz 0.003 @10 GHz 6.8-8 17-35

>92%

Al203

FR4 4.2 @3 GHz 0.008 @3 GHz 12-16 0.2

Glass 5.7-7.2 @10 GHz 0.006 @10 GHz 9.2 2

Si 12 @10 GHz 0.015 @10 GHz 2.6 120-150

Alumina 9.1 @ 1 MHz 0.0007 @ 1kHz 6.5-7.2 22-40

(94%)

PTFE 3 @10 GHz 0.0013 @10 GHz 13 0.5

(RO3003)

1.2.3 Low Temperature Co-fired Ceramics

The LTCC technology developed as a combination of high temperature co-fired ceramics
where the metallisation was done with high melting point metals such as tungsten (W) and
molybdenum (Mo) and thick film technology. Since W and Mo are low conductivity
metals, there was a requirement to lower the sintering temperatures of the ceramics in order
to use silver and gold which have relatively low melting points and good conducting

properties compared to W and Mo. The most effective and inexpensive way to lower the
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sintering temperature of the ceramic was to use liquid phase sintering using glass additives
[17].

The developments in glass-ceramics in microelectronics packaging started in the 1980s for
devices that were used in computers [18]. Since then, research has been constantly carried
out to find the correct components and compositions of glass and ceramic systems to
achieve the performance required by the electronic packaging industry. Some of these
requirements include dielectric constant, mechanical strength, wiring density,

metallisation, dimensional control and matching thermal expansion to silicon [19].

In microwave and millimetre wave applications, Low Temperature Co-fired Ceramic has
drawn significant attention in the past few decades as a potential substrate material in
electronic devices, due to its characteristic features, such as low loss tangent and high
degree of integration, low dissipation factors and suitable dielectric properties [17], [20].
Green LTCC is soft and flexible, so cavities and vias can be fabricated in the green state
LTCC for further miniaturised electronic systems with high performance. LTCC is
favourable over other high density substrate materials such as High Temperature Co-fired
Ceramics (HTCC) or organic laminates due to better dielectric properties in the high
frequency region of the electromagnetic spectrum [20], [21]. Also, compared to HTCC,
which uses high melting point conductors such as molybdenum (melting point-2623°C) and
tungsten (melting point-3370°C), low temperature sintering allows LTCC to use better
conductors such as silver (melting point-1100°C) and gold (melting point-960°C) [22].

LTCC is a glass ceramic composite that consists of a glass matrix and Aluminium Oxide
crystalline particles as filler material with a typical diameter range of 2 um - 3 um. The
green state LTCC is a combination of inorganic and organic material. The inorganic part is
mainly formed from Alumina (Al.Oz) and SiO2-B20s. The organic part is a blend of binder,
plasticizer, dispersing agent, solvent and wetting agent. The LTCC green tapes are obtained
from tape casting by spreading the ceramic slurry on a moving carrier substrate and
removing some of the volatile organics. Then the green tapes are subjected to a soft bake
procedure to obtain a final green tape with thickness between 40 um - 250 um depending
on the requirements[17]. This soft green state LTCC becomes a dense ceramic body with
the final liquid phase sintering process [23].
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1.2.4 LTCC Multilayer Technology

LTCC offers a high degree of integration for electronic systems and can achieve up to 50
layers. In addition to this, it provides hermeticity, matching of coefficient of thermal
expansion with silicon [24], high thermal dissipation compared to other ceramics, high
temperature and frequency applications, and reduced size and cost [25]. Multilayer
technology is very popular for system level packaging [26]. In multilayer technology,
conductors between the ceramic layers are connected through via holes to achieve compact

and miniaturised system devices as shown in Figure 2.

LTCC layers

Embedded cavities Metalized cavities
Metallized vias

Figure 2 Schematic diagram of LTCC miniaturised device

Multilayer glass-ceramic composites i.e. High Temperature Co-fired Ceramics and Low
temperature Co-fired ceramics deliver high density first level (chip to package) and second
level (package to board) interconnections [27]. LTCC has been established as a multilayer
technology and the state of the art of this technology provides for channel structures and
cavities inside the ceramic body. Several LTCC layers can be laminated together and it
allows the application of embedded active and passive components as well as microfluidic
systems and becomes very attractive for miniaturised electronic devices. To manufacture a
multilayer ceramic substrate, several process steps are required that differ from the
conventional FR4 PCB manufacture (Figure 3).

Pre-conditioning - This is a thermal treatment which removes any residual solvent and

releases any stresses due to the tape casting process.

Via and cavity formation - Vias for electrical connection, cavities for embedded active
components such as integrated circuits, RF-MEMS switches, varactors and transistors etc.,

and channels for microfluidic or waveguide structures are prepared before the tapes

6
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undergo the firing process. Typically, the vias are formed in the green LTCC tapes by
mechanical punching or laser drilling, while the cavities and channel structures are formed

by laser machining techniques.

Via formation i
LTCC green tapes Via filling and conductor
printing l

‘ -
\7
4= '

- Registration and
lamination

Sintering

Figure 3 Conventional LTCC Processing

Via filling and conductor printing - The vias are fully filled with via paste and the
required conductor patterns are printed using conductor paste which is compatible with the
in-plane shrinkage of the ceramic when fired. These pastes are usually obtained by mixing
conductive powder in an organic medium that consists of thinning agents, organic binders,
plasticizers, and dispersing agents. Via paste is somewhat different to the conductor paste
as the viscosity needs to be maintained above a certain value at a particular temperature to
achieve void free filling [28]. Planar passive components such as capacitors, inductors,
resistors, antennas and sensors which are key elements in signal processing are also printed

on green tapes using the screen printing process.

Lamination- The green tapes are stacked and then undergo heat and pressure treatment to
complete the lamination process. The lamination process can be two types depending on
the method of applying pressure to the green tapes. Uniaxial lamination uses a hydraulic
press with heated platens, while isostatic lamination uses a heated water press with the
LTCC sealed in a plastic bag. Recommended temperature and pressure values are available,
however those values can be altered to get better lamination [29].

Co-firing- The laminated green tapes are then baked in a furnace at a maximum of 850°C.

Each green tape has its own unique firing profile. The organic components in the LTCC

7
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green tapes are evaporated during the firing process around 500°C [30]. Dissolution and
rearrangement of glass and ceramic particles and precipitation of newly formed crystals
takes place in the liquid phase sintering process. The final densification is achieved by solid

state sintering by further reducing the porosity of the material.

1.3 Metallisation of LTCC

Metallisation is a major requirement for substrate materials in the electronics industry for
inter-level connections, integration and assembly of other components to the substrate and
fabrication of passive devices. Several metallisation techniques such as inkjet printing,
electroplating, sputter deposition, electroless plating and screen printing have been
employed for LTCC substrates, depending on whether they are in a fired or unfired
condition [31], [32]. Among these techniques screen printing is the most widely used
method to metallise unfired LTCC tape as it fits within the conventional LTCC process
steps. Green state LTCC contains organic material which is not stable in chemical plating
baths and therefore cannot be metallised in this way. However, in cases where post fired
metallisation is required for LTCC a range of metallisation techniques as listed above can

potentially be applied.

When selecting a suitable metal, many factors have to be considered. The conductors used
in the high frequency range generally require low loss, good adherence with the substrate,
compatibility with other materials within the circuitry, good bonding properties with other
interconnections and must remain corrosion free in harsh environments. Table 2
characterises some of the properties of metals used for microwave and millimetre wave

applications.
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Table 2 Characteristics of some of the metals used in the electronics industry [11]

Metal DC resistivity (p) Skin depth at Linear Coefficient of
relative to Cu 2 GHz (um) thermal expansion
x10% (K1)
Ag 0.95 1.4 21
Cu 1 15 18
Au 1.36 1.7 15
Al 1.6 1.9 26
Cr 7.6 4 8.5
Ti 27.7 7.8 9
Mo 3.3 2.7 4.6
wW 3.2 2.6 6
Pt 6.2 3.6 9

Commonly less reactive metals such as silver and gold are widely used in many electronic
manufacturing applications due to their high electrical conductivity, high electromagnetic
resistance and low reactivity with other substances such as moisture and air. However these
metals are expensive, so the necessity of using low cost metals arises in the electronics
manufacturing field. Copper becomes a suitable candidate for metallisation of electronic
devices not only for its lower cost, but also its suitability for further assembly and
packaging. Copper has a melting point of 1084 °C, which is above the sintering temperature
of LTCC, however, oxidation of copper takes place at high temperatures, and therefore it
can only be used to metallise the LTCC green tapes with oxygen free sintering conditions.
However, another possible solution is to plate or deposit copper onto fired LTCC tapes,

thereby making electroless plating a possible solution.

1.4 Limitations of Conventional LTCC Processing

So far, laser cutting [20], [33], [34], powder blasting [35], mechanical punching [36] and

hot embossing [37] of green state LTCC have been used to generate cavities and vias. In

the LTCC process steps, 3D structures are usually obtained by stacking of individually

structured LTCC layers with the aid of registration pins [38]. However, even though the
9
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green state LTCC layers are carefully aligned during lamination, deformation of these
structures can occur during the firing process due to the shrinkage properties of the LTCC
material. As mentioned above, the conventional way of metallising LTCC is to employ
screen printing technology on green tapes. Usually, commercially available silver or gold
paste is printed on the green state LTCC using a screen before the firing process when the
metallic particles are sintered together. Therefore, tape shrinkage during firing and screen
printing capabilities limit the dimensions of features and restrict the passive components
that can be fabricated on green state LTCC. For example, the in-plane shrinkage affects the
metal lines’ width and separation, which are key factors for the performance of structures
deposited to form passive components such as capacitors. Also, any non-uniformity in the
shrinkage will affect the shape of the metal lines. Furthermore, when realising 3-D
structures, for example, Substrate Integrated Waveguides (SIW) in the ceramic body,
metallisation of internal vertical walls of LTCC cavity structures is required for which
screen printing is not suitable. To meet current and future demands of structures in LTCC
substrates, the commercial world requires convenient and low cost process technologies for
mass production and therefore alternative metallisation methods and LTCC processing

techniques should be considered.

1.5 Research Challenges

This research was conducted as part of an IeMRC funded project in collaboration with The
Optical and Semiconductor Devices Group, Electronic and Electrical Engineering
Department, Imperial College London and The Institute of Microwaves and Photonics,
University of Leeds. The overall aim was to design and fabricate high performance
microwave and millimetre wave components in order to fulfil the requirements of the
emerging System-on-Substrate concept. The partners from Imperial College carried out the
modelling and simulation of RF MEMS, planar passive components and waveguide
components, while the University of Leeds fabricated those structures. The role of
Loughborough University was to investigate suitable metallisation techniques that can be

applied on fired LTCC as an alternative to the conventional metallisation of LTCC.

Metallisation of the vertical walls of LTCC cavity structures was identified as a research
problem in the conventional LTCC processing when realising substrate integrated

waveguide components and the passive components that can be used in high frequency
10
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applications. A detailed literature survey was carried out to identify the state of the art in
metallisation of LTCC and will be presented in later chapters. It was found that very little
research has been carried out since the beginning of LTCC technology on developments of
alternative metallisation methods. As a result of this, electroless copper plating was selected
in this study because it is low cost and it can be a promising solution when metallising

LTCC channel structures. Three research challenges were developed accordingly:

1) Electroless copper deposition on fired LTCC was identified as an alternative to the
conventional screen printing process. However, poor adhesion was highlighted due to
the low surface roughness of the fired LTCC and therefore, there was a need to
investigate a suitable method to improve the adhesion between the metal deposit and
the substrate.

2) Methods to pattern the electroless copper deposition on fired LTCC were needed in
order to fabricate miniaturised passive components and complete circuits.

3) Finally, it was also identified that electroless copper deposition could be a better
candidate to selectively metallise the internal walls of open and closed LTCC channel
structures. However, this required techniques to be established to selectively deposit

electroless copper only on the internal walls of the structures.

1.6 Aims and Objectives

The aim of this research was to develop an electroless copper metallisation technique that
could be used to metallise fired LTCC in order to produce integrated passive components,
circuit patterns and substrate integrated waveguides. To achieve this aim, a series of

objectives were established:

1. Surface modification and activation of fired LTCC to enable electroless copper
deposition with good adhesion between metal deposit and substrate.

2. Investigation of the characteristics of the deposited metal layer, in terms of
adhesion, thickness, surface morphology and conductivity.

3. Development of a suitable technique to achieve metal patterns on LTCC for
passive components and circuit tracks.

4. Development of a method to metallise internal walls of LTCC micro channels

11
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1.7 Research Approach

In this research, electroless copper deposition onto fired LTCC was studied in detail as an
alternative to the conventional screen printing process. Figure 4 shows a schematic diagram
of the research approach. The two main aspects which were addressed in this research were
electroless plating on to pre-designed structures such as substrate integrated waveguides
and selective electroless copper deposition on to fired LTCC. Electroless plating of open
channel structures as well as closed channel structures was investigated. The main
challenge associated with the electroless deposition on to fired LTCC was adhesion
between the substrate and the metal deposit. Published methods to modify the LTCC
surface to improve adhesion were reviewed and a sodium hydroxide (NaOH) solution
surface pre-treatment was identified as a suitable method to modify closed channels. Other
surface modification methods such as laser machining were either difficult to apply or
impossible to access enclosed geometries. To create the patterns on LTCC substrate,
excimer laser machining combined with a dry film photo resist process was used. An
advantage of this method was that the excimer laser machining roughened the LTCC
surface, while creating the required pattern, leading to better adhesion between substrate
and metal deposit. In addition, the excimer laser machining technique was used to remove
material from the fired LTCC to create trenches and selective electroless copper deposition
was implemented to metallise these structures to achieve 3D passive components. Finally,
a technique was developed to metallise internal walls of the LTCC closed channel
structures using flow through electroless plating.

12
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Figure 4 Schematic diagram of the research approach

1.8 Thesis Structure

The research work presented in this thesis mainly focuses on establishing convenient
methodologies for electroless copper plating of LTCC substrate materials. This first chapter
has introduced low temperature co-fired ceramics, traditional LTCC manufacturing process
steps and how the millimetre wave electronic devices benefit from LTCC as an electronic
substrate material over other conventional substrates. It has also presented the research
problem, motivation for the particular research area, a general overview to the research
approach and identified the research novelty. The main objectives and the challenges
associated with the research problem are also defined. The second chapter reviews the
metallisation techniques available for fired LTCC, explains why the electroless copper
plating process was chosen and also presents the initial results of the electroless copper
plating on untreated fired LTCC along with associated adhesion problems. The third
chapter addresses the surface modification of fired LTCC to improve the adhesion between

13
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deposited electroless copper and the substrate: use of a chemical etching technique to
modify the LTCC surface and a detailed study of surface characterization to find the actual
etching mechanisms is presented in this chapter. A material model developed for LTCC is
introduced in this chapter. Chapter 4 discusses the effect of NaOH solution treatment on
the surface roughness of LTCC in terms of NaOH concentration and sample immersion
time. In chapter 5, the characterization of electroless copper deposition on flat LTCC is
presented. It also contains adhesion results of the deposited copper, characterization of
metal deposits and some of the challenges and possible solutions to overcome these
problems. Chapter 6 presents excimer laser machining of fired LTCC to create metallised
open channel structures. Characterization of machined channels in terms of different laser
parameters is addressed here. The sixth chapter also describes the selective metallisation of
LTCC tapes and implementation of the process to realize copper circuit patterns, planar and
3-D passive components on fired LTCC. The seventh chapter discusses the development of
methods to metallise air-filled substrate integrated waveguide structures with metallic side
walls. The approach was demonstrated by metallising the internal walls of glass capillaries.
Finally, Chapter 8 gives a summary of the progress made in this research project and offers

the work that needs to be done in the future.
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Chapter 2 Electroless Copper Deposition on to Fired LTCC

2.1 Introduction

For some time, electroless plating technology has been widely used in the electronics
industry for PCB manufacturing and the steel industry for coating applications [39]. One
of the inherent features of the electroless plating process is the metallisation of conductive
and, more importantly, non-conductive materials without the need to apply an electrical
connection to the part. The thickness of the metal layer can be controlled and is an important
factor when using high cost metals such as silver and copper. In the electronics industry,
the electroless process is mainly used to deposit copper onto an FR4 substrate to metallise
vias [40] which is usually reliable as these materials have modified surfaces to enhance the
adhesion between the metal deposits and the substrate surface. However, FR4 has its own
limitations when used for high frequency applications. In this manner, electroless metal
deposition on novel substrate materials such as glass, High Temperature Co-fired Ceramic
(HTCC) and LTCC should be considered.

In recent years, electroless plating has been used for LTCC substrates. However, very little
information is available in the literature concerning the adhesion of the metal layer to the
LTCC, which is an essential criterion for device reliability. Also, no information is
available regarding the implementation of electroless plating technology for LTCC when
manufacturing electronic devices for real world applications. The capability of achieving
selective metallisation patterns with good adhesion and low surface roughness on LTCC
substrates using electroless plating is therefore desirable when designing miniature
electronic devices. If a well-established process for electroless plating that involves surface
activation of the substrate, optimum conditions for maximum adhesion and selective plating
for integrating passive components can be achieved, there will be a substantial acceptance

by the global electronic industry.
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This chapter mainly focuses on establishing the principle of electroless copper plating on
LTCC substrate materials. This chapter begins with a literature review of the metallisation
techniques available for fired LTCC, the electroless plating process and surface activation,

before describing and discussing the experimental results.

2.2 Literature Survey

2.2.1 Metallisation of LTCC

With the limitations of the thick film screen printing technology as described in the first

chapter, the recent research has focused on other metallisation techniques available for

LTCC. The following table summarises these alternative metallisation techniques.

Table 3 Alternative Metallisation Techniques for Fired LTCC

treated LTCC surface. Area
selective metallisation was
carried out on laser irradiated
areas in order to fabricate
metal patterns on fired LTCC.
The technique was used to
demonstrate basic passive
components such as
capacitors, coils, resistors and
contact pads on fired LTCC

using Cu metallisation.

Year Metallisation | Work carried out Challenges

[Ref] technique

2005 Electroless Electroless deposition of Cu, | Cu was deposited on LTCC
[41] plating Ag and Au on Nd:YAG laser | after 4 hours. Thickness of

Cu was 150 - 200 nm. Ag
particles started to deposit all
over the surface without
continuity leading to poor
conductivity.  Au  only
deposited on glassy LTCC
and the surface was attacked
and dissolved by the

chemical bath.
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2008
[32]

Inkjet Printing

Ag nano particle ink was used
in this study to form 60-100
um width patterns on fired
LTCC. Electroless nickel was
deposited on the Ag patterns
to achieve the required metal
thickness. This study
demonstrated the formation of
high aspect ratio micro
patterns on fired LTCC.

Width of the conductor lines
increased with the plating
time. To achieve high aspect
ratios, plating was carried
out in embossed LTCC
channels. The width of the

channels were 100 um.

2011
[31]

Sputtering

Cu films were deposited on
LTCC wusing a sputtering
technique. The aim of the
study was to investigate the
reliability of Cu thin films on
fired LTCC as an interesting
approach for moderate current
density and  temperature

levels.

The resistivity of 1 um thick
films was 2.8 uQcm which
was higher than the bulk
value for Cu (1.7 uQcm).

2012
[42]

Electroless
plating/
electroplating

Both  electroplating  and
electroless plating was carried
out on DuPont™
GreenTape™ 9K7 LTCC.
Both polished and unpolished
LTCC samples were
electroplated with  copper
using a standard TiW seed
layer prior to electroless Ni
deposition. Another approach
was to deposit electroless
nickel immersion gold on
thick film silver conductors as
a surface finish.

Nickel added an additional
insertion loss and resulted in
higher return loss compared
to unplated silver lines. Cu
deposited samples had to be
fired in an oxygen free
environment to prevent

copper oxidation.
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2.2.2 Electroless Plating Process

Electroless plating of metals such as Cu and Ni has been used as a low cost metallisation
method over the years. The wide variety of applications include surface finishes, corrosion
protection and under bump metallisation for solder deposition. Electroless plating is widely
used in the electronics industry for Printed Circuit Board (PCB) manufacturing and
electronic packaging [43]. The common metal ions used in electroless plating are Cu, Ag
and Ni depending on the application. Electroless Ni is commonly used as a coating material
due to its improved hardness, corrosion resistance, and abrasion resistance [44]. Cu and Ag
are extensively used as conductor materials in the electronics industry due to their low bulk
resistivity and good thermal stability [45].

2.2.3 Chemistry of Electroless Cu Plating

Electroless Cu plating is an autocatalytic reaction and once the reaction starts it carries on
spontaneously until the concentration of reactants in the solution becomes almost zero [46].
The basic chemistry involved with electroless copper plating is an oxidation and reduction
reaction (redox reaction) where the electrons are usually provided by formaldehyde
(HCHO) reducing the copper ions to their solid metal state: the oxidation state of copper
decreases from +2 to zero. The main reactions taking place in an electroless copper bath

can be written as follows, with formaldehyde as reducing agent :
2HCHO @q) + 40H aq) =————y 2HCOO (ag) + 2H20 (aq) + H2 +2€"
Cu?* aq) + 2¢° —_—> Cup

These two reactions take place separately on a catalytic surface as shown in Figure 5.

HCHO HCOO-

Figure 5 Schematic representation of the electroless process
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2.2.4 The Composition of an Electroless Copper Plating Bath

Metal ions and reducing agent are the main components involved in an electroless copper
reaction. To optimize the reaction conditions, other chemicals such as stabilizer,
complexing agent, accelerator and pH regulator are also added to the reaction mixture [47].
Stabilizers are chemical components that prevent the homogeneous decomposition of the
plating solution and inhibit the reaction on non-activated surfaces [44]. Proper control of
stabilizer concentration in the plating bath is very important as it will affect the deposition
rate, morphology of metal deposit and metal deposition on unwanted areas [46].
Complexing agents such as EDTA can form complexes with metal ions and reduce the free
metal ion concentration in the plating bath [47]. Sodium hydroxide is normally added to
the solution to control pH between 12.5-13.5 and is required in the oxidation of HCHO
[45].

The reaction conditions of the medium directly affect the rate of a chemical reaction. The

following factors can be optimized to achieve a better reaction rate [47].

e Temperature- According to the Arrhenius Law, the reaction rate increases with
temperature due to increase of molecular vibrations and number of collisions.
However, the microstructure of the copper layer changes with temperature. To
achieve the required microstructure, the control of temperature in the electroless
bath is essential.

e Removal of products from the reaction medium- Usually in an electroless plating
bath hydrogen gas is produced in the reaction medium as a by-product. Removal of
hydrogen from the reaction medium will increase the reaction rate. Good agitation
of the solution is the most effective way of removing hydrogen from the reaction
medium.

e Concentration of the reactants- Maintenance of copper ion and formaldehyde

concentration is necessary to maintain the reaction rate.

2.3 Surface Activation

Although electroless copper deposition is an autocatalytic reaction, especially for non-
conductive materials and in some cases for conductive materials, it is necessary to immerse
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the substrate in a catalytic solution to deposit a layer on the surface that can subsequently
initiate the electroless reaction. The catalytic pre-treatment of a non-conductive surface for
subsequent chemical metal plating is generally known as chemical surface activation.
However, there are some cases reported in the literature where laser energy is used to
activate dielectric surfaces for electroless metal deposition.

2.3.1 Chemical Surface Activation

The purpose of surface activation is to create a catalytic environment, typically on non-
conductive substrate materials for the subsequent electroless plating process. In most
electroless plating processes, the formation of a thin palladium catalytic coating on the
surface is required. This can be achieved in a one step or two step process.

A. Two Step Method

In some cases, catalytic activity is achieved in a two-step method where the substrate is
immersed first in an acidic tin chloride (SnCl) solution followed by an acidic palladium
chloride (PdCI,) solution. In the sensitization step, the Sn?* ions are adsorbed onto the
substrate surface. In the activation step, a surface reaction takes place between the Sn?* ions
and the Pd?* ions in the catalyst solution [48]. The reactions can be presented as follows:

Substrate + Sn?* (ag) > S.Sn%*ags

S.Sn2+ads + Pd2+ (aq) ) Sn4+ (aq) + SPd ads

Where, S.Sn?* represents the Sn?* adsorbed on to the substrate and S.Pd represents the Pd
adsorbed on the substrate. Natividad et al. reported a chemical and morphological study to
investigate the mechanism of the two step chemical activation for a polycrystalline alumina
substrate [49]. X-ray Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy
(AES) and Atomic Force Microscopy (AFM) analysis were carried out to suggest the
possible mechanisms. According to their findings, in the sensitization step Sn?* and Sn**
firstly adsorbed on to the alumina surface. Two mechanisms were suggested for the
palladium adsorption in the activation step. In the first mechanism the palladium was
adsorbed as PdCl>. In the second case it was adsorbed both in metallic (as Pd) and oxidised
form (as PdO). The mean roughness (Ra) of the deposited Cu surface achieved was 44%
lower in value than the alumina substrate. SEM-EDX analysis was used as a further step to

determine the composition of each metal adsorbed on the alumina surface.
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B. One Step Method

The two step method cannot be used when plating through-holes on copper—clad boards
due to the formation of a non-adherent palladium seed layer on the copper surface [50]. In
this case, the catalytic activity is achieved with a mixture of SnCl>/PdCl, solution which is
also known as one step chemical activation. The Pd?* ions are reduced by the Sn®* ions to
form the Pd nuclei in solution which are then adsorbed on the non-metallic surface to
activate it [51]. The mechanisms of the catalyst process have been studied in detail in the
literature. There are two concepts to describe the catalytic activity of the one step process.
The first concept suggests that Sn/Pd colloidal particles are formed and responsible for the
catalytic activity, while the second concept claims that the catalytic activity is due to a Sn-
Pd solute complex which has the chemical formula SnPd-Clis [52]. Different research
groups have reported different Sn to Pd atomic ratios in the complex structure. In 1973
Cohen and co-workers carried out a detailed study of the one step Sn/Pd surface activation
process including colloid formation, stabilization and particle size distribution by analysing
with Mossbauer spectroscopy and centrifugation experiments. Their study suggested that a
red-brown Sn-Pd complex which has the stoichiometry of Pd (11).3Sn (1) was formed in
the catalytic solution after a few seconds of mixing the Sn and Pd solutions. This complex
was then decomposed to the Sn/Pd colloidal system immediately, containing complexed
Sn**, a Sn-Pd alloy core and a small amount of Sn?* [53]. Further studies have suggested a
core-shell Pd/Sn colloidal model where (SnClz)” complex forms a shell around the Pd/Sn
core to stabilise the system by preventing agglomeration in the solution. Olaf Holderer and
co-workers have confirmed that the Sn concentration of the core is less than the Pd
concentration at 39 at % [54]. A model of the Pd/Sn catalyst structure on the substrate
surface has been proposed by Cui and co-workers [51]. This model was based on detailed
study of the surface using X-ray Photoelectron Spectroscopy (XPS) and Secondary lon
Mass Spectrometry (SIMS). According to their model, the conventional Pd-Sn core was
further confirmed. However, the idea of (SnCls)” complex was rejected by this model as
there was no evidence of fragments of (SnClz)" in the SIMS spectrum. Their results agreed

with the model of a Pd-Sn core surrounded by Sn** ions (Figure 6)
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Pd-Sn Core

\ Sn4+ k Sn4+ \

Figure 6 Pd-Sn Core surrounded by Sn** ions [51]

The surrounding tin ions should be removed from the colloid surface and Pd (0) centres
should be exposed to the copper solution in order to achieve the catalytic activity. The tin
ions should therefore be dissolved away before the electroless deposition takes place. This
can be done by immersing the substrate in an accelerator solution. The accelerator can be
an acidic or alkaline solution which has sufficient tin ion solubility and also protects Pd
catalytic sites. Typical examples for accelerators are NaOH, H2SO4, HCI and NH4OH etc.
[55]. In some of the current electroless systems, the accelerator is in the electroless plating

bath itself thereby avoiding an additional process step [47].

C. Other Activation Methods

Jingye Li and co-workers reported a novel method to activate non-metal surfaces using a
metal loaded organic solution [56]. In this research, palladium and copper were extracted
to an organic solution from an aqueous metal ion solution. Then the non-metallic substrates
(Carbon nanotubes, polished alumina and plastic) were immersed in the organic solution to
activate the surface followed by subsequent electroless Cu plating. One of the advantages
of this method was the use of glyoxylic acid as the reducing agent instead of formaldehyde
which is known to be a carcinogenic substance. Also the method has been successful as a
single step surface activation method for non-metallic substrates; however the process
requires some additional steps in metal extraction. The reaction mechanism of the catalytic

process was not mentioned in the article.

The type of surface is also important in catalyst adhesion. For example, it is very difficult
to activate the surface of glass for subsequent electroless plating without any surface pre-
treatments [16]. In many cases, Self-Assembled Monolayers have been used to enhance the
Pd adhesion on to the substrate surface. Atsushi and research group used (NH2)-terminated

organosilane self-assembled monolayer (SAM) on a polyimide substrate in order to activate

22



Chapter 2 Electroless Copper Deposition on to Fired LTCC

the surface with PdCl. solution. The adsorption of Pd was confirmed by the XPS results
and the adsorbed Pd acted as catalytic sites for electroless deposition [57]. Cui and co-
workers studied the silanisation of glass using (3-aminopropyl) trimethoxysilane in order
to improve the electroless copper glass adhesion [51]. An investigation of the glass surface
composition after APTS treatment was carried out using XPS. The N peak observed in the
APTS treated glass surface revealed the attachment of the (3-aminopropyl)
trimethoxysilane molecules forming a SAM layer. This was also confirmed with the
different Si peaks observed in both treated and untreated glass samples. Another study [58]
reported electroless copper deposition on glass modified with polyethylenimine. The
surface was catalytically activated using PdCl2 solution and the XPS spectrum confirmed

the chemically bound Pd?* on the glass surface.

2.3.2 Laser Surface Activation of Ceramic Surfaces

Laser technology is being developed for surface activation of non-conductive materials for
electroless plating. In 1994, Folser carried out investigations on direct electroless Cu plating
using an excimer-laser (wavelength of 248 nm and 308 nm) to irradiate alumina [50].
Circular and rectangular areas of polished alumina samples were irradiated and the samples
were examined using electron induced X-ray spectroscopy and the ablated depths were
measured using a stylus profilometer. The plating activity did not change for different
wavelength used or for different pulse repetition frequencies. The plating activity only
changed with the size of the irradiated area. Large irradiated areas showed higher plating
activity. A major drawback of this method was that the edges of the irradiated area showed
faster deposition than the inside area. This may lead to uneven surfaces of metallisation on

the substrate and will cause higher roughness.

In 1998, G.A. Shafeev reported the activation of several dielectric materials i.e. Alumina,
Cerium Oxide, ZrO,, SiC and Diamond, with UV excimer laser and pulsed CO: laser [59].
In previous studies it was found that the surface of AIN ceramics decomposed to Al metal
with laser ablation and become activated for electroless Cu. However, some dielectric
materials such as diamond can also be activated with laser ablation and these dielectrics do
not contain any metals. Shafeev also suggested that the activation mechanism of Alumina
is due to the oxygen vacancies formed on the ceramic surface once exposed to the laser. He
also suggested that to stabilize the structure, these vacancies tend to form aluminium and
silicon nanoclusters. These electron rich environments enhance the reduction of metal ions
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so that the surface is activated for the metal deposition. Experimental results showed that
the laser irradiated dielectric surfaces are activated for electroless plating for a long time
and the catalytic activity only disappears when those surfaces are heated in an oxygen

environment.

In recent years, laser surface activation has been used to metallise circuit lines and via holes
on AIN substrates [60]. The formation of Aluminium on the ablated AIN surface has further
been confirmed by XPS data. Metallisation of via holes did not show a uniform metal layer
and the thickness of the metal layer was thicker on the top part of the via than the bottom.
This was due to the ablating effect on the top part of the via being greater than the bottom.
This problem may be overcome if the substrate is rotated 180° and drilled through the same
via hole from the other side of the substrate.

In 2005, K. Kordas and co-workers activated an LTCC substrate for electroless metal
plating using a Nd:YAG laser (wavelength of 1064 nm). In contrast with the previous
studies their results showed that the laser annealed surfaces gave better activity than the
ablated areas. Several metals i.e. Cu, Ag, and Au were deposited on activated surfaces and
the first Cu metal seeds formed after a period of 4 hours, while Ag and Au metal seeds
appeared on the activated surfaces just after immersion in the electroless baths without any
incubation time. After one hour of plating, silver metal seeds started to deposit all over the
surface without continuity and sufficient thickness could not be achieved for good
conductivity. For Au the metal seeds only appeared on the top of the LTCC glassy phase
[41].

Laser surface activation of dielectric materials for subsequent electroless plating is a low
cost alternative method to lithographic masks when selective metallisation is required.
However, in the case of LTCC, the process needs some improvements to reduce the plating
time. Furthermore, it can only be used on areas that can be easily accessed with the laser
beam and therefore not suitable for closed channel structures.

2.4 Methodology and Experimental Procedures

In these initial experiments, to provide a benchmark for later comparison, electroless copper
was deposited on to fired LTCC samples which were only subjected to cleaning procedures,

without any other surface treatments. Adhesion tests were carried out using a tape test to
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investigate the adhesion between the copper deposit and the LTCC substrate. Initial
characterization of the copper deposits was also carried out in terms of thickness and

temperature dependence of the surface microstructure.

2.4.1 LTCC Substrate Material

The DuPont™ GreenTape™ 9K7 low temperature co-fired ceramic (single layer for most
experiments unless otherwise stated) was used in these experiments and this material was
selected due to its low loss properties at frequencies in the high GHz range including
wireless and mobile applications and high speed digital applications (Table 4) [61]. LTCC
which was fired according to the recommended 26.5 hours firing profile in a static furnace
was used and the firing process was carried out by the project partners at the University of
Leeds. The fired samples were then subjected to cleaning procedures, surface pre-

treatments and surface activation followed by subsequent electroless copper plating.

Table 4 Material Properties of DuPont™ GreenTape™ 9K7 [61]

Property Value
Unfired thickness, (um) 254, +/- 14
X,'Y, Shrinkage, (%) 9.1,+/-0.3
Z Shrinkage, (%) 11.8, +/- 0.5
TCE, (23°-300°C) 4.4
Density, (g/cm?®) 3.1
Surface roughness, (um) 0.52
Thermal conductivity, (W/ m-K) 4.6
Flexural strength, (MPa) 230
Young’s modulus, (GPa) 145
Poisson’s ratio 0.25
Dielectric constant, (10 GHz) 7.1+/-0.2
Loss tangent, (10 GHz) 0.0010
Insulation resistance, (Ohms) >10%2
Breakdown voltage, (k\V/25 um) >/=1100

25



Chapter 2 Electroless Copper Deposition on to Fired LTCC

2.4.2 Electroless Copper Plating on Fired LTCC

A. Substrate Cleaning

Sample cleaning is an essential step prior to the electroless copper deposition process.
Cleaning usually removes the impurities from the substrate surface leading to better
adhesion between the deposited metal and the substrate. The LTCC samples were dipped
in 200 ml of 10 vol% Decon 90 solution in deionized (DI) water (a standard industrial
cleaner for glass and ceramic materials) at room temperature for 24 hours. The samples

were then rinsed with de-ionized water and dried in air with a specimen dryer.

B. Preparation of Solutions for Electroless Copper Deposition

Pre-dip and Circuposit™ Catalyst 3344/4444 from Rohm and Haas chemical company
were prepared according to their technical data sheets. Pre-dip is an acidic solution (pH<1)
and has similar pH to the catalyst solution. Sample immersion in the pre-dip is usually
carried out prior to the catalytic activation as it enhances the wettability of the substrate and
prevents contaminants being dragged in to the costly catalyst solution. To prepare the pre-
dip solution, 54.0 g of the Circuposit pre-dip 3340/4400 was dissolved in 168 ml of de-

ionized water and the volume was made up to 200 ml with de-ionized water.

Catalyst activation of non-conductive substrates is a vital step in the electroless process.
Catalyst adsorption on the samples usually takes place when the samples are immersed in
a Sn/Pd catalyst solution for a few minutes. To prepare the catalyst solution, 54.0 g of the
Circuposit pre-dip 3340/4400 was measured and dissolved in 168.0 ml of de-ionized water.
5.0 ml of the Circuposit catalyst 3344/4444 was then added to the solution mixture and the

volume was made up to 200 ml with de-ionized water.

C. Electroless Copper Bath

The electroless bath consists mainly of copper solution, formaldehyde, NaOH and EDTA.
The electroless Cu bath Circuposit™ 3350-1 (Rohm and Haas) was prepared according to

Table 4. According to the technical data sheets provided by Rohm and Haas, the plating
rate was ~0.5 pum for a 10 minute plating period (i.e. ~0.05 pm / min) at 42 °C.
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Table 5 Preparation of electroless copper plating bath

Chemical Amount/ ml
Deionized water 162.4
Circuposit 3350M-1 30.0
Circuposit 3350A-1 2.0

Cuposit Z-1 2.1

Cuposit Y-1 2.3

2.4.3 Electroless plating of fired LTCC tapes

The cleaned LTCC samples were immersed in the pre dip solution for two minutes. Then
these samples were dipped in the catalyst solution for 2 minutes then removed and rinsed
with de-ionized water. Rinsed samples were then immersed in the electroless bath for one
hour plating time. The samples were then taken out from the plating bath and rinsed with
de-ionized water and dried with a specimen drier. The temperature of the plating bath could
be ranged from 30 °C to 55 °C and controlled using a hot plate equipped with a temperature
probe immersed in the electroless solution. The electroless deposition process is illustrated

in Figure 7.

LTCC Sample

Rinsing
—D

Pre dip solution Sn/Pd catalyst Solution Electroless Cu Solution

Figure 7 Electroless copper plating process

27



Chapter 2 Electroless Copper Deposition on to Fired LTCC

2.4.4 Cross Section Analysis

A section of the plated LTCC substrate was encapsulated into a compression mounting
resin. Then the grinding of the specimen was carried out manually using abrasive papers of
240, 400, 600 and 1200 grit. Grinding was done for 2 minutes at each abrasive paper until
the grinding striations on the specimen surface indicated that the grit had completely
removed a layer of material. Then polishing of the mounted specimen was carried out to
planarize the specimen and to reduce the damage created by sectioning. To do this, the
specimen was pressed against polishing wheels loaded with 6 um and 1 um diamond paste
until the fine scratches were removed from the specimen surface. The cross section of the
specimen was then analysed by optical microscope in order to measure the thickness of the

deposited copper.

2.4.5 Adhesion Tests- Tape test

A tape test is a qualitative way of measuring the adhesion strength. A number of factors
including peel rate, peel strength, type of tape and peel angle directly influence the tape test
results [62]. Thus, it is essential to maintain these factors in each test for consistent results.
In this study, a test procedure was predefined to maintain the consistency of each test. The
test substrate was attached to a work stage using a double sided adhesive tape (Figure 8).
The test samples were prepared in a way that the whole area of the sample was smaller than
the section of the test tape. Then the test tape (3M 56-7305-2240 adhesive tape) was pressed
thoroughly on to the substrate which had been electroless plated. Then the tape was
subsequently peeled off manually with fast movement keeping the tape perpendicular to
the substrate surface. The surface was then inspected to see what damage had occurred

during the peeling process.

Pull
N

Tape —>

€ Metal deposit

] i
Substrate __, <—— Double sided

—> =
Work stage adhesive tape

Figure 8 Tape test set up
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2.4.6 Microstructure and Morphology Assessment methods

A. Zygo NewView 5000 CSI

The Zygo NewView 5000 CSI uses scanning white light interferometry to image and
measure the microstructure and topography of surfaces without contacting the substrate
surface. Light from the microscope divides within the interferometric objective, one portion
reflects from the test structure and another portion reflects from an internal high quality
reference surface in the objective. Then both portions are directed to a solid state camera
where they interfere thereby providing information on the topography [63]. The NewView
analyses and quantifies the surface topography of parts with a depth of 100 um with 0.1 nm
resolution and these are displayed as solid images, plots and numeric representations of the

surface.

B. Field Emission Gun Scanning Electron Microscope (FEGSEM)

A LEO 1530VP Field Emission Gun Scanning Electron Microscope was used to analyse
the LTCC surface morphology and the morphology of the deposited copper. Specimens
were mounted on aluminium stubs using double sided adhesive and electrically-conductive
carbon tape. The bare LTCC samples were gold coated prior to the analysis to achieve the
required conductivity using a sputter coater. The energy of the electron beam of the SEM

was set at 5 KV and the current of the electron beam was set at 30 pA.

C. Nikon Optiphot Optical Microscope

A Nikon Optiphot optical microscope with GT visio GXcam 5 software was used to obtain

optical micrographs of the polished LTCC cross section and other surface structures.

2.5 Results and Discussion

2.5.1 Characterization of LTCC

Figure 9 shows an SEM micrograph of the as-received fired LTCC sample after cleaning

as described above. The surface showed a general roughness with some grainy particles
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over the surface. Different sizes of particles were seen and the size of the large particles
was approximately 5 um. Some voids were also seen on the surface. The particle size of

the alumina grains in LTCC (Dupont 951) material has been reported in the literature and

the typical diameter of these alumina grains was in the range of 2-3 um [23].

TS -~ . " o =
Signal A= SE2 = 5.00kv Signal A = SE2 Loughborough
WD =10.2mm niversity Mag = 10.00 KX WD =10.2mm University

Figure 9 SEM images of the LTCC surface after cleaning

Surface roughness of the fired LTCC sample was measured using the Zygo NewView 5000.
The area measured was ~500 x 600 pum and three random locations on the sample were
measured to get the average value. The average Ra of the fired LTCC was ~0.65 pum. Figure
10 (a and b) shows 2-D and 3-D surface topography plots. Similar to the SEM results the
surface showed uniform roughness over the measured surface. The 2-D profile of the
sample exhibited strong valleys and discontinuities at some points and these could

correspond with the voids which were presented in the SEM micrograph.
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Figure 10 LTCC surface (a) 2-D map (b) 3-D map (c) profile A-B
2.5.2 Electroless Copper Plating of Untreated LTCC
Following the catalyst pre-treatment, the electroless process was observed to start on all
samples within the first thirty seconds after immersion in the bath and a continuous Cu
layer was achieved on the LTCC surface after a few minutes and started to grow further

with the increase in plating time. Figure 11 shows the LTCC sample before and after

electroless plating for one hour.

Figure 11 LTCC sample before and after electroless copper deposition
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2.5.3 Effect of Temperature on Surface Morphology of Cu Deposits

Surface roughness of the deposited metal is a key factor for high frequency applications to
reduce the signal loss. Surface roughness of the metal deposition should be maintained at a
low value to achieve better signal propagation. Even though increasing the temperature of
the electroless bath enhances the rate of deposition, it can affect the surface morphology of
the deposited copper. Commercial electroless baths come with optimum temperature
conditions, however, these can be varied depending on the substrate material and the size
of the bath. To determine the suitable bath temperature for a fine microstructure, electroless
Cu plating was carried out at three different temperatures including the specified
temperature for the bath (42 °C), a low temperature of 30 °C, and high temperature of 55
OC. The temperature of the electroless bath was controlled using a temperature probe which
was attached to the hot plate. All samples were plated for one hour: this is expected to lead
to different Cu thicknesses for the three temperatures. The surface morphology of the

copper deposited at different temperatures was analysed using SEM (Figure 12).

© EHI-10.80 kv WD= 16 nm W E— HT =16 [ B W= 15 mm
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Figure 12 Temperature dependence of Cu deposits (a) plating temperature 30 °C, (b)
plating temperature 42 °C, (c) plating temperature 55 °C

32



Chapter 2 Electroless Copper Deposition on to Fired LTCC

The micrographs in Figure 12 reveal that lower surface roughness was obtained from low
temperature electroless baths. Figure 12 (a) shows a smooth surface while Figure 12 (c)
shows a nodular structure. The growth mechanism of the electroless copper was reported
in previous studies [64], [65], [66] and the surface morphology of the deposited copper
obtained at different temperatures can be explained by the theory presented by Sard [65].
According to his theory, the first three dimensional copper nucleation occurs at the catalytic
sites. These copper particles (300 A in size) were not single crystals but aggregates of
smaller crystallites (diameter of 25-50 A). When the deposition time increases, these larger
aggregates tend to form continuous chain like structures separated by regions where the
film is thinner and this could be observed in the current deposits obtained at 30 °C and 42
°C (Figure 12 (a) and (b)). After a certain point, these aggregates become energetically
unstable and lead to recrystallization which eliminates the interior boundaries and form
larger single grains. The grainy micro-structure in the copper deposit at 55° C is thought to
be due to the above mentioned process. This provides a contradictory result to the surface
morphology obtained for the electroless copper growth on a glass substrate which was
explained using the VVolmer-Weber mode [16]. However, Nakahara and co-workers [66]
reported that the nucleation and the growth patterns of electroless copper depend on the
type of substrate and explain the contradictory results.

If a smoother surface could be obtained at lower temperatures, the question then was
whether a sufficient thickness of the deposited metal could be obtained. The thickness of
the copper deposited at 30° C was measured by taking a cross section (Figure 13).
Continuous Cu deposition was achieved with 2-3 um of approximate thickness in one hour
plating time. The deposit built up accordingly with the morphology of the surface. Some
Cu particles could be seen deep into the LTCC material but it is thought that the polishing

process caused the particles to be spread across the interface.
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Figure 13 Cross section of the deposited copper on LTCC

2.5.4 Surface Roughness of Cu Deposits

The surface roughness of the deposited copper at 30 °C was obtained using the Zygo
NewView 5000 CSI. Figure 14 shows the 3-D and 2-D profile of the deposited electroless
copper. The 3-D profile shows a fairly uniform roughness across the surface. The Ra value
was taken at three different locations on the sample surface and the average Ra value was
found to be 0.9 um. The average surface roughness (Ra) was relatively higher compared to

the surface roughness of the bare LTCC surface which gave an average Ra of 0.65 pum.

(@)
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Figure 14 Surface profile of electroless copper deposits (a) 3-D profile (area ~500 x 700

pum) and (b) 2-D profile

2.5.5 Initial Tape Test Results

Tape test results (Figure 15) showed that the electroless Cu plated on the LTCC surfaces
without any surface modification had relatively poor adhesion. The measured surface
roughness values showed a relatively low Ra value of ~ 0.65 pum for the fired LTCC and
the low surface roughness may have contributed to a low degree of mechanical interlocking
between the deposited copper and the LTCC surface leading to poor adhesion. Failure can
occur from the interface between catalyst and substrate or the copper / catalyst interface.
As seen in Figure 15, almost all the deposited copper was peeled off on to the tape.

;. u_-.“__"..__.x-%.__...v

Figure 15 LTCC sample (right) and the adhesive tape (left) after the tape test
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2.6 Conclusions

In this chapter, the deposition of electroless copper on to fired LTCC was demonstrated.
Initial analysis was carried out on both the bare untreated LTCC surface and electroless
copper deposits. According to the SEM analysis, the surface of untreated LTCC showed
different sizes of particles and the size of the larger particles was approximately 5 um. The
measured Ra value of the untreated LTCC was approximately 0.65 um. A lower electroless
plating bath temperature of 30 °C was found to give smoother Cu deposits, which is an
essential requirement in microwave and millimetre wave applications and this was used for
all future plating trials. A tape test was carried out to find the interfacial adhesion between
the electroless copper and untreated LTCC substrate and the results showed poor adhesion

indicating an area for further investigation.
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Chapter 3 Chemical Surface Pre-treatment of LTCC

3.1 Introduction

As described in the previous chapters, electroless copper deposition on to fired LTCC is a
promising solution to overcome the limitations of the screen printing process. However,
adhesion of metal films on a substrate is a crucial issue when considering the device
reliability and performance. Some of the applications which are operating in harsh
environment conditions such as automobile, satellite and military require especially good
adhesion. However, the adhesion strength depends on the physical and chemical properties

of the substrate as well as the deposited metal.

The initial experiments carried out in chapter 2 revealed that adhesion between the fired
LTCC and the deposited copper was poor. It was therefore necessary to discover the
potential methods that can be applied to improve the interfacial adhesion of electroless
copper to LTCC. Literature on the surface modification of fired LTCC was reviewed and a
NaOH solution pre-treatment was identified as a potential method especially suitable to
modify the internal walls of closed channels where other methods such as laser machining
could not be applied. This chapter therefore mainly focuses on chemical etching of fired
LTCC substrate material using NaOH solution with the aim to give improved interfacial
adhesion between the electroless copper and LTCC substrate. Furthermore a detailed study
of the NaOH surface pre-treatment is also reported to determine the mechanisms of the

etching process.
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3.2 Literature Survey

A literature survey was conducted to study the adhesion mechanisms and possible
techniques that are available to improve interfacial adhesion between two surfaces. The
literature was further reviewed to find the surface pre-treatment techniques that have been
used to modify the fired LTCC surface which can be a promising solution to improve the

electroless copper adhesion.
3.2.1 Adhesion mechanisms
Bonding of two surfaces can occur due to electrostatic attraction, chemical bond formation,

molecular entanglement or mechanical interlock. These bonding processes are shown
schematically in Figure 16.

+++++t+

(a)

SRR ST
N0 LI

(d)

Figure 16 Schematic diagram of two bonding surfaces: (a) electrostatic attraction, (b)

chemical bond formation, (c) molecular entanglement and (d) mechanical interlock [67]
Comyn introduced [68] five theories of adhesion and summarises these as follows:

e Physical adsorption- The Van der Waals forces due to permanent and induced
dipoles across the interface.
e Chemical bonding- Ability to form ionic, covalent or hydrogen bonding between

the surfaces.
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e Electrostatic force- If two metallic surfaces are placed in contact the electrons can
be distributed between each metal surface to form positive and negative charge
leading to an electrostatic attraction.

e Mechanical interlocking- If the surface has a rough and porous structure, the
materials can make a strong mechanical interlock which gives better adhesion.

e Removal of weak boundary layer- Cleaning of the substrate surface to remove oil
or grease. This factor is not an adhesion mechanism, but enhances the above

mentioned mechanisms.

3.2.2 Improving Metal Film Adhesion to Substrates

The above mechanisms suggest that the adhesion between the substrate and the metal can
be improved by increasing the dipole on the surface, adequate cleaning of the surface,
attaching new chemical components on the surface and roughening the surface.

Surface energy plays a key role in forming bonds between two surfaces. According to the
Dupre equation (Equation 3.1 [69]), work of adhesion (Wadh) depends on the surface energy
of surface 1 (y1), surface energy of surface 2 (y2) and the interfacial energy of the two

surfaces (y12).
Wadh = y1+ y2 —y12 3.1

If the surface energy is high at each individual surface and they have low interfacial energy,

the work of adhesion is higher i.e. the two surfaces have good interfacial adhesion.

Roughening the surface is a common way of enhancing the bonding strength by increasing
the mechanical interlock between two surfaces. Roughening the surface also leads to a
larger surface area for effective bonding. Furthermore, an increase in surface roughness can
introduce physico-chemical changes which may change the surface energy and wettability
of the substrate [70]. Adhesion of a metal deposit to a substrate is therefore likely to be
improved by increasing the surface roughness of the substrate through interlocking. On the
other hand, the adhesion of the metal deposit and ceramic substrate are typically due to only
weak Van der Waals forces and the number of these forces can be enhanced by increasing
the bonding area of the interface [71]. Plasma treatments [72], chemical etching,
mechanical abrasion, sand and bead blasting and laser machining have been used in the

literature to roughen the material surfaces by material removal [63]. However, etching of
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the substrate surface using chemicals is a convenient and cost effective way of increasing
the roughness. In some cases, surface chemical pre-treatment can also increase the surface

energy and change the surface chemistry for better adhesion [73].

A. Chemical Pre-treatment

In many cases, both acidic and basic solutions have been used for etching of ceramic
materials. The purpose of etching can be to create a rougher surface or make the material
more porous for certain applications. Tetsuya et al. [74] used 0.1 M NaOH solution to etch
an AIN substrate. The purpose of the study was to increase the adhesion between the
substrate and electroless Ni-P. They concluded that the process started initially as a
selective etching of the substrate surface followed by homogeneous etching after a certain
period of time. The adhesion strengths increased sharply in the first stage and then
decreased accordingly as the homogeneous etching occurred. Jardiel et al. [75] studied the
chemical etching of BisTizO12 ceramics to improve the microstructure for better electrical
response. In this study, a HF/NH4F/H.O system with molar ratio 2:1.2:3 was used for
different etching times and temperatures. The study found that the best etching was
obtained at 50 °C for 3 minutes in terms of obtaining clear and sharp grain boundaries and
preferential etching on certain crystallographic directions. Chemical etching of glass
ceramic was reported by Laurent and co-workers [76] for the purpose of creating a porous
layer to increase the infrared transmission of the materials. The surface porosity created by
chemical etching acted as an anchorage site for silane molecules and enhanced the silane
functionalization. Both acidic and basic solutions were used in the etching process. The
study reported the selective etching of the glassy phase with 0.1 M NaOH solution and
homogeneous etching of the material with an acidic solution which contained 70% of
concentrated H2SO4 (98%) and 30% of H20: (35%).

Achin and co-workers used hot phosphoric acid as a chemical etchant to obtain a porous
structure on LTCC. The purpose of the study was to modify the permittivity of the material,
hence to achieve a low dielectric constant. The LTCC substrate has a chemical structure of
alumina particles covered by the glass matrix due to the liquid phase sintering process [24].
The results of the SEM and p-XRD measurements showed the anorthite crystals in the glass
phase near the alumina grains were etched away due to the reaction with hot phosphoric
acid. Feng Yuan reported a similar etching procedure using a series of chemicals i.e. 1 wt%
HCI, 2 wt% HF, 10 wt% HNO3z, 19 wt% NaOH [77]. Yuan found that NaOH selectively
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etched the glass phase leaving a porous LTCC surface, while acidic solutions showed
unselective material removal. This study further confirmed that the glass phase can be
selectively removed by a chemical etchant and the dielectric properties can be improved by

achieving a porous structure.

B. Laser Pre-Treatment for Surface Modification

Laser pre-treatment of the substrate surface has been reported on many occasions in order
to create rougher surfaces to improve interfacial adhesion between substrate and coatings.
Horn and co-workers [78] investigated the effect of KrF excimer (wavelength = 248 nm
and maximum energy per pulse = 600 mJ) laser irradiation of polymers on the adhesion of
electroless Ni. This study revealed that laser irradiation improved the adhesion between the
polymer substrate and the Ni deposit even at fluences below the material removal threshold
and the results were confirmed with tape and peel tests. They suggested that the increase in
adhesion strength at the fluences below the material removal threshold may be due to the
chemical modification of the irradiated polymer surface. They also suggested that the
adhesion improvement at the fluences above the material removal thresholds were due to

the mechanical anchoring of the rough polymer surface and the Ni deposit.

Li and co-workers [79] studied pulsed XeCl excimer laser (wavelength = 308 nm and
maximum energy per pulse = 450 mJ) pre-treatment of cobalt-cemented tungsten carbide
to improve diamond coating adhesion. Samples irradiated with different numbers of laser
shots were coated with diamond film using an electronically aided hot filament chemical
vapour deposition. Adhesion of test samples was investigated with an indentation test. The
number of laser shots was varied between 100 and 700 and the best adhesion was obtained
with 300 laser shots. They suggested that the deep drop pits created with 300 laser shots
were responsible for improved adhesion. The adhesion of the diamond coating started to
drop with a higher number of laser shots due to the formation of uniform surface structure

with clear grain boundaries.

Laser pre-treatment has been used to modify ceramic surfaces over many years. In 1998,
Tonshoff and research group [80] used KrF excimer (wavelength 248 nm) laser to irradiate
silicon carbide ceramics. In this study, selective material removal at the grain boundaries
and rounding of grains to create spherical caps on the ceramic surface was observed with

the increase in laser pulses. However, above a certain number of pulses these spherical caps
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connected each other due to a thin layer of molten phase of sintered additives and caused a
less rough surface. Vilar and co-workers [81] also used KrF (wavelength = 248 nm)
excimer laser to modify the Al,O3-TiC ceramics. Surface roughness (Ra) of the ceramic
surfaces was obtained using a stylus instrument for various laser pulses and fluences. The
Ra values increased with the number of laser pulses and reached a constant value after 200.
The study also revealed that the Ra value increased with the laser fluence. SEM
micrographs on the surface indicated uniform globular features dispersed on the ceramic
surface after the laser irradiation. The area covered by these features and the diameter of
the globules were initially increased with the laser pulses and then reached a constant level

and this explained the variation of the Ra values described earlier.

It is clear from the above studies that for each material to obtain the best surface
modification for particular applications, different laser parameters and optimum conditions

need to be found in each case.

3.3 Research Methodology and Experimental procedures

Fired LTCC tapes have relatively low surface roughness (~0.65 um) and hence cause
adhesion problems for metal deposits. The adhesion of metal deposits on LTCC requires
significant attention as this will have a huge impact on device reliability. Among other
surface pre-treatment techniques, chemical etching has its own advantages such as low cost
and ease of use and also, in some cases, can enhance the dielectric properties of the material

as mentioned earlier.

The above mentioned chemical etching techniques can preferably be applied to obtain
rougher surfaces of LTCC for adhesion improvements. Chemical etching is especially
considered for the fired LTCC samples which required large area metallisation and
metallisation of closed channel structures where the laser processing is not possible for
surface modification. According to the literature, various acid and base systems have been
used to etch ceramic materials. Among these systems, surface modification of the LTCC
substrate using concentrated NaOH solution to improve adhesion was selected because
concentrated NaOH has the ability to selectively etch the glassy phase from the LTCC
surface and was mainly studied in this aspect of the research. Investigation of surface

morphology and etching mechanisms using different analysis techniques such as SEM,

42



Chapter 3 Chemical Surface Pre-treatment of LTCC

SEM-EDX, optical microscopy, X-ray diffraction, X-ray photoelectron spectroscopy and

ion coupled plasma emission spectroscopy was carried out.

3.3.1 Experimental

The fired 9K7 LTCC was cleaned using the procedure described in section 2.4.2 A. These
samples were then subjected to surface pre-treatments and surface activation followed by

subsequent electroless copper plating.

A. Surface Pre-treatment

Surface treatment was carried out by etching with NaOH solution. Several concentrations
(3M, 4M, 5M, 6M, and 7M) of NaOH in de-ionized water were prepared to observe the
effect of concentration on etching. The LTCC samples were immersed in the NaOH
solutions and kept at room temperature for different time intervals. They were then

removed, rinsed with de-ionized water and dried using a specimen drier.

3.3.2 Analysis techniques

Analysis techniques were carried out using the Zygo NewView 5000 CSI, Nikon Optiphot
optical microscope and FEGSEM as described in section 2.4.6. In addition, X-Ray
Photoelectron Spectroscopy (XPS), Leica DM 6000 M optical microscope, Scanning
Electron Microscopy combined with Energy Dispersive X-ray Spectroscopy (SEM-EDX),
X-Ray Diffraction (XRD), and lon Coupled Plasma Emission Spectrometer (ICPE-9000)

were used to investigate the etching mechanism in detail.

3.3.3 Optical Microscope study

A Leica DM 6000 M optical microscope with LAS 4.2 software was used to take optical
micrographs of the LTCC samples treated with NaOH solution.

3.3.4 Scanning Electron Microscopy Combined with Energy Dispersive X-ray

Spectroscopy (SEM-EDX)

A LEO 1530VP Field Emission Gun Scanning Electron Microscope was used to analyse
the LTCC surface morphology. The energy of the electron beam was set at 5 kV and the
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current of the electron beam was set at 30 pA. Further analysis was carried out using Energy
Dispersive Spectroscopy with an Oxford Instruments X-Max 80 mm? detector, to find the
change in chemical composition on the surface. In this case the energy of the electron beam

was set to 20 kV and current was set at 9.09 nA.

3.3.5 X-Ray Diffraction (XRD)

The purpose of this analysis technique was to find the possible crystalline phases present
in the LTCC material. X-ray diffraction spectra of the LTCC 9k7 were obtained using the
D2 PHASER system with reflection geometry theta-theta and a one dimensional
LYNXEYE detector. X-rays were generated at 30 kV / 10 mA with wavelength of 1.542
nm due to the Cu 2p-1s transition. The data was collected at 0°-90° at a scan step of 0.02°.

3.3.6 X-Ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a very sensitive surface (5-10 nm depth) analysis
technique which gives information about elements present in the surface, their chemical
environment and their oxidation state. In this technique, the photoelectrons are generated
by sample irradiation with X-ray energy. These photoelectrons are analysed for their kinetic
energy which is characteristic of the binding energy of electrons in a particular element.
These characteristic energies allow identification of the chemical elements present on the
surface of a sample. A Thermo Scientific K-Alpha system with 180° double focussing
hemispherical analyser and 128 channel detector was used in this experiment. The X-ray
source was monochromatic Al k-alpha with spot size ranging from 30 um to 400 pum in 5
um steps and with energy of 1486.65 eV. The survey scans were collected from 0 eV to
1300 eV with 8-10 scans and with pass energy of 200 eV while high resolution spectra were
taken with 5 scans and pass energy of 50 eV. The step size of the survey scan and the high
resolution spectra was 1 eV and 0.1 eV respectively.

3.6.7 lon Coupled Plasma Emission Spectrometer (ICPE-9000)
The ion coupled plasma emission spectrometer can be used to analyse chemical elements
present in a solution. In this instrument, the solution is converted to aerosols by a nebulizer

and these aerosols are ionised by Argon plasma which contains a high concentration of free

electrons and argon ions. Due to the high energy in the plasma the electrons of the ions are
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excited and travel to higher energy levels. Excited electrons then emit radiation with
specific wavelength in the UV region when they return back to lower energy levels, which
gives the emission spectrum. In this study, a system was used with radio frequency power
of 1.6 kW and sample introduction rate of approximately 1 ml/min. The system has an
Echelle spectrometer which operates at 167 nm - 800 nm wavelength, a large-scale 1-inch
charge coupled device (CCD) detector, coaxial type nebulizer mini-plasma torch and a

cyclone sample mixing chamber.

3.4 Results and Discussion

3.4.1 Surface Modification of LTCC with NaOH Pre-treatment

A. Effect of NaOH Concentration on Surface Morphology

The effect of NaOH concentration on the surface morphology of the LTCC substrate was
investigated using a series of NaOH concentrations (3M, 4M, 5M, 6M and 7M). The first
batch of samples was immersed in 3M, 4M and 5M NaOH solutions for 24 hours at room
temperature, and another batch of samples was immersed in 6M and 7M NaOH for 7.5
hours at room temperature. The surface morphology of the samples was analysed using
SEM.

The SEM micrographs of Figure 17 show that the concentration of NaOH had a clear impact
on the etching mechanism. The surface morphology of the unetched control sample (Figure
17 (a)) showed a flat surface with a general roughness. However, a flake like structure
formed on all LTCC samples treated with NaOH as seen in Figures 17 (b), (c), (d), (e) and
(F) and showed different surface structures to the control sample confirming the effect of
NaOH. In addition to the flake structures, the morphology of the background surface also
varied with the NaOH concentration. Increasing the NaOH concentration further and
reducing the immersion time to 7.5 hours, led to the structures shown in Figure 17 (e), (f).
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100pm

Figure 17 (a) LTCC control sample. LTCC samples immersed in NaOH solution, (b) 3M
(24 hrs), (c) 4M (24 hrs), (d) 5M (24 hrs), (e) 6M (7.5 hrs), (f) 7M (7.5 hrs).

According to the scale of the SEM images, the width of the flake like structure shown in
Figure 17 (b) was more than 100 um. Coverage of these features relatively increased in the
sample treated with 4M NaOH compared to the sample treated with 3M NaOH for the same
time period. However, these flake like structures disappeared from the surface of the sample
treated with 5M NaOH. This sample showed uniformly distributed grainy particles on the
surface. The sample etched with 7M NaOH with less immersion time (7.5 hrs) (figure 2b)
had a surface morphology which was a combination of surface morphology of samples
etched with 4M and 5M NaOH for 24 hours. It can be suggested that the flaky structure of
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the sample etched with 7M NaOH started to collapse with high concentration of NaOH.
The sample treated with 6M NaOH showed similar flake like features to the sample treated

with 4M NaOH however the coverage of these features was increased.

B. Effect of Immersion Time on Surface Morphology

From the initial experiments it was found that the immersion time in the NaOH solution
affected the surface morphology of the LTCC. To investigate this further one particular
concentration (4M NaOH) was selected and samples were immersed for different time
periods. The 4M NaOH solution was selected for this study as it gave uniformly distributed
flake like features as described above. Figures 18 and 19 show the high and low
magnification SEM images of the surface morphology of the specimens. The first sample
was taken out from the NaOH solution after 5 minutes. It is very clear from the SEM images
(Figure 18 (b)), that even after a short period of time, the surface morphology changed with
the NaOH solution exposure, with a significant change in the sample (Figure 18 (d)) taken
out after 30 minutes. The grains which were present in the control sample disappeared from
the surface and flake like features started to come out from the surface. The flake like
crystals seen earlier formed on the surface of the LTCC sample taken out from the NaOH
solution after only 50 minutes. It was also noticed that grains reappeared in the background
surface. According to the scale of the SEM images, the size of the flake like features could
go up to approximately 25 um depending on immersion time and the concentration of
NaOH solution and these structures had a hexagonal shape (Figure 18 (f)). After 75 minutes
of immersion time, the coverage of these features increased with the immersion time and
at the same time some flakes which were not attached to the bulk could also be seen in
Figure 18 (j). The coverage of these flake features decreased in Figure 18 (k) which was

immersed in the NaOH solution for 105 minutes.
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Figure 18 High magnification SEM micrographs of the LTCC samples immersed in 4M

NaOH solution for (a) 0 mins, (b) 5 mins, (c) 15 mins, (d) 30 mins, (e) 50 mins, (f) 75
mins, (g) 105 mins, (h) 140 mins, (i) 180 mins, (j) 225 mins, (k) 255 mins, () 270 mins
and (m) 24 hours

To verify above results, SEM images were taken at lower magnification to observe a larger
area on the surface.
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Figure 19 Low magnification SEM micrographs of the LTCC samples immersed in 4M

NaOH solution for (a) 0 mins, (b) 5 mins, (¢) 15 mins, (d) 30 mins, () 50 mins, (f) 75
mins, (g) 105 mins, (h) 140 mins, (i) 180 mins, (j) 225 mins, (k) 255 mins, () 270 mins
and (m) 24 hours

The SEM micrographs at lower magnification (Figure 19) confirmed that the surface had
started to change after 30 minutes and the flake like structures formed on the surface after
50 minutes. The coverage of these features on the surface varied. Figures 19 (e) and (f)

compare the surface morphology of the sample immersed in NaOH solution for 50 minutes
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and 75 minutes respectively. The coverage of the flake like structures decreased relatively
in the sample immersed in NaOH solution for 75 minutes. The same variation was noticed
in Figures 19 (g) and (h) and Figures 19 (j) and (k)

3.4.2 Investigation of the Etching Mechanism

From the initial experiments, it was found that the surface morphology of the LTCC
substrate was changing with the NaOH pre-treatment. The SEM micrographs show a
comparison of the hexagonal shaped crystal structures formed on the surface with the
control sample. The immersion time as well as the concentration of NaOH affected the
surface morphology. The question was whether these crystals were already dispersed in the
LTCC material itself and appeared after the background surface was selectively etched
away with concentrated NaOH, or were they formed due to a chemical reaction between
the LTCC material and NaOH solution. Also there were other possibilities to explain the
formation of these crystal structures: for example were they due to residues from the NaOH
solution crystalized on the surface due to poor rinsing procedures, and another possibility
was that these crystals could be formed due to the samples being exposed to moisture and
air for long time periods before SEM analysis. The following analysis techniques were used
to investigate the mechanisms of formation, chemical composition and the crystalline

structure.

A. Optical Micrograph Study

A batch of LTCC samples were immersed in 4M NaOH solution for different time intervals
at room temperature. Each sample was rinsed thoroughly and dried before the analysis. The
optical micrographs of the LTCC samples were taken immediately after the drying process.
This was done to find out if the flake like structures were forming on the LTCC surface due
to the reaction with moisture or air while keeping these samples for a long time period.
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Figure 20 Optical micrographs of LTCC samples (a) control sample and (b) sample
treated with 4M NaOH for 24 hours

Figure 20 shows the optical micrographs of the LTCC sample, immersed in 4M NaOH
solution for 24 hours and analysed immediately after removal from the NaOH solution. The
control sample showed a plain surface. Compared to the optical micrograph of the control
sample, areas with shiny features could be seen on the sample treated with NaOH for 24
hours. The coverage of these features was fairly uniform on the surface. It was noticed that
at higher magnification it was difficult to focus the image due to the tall and pointed features
on the surface. It was very clear that the flake like structures formed while the LTCC

samples were in the NaOH solution and not due to the air or moisture in the atmosphere.
B. SEM-EDX Analysis
Energy Dispersive X-ray Spectroscopy (EDX) analysis was carried out to determine the

changes in elemental composition before and after exposure of LTCC to the NaOH

solution.

Figure 21 Area selected for EDX analysis
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This system has the capability of analysing 1-10 um depth of the surface. For the initial
analysis, the complete area of the SEM image (Figure 21 as an example) was chosen, to
include both flake and background surface structures. Figure 22 shows the SEM-EDX
analysis of the LTCC samples. The control sample indicated the presence of aluminium,
oxygen, calcium, lanthanum, boron, phosphorous and carbon as expected according to the
material datasheet [82]. A small amount (0.5 wt%) of silicon was present in the control
sample, however the Si peak effectively disappeared, even with 3M NaOH treatment. In
general, the EDX analysis revealed a decreased elemental percentage of Al and La with
increased NaOH etchant concentration. The decrease was more prominent in the samples
treated with 5M NaOH for 24 hrs. It was also noted that calcium and oxygen percentages
increased in the samples etched with 4M and 5M NaOH.
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Figure 22 SEM EDX Analysis- Change in elemental % of LTCC surface with NaOH

concentration (24 hours etch time)

The distribution of chemical elements of the LTCC sample etched with 4M NaOH for 24
hours was obtained using SEM-EDX elemental mapping. The image was focused on both
the background surface and the flake surface as shown in Figure 23. The results were then

compared to determine the change in chemical composition of the two distinct regions.
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Figure 23 SEM image corresponding to elemental mapping

The elemental mapping images obtained for Al, O, La, Ca and P matched to the
corresponding SEM image (Figure 23) are shown in Figure 24. Since Al and O images have
the same distribution and image contrast and rarely contain other elements, it can be
concluded that these areas represent aluminium oxide. It was seen that there was a clear
reduction of the element distribution of lanthanum and aluminium over the flake like
feature compared to the background surface. Oxygen showed fairly similar shades across
the SEM image and could be due to the oxides present in both the flake like features and
the background surface.

Al K series O K series

10pm

10pm
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Figure 24 SEM EDX elemental mapping of the flake structure and background surface

A relatively high amount of calcium was present in the flake like feature compared to the
background surface. A few bright areas could be seen in the boron map and some of these
areas overlapped with the flaky structure on the corresponding SEM image. The
phosphorous map showed a similar pattern to the lanthanum distribution; however it was

relatively less in concentration.

C. Chemical Composition of NaOH Solution

Control NaOH (4M) and the 4 M NaOH solution which was used to treat LTCC samples

were both diluted to 0.04 M and qualitatively (10% error when analysing qualitatively)

analysed for their elemental composition using the ICPE-9000 system. The aim was to

determine whether there were any elements present in the NaOH solution which could have

been etched away from the LTCC samples. The chemical composition of the NaOH

solution which was used to treat the LTCC samples was compared with the chemical
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composition of the control NaOH solution. The same 4M NaOH solution used in earlier
experiments were used for the analysis. Approximately ten samples had been etched in this
solution and solid residues were not observed in the solution. According to the results
obtained (Table 5), the elemental percentage of aluminium, boron and calcium of the NaOH
solution increased compared to the control sample. It was also found that the elemental

percentage of lanthanum and phosphorous remained constant.

Table 6 Comparison of chemical composition in control NaOH solution and the 4M

NaOH solution which was used to treat LTCC samples

Element Element concentration/mg/L  Element concentration/mg/L

in control NaOH Solution in 4M NaOH solution used to
treat LTCC

Aluminium 0.24 35

Boron 0.06 0.41

Calcium 0.01 0.07

Lanthanum 0.02 0.02

Phosphorous 0.17 0.17

The above observations can be compared with the EDX results obtained for the LTCC
sample without any surface pre-treatments. As seen in the maps of the individual elements
(Figure 26), the control sample contained aluminium, calcium, oxygen, lanthanum, boron,
and phosphorous. Since aluminium and oxygen follow the same distribution and there is an
absence of lanthanum and calcium on these particular areas, this leads to the conclusion
that the grainy particles present on the surface are alumina particles. The rest of the area
can be a single or multi-phase structure containing aluminium, lanthanum, calcium, boron,

phosphorous and oxygen.

Since the NaOH solution contains aluminium, calcium and boron it can be concluded that
some of the LTCC material dissolved in the NaOH solution. Absence of lanthanum and
phosphorous in the NaOH solution, might be due to the selective etching of the material.
Another possible explanation for the absence of these elements in the NaOH is that the parts
which contain these elements could possibly drop to the bottom of the solution without

dissolving in the NaOH solution.
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Figure 25 SEM image of the cleaned untreated sample corresponding to elemental

mapping

Al K series O K series

La L series Ca K series
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Figure 26 SEM EDX elemental mapping of the untreated LTCC surface

D. XPS Analysis

XPS is a surface sensitive analysis method and only analyses the top 5-10 nm of the
material. Figure 27 (a)-(g) presents XPS scans of individual elements of the control LTCC
sample and Figure 27 (1)-(6) presents the XPS scans of individual elements of the LTCC
sample treated with 4M NaOH for 24 hours. The size of the surface area analysed for the
control sample was 400 um while the analysis area of the sample etched with NaOH was
reduced to 30 um: the aim was to focus the beam on a flake like structure. A flake like
feature was identified on the surface using the optical camera attached to the system and
analysis of this was carried out. However, as the optical image was not very clear, possibly
due to the reflection from the LTCC material this analysed area may have included some

additional components other than the flake.

According to the XPS scans of the control sample, the chemical elements aluminium,
calcium, lanthanum, carbon, oxygen and phosphorous were present on the surface. The
XPS scan of the LTCC sample treated with 4M NaOH also shows the presence of
aluminium, calcium, lanthanum, carbon and oxygen with the addition of magnesium. The
chemical elements aluminium, calcium, lanthanum, carbon and oxygen are therefore
common in both samples. The binding energies of aluminium, lanthanum and oxygen were
observed at the same position in the spectra. However, it is clearly shown in the overlapped
scans of calcium and carbon in Figure 28, that the position of the binding energies of the
calcium (Figure 28 (a)) peaks changed and the carbon (Figure 28 (b)) slightly changed. A

stronger peak at 289 eV appeared in the carbon scan (green line indicates the etched sample
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and red line indicates the control sample) that is indicative of carbonate species. The
calcium peak at 347 eV in the etched sample may suggest the presence of CaCOs [83]. A
magnesium peak at 1304.27 eV appeared in the XPS scan of the sample treated with NaOH.
It was also noticed that two peaks at 133.35 eV and 1072.06 eV that are responsible for
phosphorous 2p and sodium 1s disappeared in the XPS spectrum of the sample treated with
NaOH.
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Figure 27 XPS Spectra. Control sample: (a) survey scan, (b) Al2p, (c) Ca2p, (d) La3d, (e)
C1s, (f) Ols and (g) P2p. Sample etched with 4M NaOH for 24 hrs: (1) survey scan, (2)
Al2p, (3) Ca2p, (4) La3d, (5) C1s, (6) Ols and (7) Mgls.
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Figure 28 Overlapped scans of (a) Calcium (b) Carbon (green line - etched sample and red

line - control sample)

Table 7 Atomic % of control LTCC sample and sample etched with 4M NaOH obtained

from XPS
Atomic %
Chemical Element Control Sample etched with
4M NaOH
Al 22.34 22.78
Ca 3.54 9.1

La 3d5 2.21 1.03
O 1s 56.47 54.53
Cls 12.42 11.86

Na 1s 0.59 -

P2p 2.43 -
Mg 1s - 0.71

Table 6 shows the change in atomic percentage of the LTCC sample with NaOH treatment.
The total atomic percentage of calcium relatively increased in the sample treated with
NaOH. On the other hand, there was a decrement in the total atomic percentage of
lanthanum and there was no Phosphorous observed in the samples treated with NaOH. The

total percentage of oxygen and aluminium remained approximately constant.
E. LTCC Cross Section Analysis
A cross section of the LTCC substrate was encapsulated into a compression mounting resin

and grinding and polishing of the mounted specimen was carried out as described in section

2.4.4. The cross section of the specimen was then analysed using an optical microscope.
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Different phases

Figure 29 Optical micrograph of cross section of fired LTCC

As seen in Figure 29, three different features with different colours were identified within
the optical micrographs. These could be responsible for different types of crystalline phases
present in the LTCC material.

Another sample was snapped and mounted on an Al stub without polishing and the cross
section was analysed using SEM. SEM micrographs of the cross section were taken at top
and middle sections of the sample. Some flake like structures were found located in the
middle section of the cross section. The cross section of the top surface showed a relatively
dense material phase compared to the middle section. The middle layer of the cross section

contained some pits as seen in the SEM micrograph (Figure 30 (c)).
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Figure 30 SEM images of LTCC cross section (a) and (b) middle region (c) and (d) top

region

F. XRD Analysis

XRD analysis was carried out to investigate the different phases present in the LTCC
material after the firing process. X-Ray diffraction patterns for the solid state LTCC were
obtained using the D2 Phaser XRD system. The XRD spectrum is shown in Figure 31 The
results were analysed using the database “The International Centre for Diffraction Data
(ICDD) Powder Diffraction File (PDF)”, which is part of the STOE WinXPow Software
suite. The XRD spectrum showed sharp peaks confirming that the LTCC material consisted
of a large number of different types of crystalline phases. The XRD peaks were overlapped
in many 2 Theta positions. At this stage, three different crystalline phases were identified:
corundum (Al203) (PDF card number 46-1212), calcium aluminium borate (CaAl2.B207)
(PDF card number 19-205) and lanthanum borate (LaBOs3) (PDF card number 12-762).

64



Chapter 3 Chemical Surface Pre-treatment of LTCC

| [46-1212] AI2 O3 / Aluminum Oxide / Corundum, syn (Range 1)
> [19-205] Ca Al2 B2 O7 / Calcium Aluminum Borate (Range 1)
xOCin [12-762] La B O3 / Lanthanum Borate (Range 1)

Relative Intensity (%)

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 2Thetg

Figure 31 XRD spectrum of fired LTCC

Nair et al. studied the crystal behaviour of the fired LTCC 9k7 using X-ray diffraction [84].
However, this study did not provide any chemical compositions of the crystalline structures.
Their X-ray diffraction results for LTCC 9K7 fired tape surface after the initial firing at the
26.5 hour firing profile and for the tapes refired an additional six times at 850 °C for 30
minutes were presented. Five different crystal species were identified: amorphous remanant
glass, two types of crystals derived from partial crystallisation of the glass and another two
types of crystals derived from the interaction of the filler with the glass and a ceramic
crystalline structure. This study also showed that no further increase in the amount of

crystal formation occurs with refires.

G. Weight Loss Measurements

From the previous analysis techniques, it was hypothesised that material was being
removed from the LTCC surface when treated with NaOH solution. To confirm this, weight
measurements were carried out on etched LTCC samples. The initial weight of the cleaned
LTCC samples was measured using a KERN ABS220-4 electronic balance. These samples
were then placed in a vacuum oven for approximately one hour at 80 °C. The weights of

the samples were measured again and compared with the initial results and the same
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procedure was carried out until the weight reached a constant value. This was done to get
the weight of the LTCC samples without any moisture content. Samples were then
immersed in 4M NaOH solution for different time periods. These samples were then rinsed
with deionized water and dried with a specimen drier. The samples were then dried in the
vacuum oven at 80 °C and the final constant weights of the etched samples were also

measured.

In this experiment, the material removal rate (R) was then calculated using the following

equations and presented in Table (7).

h=2Y 3.1
2dA
_ 4w 23
2dAt

Where, h is the change in thickness from one surface, Aw is the weight loss, d is the density
of fired LTCC 9k7 (3.1 gcm™®), A is the area of the sample and t is the etch time.

Table 8 Material removal rate of LTCC etched with 4M NaOH

Immersion time / Sample Weight loss/  Thickness of the Etch rate/
minutes starting g etched material nm/hour
Weight/ g /nm

30 0.0942 0.0001 120 487

60 0.0969 0.0002 240 487

120 0.0976 0.0002 240 243

240 0.0983 0.0003 365 182

360 0.0961 0.0004 488 162

1440 (24 hrs) 0.0944 0.0041 5 um 208

The resolution of the balance is 0.0001 g and the fourth decimal place of the first five
readings of the table may therefore not contribute towards any significant conclusions.
However, the weight loss increased with the etching time and this result was more obvious
in the sample treated for 24 hours. The weight measurement results confirm that material
was removed from the surface with the NaOH treatment. The etch rate appears to have
higher values for the first one hour period and decreases over the next five hours, showing

that the top layer of the LTCC samples was easier to etch away.
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3.5 Discussion

It has been found that concentrated NaOH can be used as a chemical etchant in order to
change the surface microstructure of fired LTCC. The microstructure of the LTCC surface
was found to vary with the concentration of NaOH and sample immersion time in the NaOH
solution. The most noticeable feature was the appearance of flake structures after 50
minutes in 4M NaOH solution. A number of analysis techniques were used to find out
whether these features were already dispersed in the LTCC material itself and appeared
after the background surface was selectively etched away with concentrated NaOH or if
they were formed due to a chemical reaction between the LTCC material and NaOH
solution. An initial consideration was that these crystals could be formed due to air and
moisture in the atmosphere when stored for long periods. However, after considering the
optical micrographs of the samples analysed immediately after they were taken out from
the NaOH solution, it was very clear that the flake like structures formed while the LTCC

samples were in the NaOH solution and not due to the air or moisture in the atmosphere.

The optical micrograph of the cross section of polished LTCC and the initial XRD analysis
confirmed that the LTCC material consists of different types of crystalline phases. The
SEM images of the surface of LTCC without any surface treatment showed loosely bound
grainy particles and according to the EDX results these grainy particles may be alumina
which was also seen as one of the structures in XRD. The SEM images of the unpolished
cross section of the LTCC sample showed a similar feature that could be a flake like
structure and this was located in the middle layer of the material. It was also found that the
top surface consisted of a relatively dense material phase. XPS and SEM-EDX analysis was
carried out to investigate the change in chemical composition of the LTCC surface after
NaOH treatment. According to the XPS study only calcium and carbon showed small
changes in peaks. This indicates that the chemical state of the other elements remains
unchanged suggesting no new crystals formed on the surface due to a chemical reaction
between NaOH solution and the LTCC material. Both XPS and EDX analysis confirmed
an increase in calcium and oxygen percentage on the LTCC surface when treated with
NaOH. On the other hand, elemental distribution of the LTCC treated with NaOH showed
an increase in calcium, boron and oxygen percentages in the flake like surface while the
background surface contained a high amount of aluminium, lanthanum, oxygen and

phosphorous.
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The model in (Figure 32) is proposed at this stage for the microstructure of the fired LTCC

material according to the above observations.

Grainy particles which can be
seen on the control sample

Other crystal phases

Crystal phase responsible for
flake-like structures

Dense material on outer surface

Figure 32 Model of the fired LTCC microstructure

This material model suggests that the flake like structures are already immersed in the
LTCC material and concentrated NaOH has the ability to selectively etch away the
background surface. Weight reduction of the LTCC samples treated with NaOH compared
to the control sample and the presence of Aluminium, Boron and Calcium in the NaOH
solution which was used to treat LTCC samples further support the above conclusion.
Figure 33 shows the schematic diagram of the possible etching process of the LTCC when

immersed in NaOH.

Grainy particles

Flake-like crystals
dispersed in the LTCC
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Figure 33 Schematic diagram of the etching process
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3.6 Conclusions

In this study, different concentrations of NaOH were used to modify the LTCC substrate
surface for later use in the adhesion of electroless Cu deposits. With this approach, a
different surface morphology was observed when using different concentrations of NaOH.
The sample immersion time also affected the surface morphology of the LTCC. Flake like
features appeared on the LTCC surface after the NaOH pre-treatment and a series of surface
analysis and chemical analysis techniques were carried out to investigate the etching
mechanism and the chemical composition of the flake like structures. A material model was
proposed for fired LTCC according to the results obtained and suggested that these flake
like features are already dispersed in the fired LTCC material. These then “appear” on the
surface once some of the background surface is selectively etched away. The change in
surface roughness of the LTCC surface with the NaOH pre-treatment and the effect of
change in surface morphology on adhesion improvement will be presented in the later

chapters.
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Chapter 4 Effect of NaOH Pre-treatment on Surface Roughness of LTCC

4.1 Introduction

As mentioned in the previous chapter, surface roughness of the substrate plays a vital role
in adhesion improvement. Some of the widely used methods in order to create rougher
surfaces include chemical treatments, mechanical abrasion and plasma treatments. In this
research a chemical treatment method using NaOH was employed to change the surface
morphology of the fired LTCC. It was noted that a flake like structure appeared on the
LTCC surface with the NaOH treatment. It was necessary to investigate the effect of these
features on the change in surface roughness of fired LTCC and this chapter therefore
presents data for the change in surface roughness of fired LTCC once treated with
concentrated NaOH. It also discusses the characterization of the surface roughness of the
treated LTCC surface using traditional profile parameters such as Ra and areal surface

texture parameters which may give a much better representation of the surface morphology.

4.2 Literature Survey

4.2.1 Classification of Surfaces

The relationship between surface topography and the functionality of the surface is vital for
many engineering surfaces. Surfaces are usually manufactured to obey some functional
properties depending on the application. These functional properties include wear, sealing
and paintability etc. Hence, characterization of surface texture is important when designing

surfaces for functionality [85].
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In 2001, Stout and Blunt [86] presented a hierarchy of surface classification. According to
their classification, surfaces can be divided into two main categories, i.e. engineered and
non-engineered surfaces. This is further divided into sub-categories and illustrated in Figure
34.

Surface
classification

|
Engineered | Non-
engineered

Structured Unstructured L Random Systematic

Directional

Non-
directional

Figure 34 Classification of surfaces [86]

Engineered surfaces are obtained by altering the surface for specific functional
performance, whereas non-engineered surfaces are produced as a result of the
manufacturing process. Structured surfaces are defined as surfaces with a high aspect ratio
of geometric features. Directional surfaces have a specific directional pattern and the non-
directional surfaces have a pattern without any specific directionality. Unstructured
surfaces are manufactured by partly controlled manufacturing processes. Random surfaces
are obtained by removing systematic features, whereas systematic surfaces contain a pattern
usually as a consequence of the production process [86]. The measuring parameters which
describe the surface texture should be selected according to the functionality and the type
of surface. In this case, it is important to identify the functionality and the type of the surface
being measured. The ceramic surface studied in this research belongs to the engineered
surface category as the final surface is due to an alteration of the surface using a chemical
etching process. Since it does not convey a deterministic pattern, it can be further categorised

into an unstructured surface.
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4.2.2 Surface Texture Measurement Methods: 2-D vs 3-D

Surface roughness is one element of the surface texture and is usually measured using a
contacting stylus or a non-contacting optical probe. In a stylus instrument, a stylus tip
contacts and is dragged across the sample surface and the vertical movement of the stylus
tip is measured and converted to an electrical signal by a transducer unit [87]. The size
and the shape of the stylus tip and the force being used on the stylus directly affect
the measured surface texture results. For example, depending on the size of the stylus
tip, it may not fully penetrate into the narrow valleys of the test surface. Also, a stylus
tip may never identify a re-entrant feature on the surface leading to poor representation of
the surface texture [88]. Zahwi and co-workers also reported that the force applied on the
stylus tip can create a scratch on the test surface and affect the surface texture results [89].

Stylus instruments that can be used to measure vertical and horizontal axes are reported in
the literature [90], however, these instruments are time consuming and costly. Optical
techniques on the other hand have drawn much attention when measuring surface texture
in terms of getting more accurate results. Optical techniques such as interferometry [91],
scattering [92] and autofocus [93] can be used as an alternative to achieve relatively faster
results when measuring 3-D surface texture [94]. Leach and co-workers reported a
comparison of the stylus and optical methods for 2-D surface textures. In this study, they
found that the results obtained from both methods did not agree. Further, they also found
that the results were varied when obtained using the same measurement technique, but with
different instruments. However, proper calibration of instruments according to the given

measurement type and surface can give confidence in using these techniques [95].

A good representation of the 2-D surface texture data can only be obtained when the surface
is homogeneous. In the case of heterogeneous surfaces, statistical representation of a 2-D
profile can be very poor as it only provides the topographic information along one direction
where the 2-D profile is taken. For non-homogeneous surfaces, 3-D surface texture gives
more detailed information. The 3-D surface texture represents the real surface with
significant surface functionality and it gives an opportunity to derive parameters relating to
surface area leading to the much better representation of statistical significance and

repeatability [96].
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4.2.3 2-D and 3-D Surface Texture Parameters

Coherence Scanning Interferometry (CSI) instruments normally gather a raw set of
quantified numerical data which represents the topography of the test surface. The CSI
software can then be used to convert these data into a graphical representation and
numerical quantifiers such as surface texture parameters. Depending on the user defined
data, 2-D or 3-D surface texture parameters can be obtained [97]. Areal surface texture

parameters can be divided into two sub-categories i.e. S parameters and V parameters.

Once the surface has been measured, the data can be presented as 2-D or 3-D surface texture
parameters. In this study, only Ra (2-D parameter) and V parameters which have been
specially developed to describe the material volume and the void volume of the surface
were selected. Definitions of those parameters and some of the terms that describe Ra and

V parameters are presented in the following section [98].

Ordinate value (Z(x))

This is the height of the assessed profile at any position X. The height is regarded as

negative if the ordinate lies below the x-axis and positive otherwise (Figure 35).

7 A

(+h) A

ANA
Mnravars

Figure 35 An example of a 2-D profile of a surface
Ra- Arithmetical Mean of the Assessed Profile
Ra is usually defined as the arithmetic mean of the absolute ordinate values Z(x) within the

sampling length (I).
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11
Ra = 7f0|Z(x)| dx 4.1

The Ra value is the most common surface texture parameter considered, however, it does
not provide any information about any of the irregularities on the sample surface. As it
takes the mean of the absolute ordinate values of a surface profile, it is possible to acquire

similar Ra values for surfaces containing very different profiles [99].
F-operation, S—Filter and L-Filter

Once the surface is measured, the surface texture software usually removes forms
(geometrical form such as sphere or cylinder) from the primary surface prior to the filtering
process and this is called an F-operation. Filtering is a significant part in surface texture
analysis. Usually it is a way of rejecting data considered irrelevant. Filters avoid signals
according to a user defined scale in the x-axis in terms of wavelength. An S-filter is defined
as a surface filter which removes small scale lateral components from the surface resulting
in the primary surface. For example by applying an S-filter, measurement noise or
functionally irrelevant small features can be removed from the sample surface [100]. A
surface filter which removes large scale lateral components from the primary surface is
called an L-filter. For example when the roughness profile of the surface is the factor of
interest an L-filter can be applied to the measured surface to remove the waviness profile

from the surface.
S-F Surface and S-L Surface

The surface derived from the primary surface after removing the form using an F-operation
and S-filtration, is called an S-F surface while the surface derived from the S-F surface by
removing the large scale components using an L filter is called the S-L surface. The surface

(S-F or S-L) derived after filtration is known as the Scale Limited Surface.
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4.2 .4 Surface Texture Volume Parameters

Areal material ratio and the inverse areal material ratio of the scale limited surface are two
terms that are required when explaining the surface texture volume parameters. These terms

are defined in the following section.
Areal Material Ratio of the Scale Limited Surface (Smr (c))

Ratio of the area of the material (A+B+C+D) at a specific height ¢ to the evaluation area L
(Figure 36). Evaluation area is defined as the portion of the scale limited surface for
specifying the area under evaluation.

AWATE
/N

<8~ ¢ <pv
<€ B

Smr=100% (A+B+C+D)/L

Figure 36 Schematic representation of the Areal Material Ratio of the Scale Limited

Surface
Areal Material Ratio Curve

The areal material ratio of the scale limited surface is defined as the ratio of the area of the
material at a specified height to the evaluation area and the areal material ratio curve is
shown in Figure 37. When calculating volume parameters defined below, the default value
for p and g was 10 % and 80 % respectively.
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height T

p (10) q (80)
Areal material ratio %

Figure 37 Areal material ratio curve
Inverse Areal Material Ratio of the Scale Limited Surface (Smc (mr))

This is the height h at which a given areal material ratio (mr) is satisfied (Figure 38).

um A

' N

Reference plane

0% Areal material ratio 100%

Figure 38 Schematic representation of the Inverse Areal Material Ratio of the Scale
Limited Surface (Smc (mr))
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V parameters have been developed based on three zones of the surface i.e. peak zone (red
area of the areal material ratio curve), core zone (green area of the areal material ratio curve)
and the valley zone (blue area of the areal material ratio curve) and their definition, units

and mathematical representation are listed in Table 8.

Table 9 Definitions and mathematical derivation of V parameters [98].

Parameter | Definition Units | Mathematical Formula
Vv Void volume ml m i 100%
o | 1Sme®) - sme(@ldg
14
Vw Dale void volume of the | ml m Vw =Vv (p)
scale limited surface
Vvc Core void volume of the | ml m™ Vve =Vv(p) -Vv(q)

scale limited surface

vm Material volume ml m2 I p
ey | Sme@ - sde@lda
0
Vmp Material volume of the | mI m? | Vmp = Vm (p)
scale limited surface
Vmc Core material volume of | mI m? | Vmc = Vm (q) — Vm (p)

the scale limited surface

Vv is defined as the voids per unit area at a given material ratio calculated from the areal
material ratio curve. In other words, the volume of the space bounded by the surface texture
from a plane at a height corresponding to a chosen material ratio value to the lowest valley
[98], [63]. For example, if the Vv(mr) = A ml m™, it indicates that an A um thick film over
the measurement area would provide the same volume of fluid as needed to fill the
measured surface from a height corresponding to a material ratio % to the lowest valley.
Vmp (p) is the peak material ratio volume of the scale limited surface. This means the
volume of the material comprising the surface from the height corresponding to a material
ratio level p to the highest peak [98], [63]. Surfaces with large peaks are responsible for
larger Vmp values and this indicates good bearing properties of the surface. Vvv is the dale
void volume of the scale limited surface. Larger Vvv values indicate good fluid retention
capability in the valley zone [98], [63]. Vm (Material Volume) is the volume of material
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comprising the surface from the height corresponding to mr to the highest peak of the
surface [101]. Vmc is defined as the core material volume of the scale limited surface. In
other words, Vmc is the volume of material comprising the texture between heights
corresponding to the material ratio values p and g. The surface with extreme valleys are
responsible for large Vmc values and this value further indicates how much material is
available for load support once the top levels of a surface are worn away [98],[63]. Vvc
(p,q) is the core void volume of the scale limited surface and it is the difference between
void volume between p and q material ratios. This also refers to the volume of the space
bounded by the texture at heights related to the 10% and 80% range of the material ratio.

Larger VVvc values indicate more fluid retention [98], [63].

4.2 .5 Surface Texture Measurement of Unstructured Surfaces

The development of areal parameters started within the last three decades and the research
is still being carried out to investigate the relationship between the functionality of the test
surface and the surface texture parameters. The user has the challenge to select the most
suitable areal parameters which describe the functionality of the surface [97]. Little
research was found in the literature that has being carried out to find the relationship

between surface texture parameters and the functionality of the surface.

Ann Wennerberg used 3-D texture parameters obtained using measurement equipment
based on the confocal principle. In this study, the relationship between surface roughness
and firmer bone implant fixation was investigated. The roughness of the implants was
formed by a blasting technique and the surface texture S-parameters were used to describe
the implant surface [102]. Another study carried out by the same research group compared
the confocal laser scanning and stylus techniques when measuring 3-D topography of two
different surfaces [103]. The surfaces used there included a titanium disc blasted with 25
um particles and a complex surface structure with superimposed cylindrical shape that had
a plateau horned surface. This study showed there was a good agreement between both
measurement techniques. It also found that soft materials are best tested with a laser
scanning technique, while hard materials are best evaluated with a stylus method. Their
finding showed S-parameters were not suitable for describing the blasted surface due to the

lack of an S-shaped material ratio curve.
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A recent study [63] has been carried out to find the relationship between the adhesion
strength of electroless copper deposits to roughened glass substrates and areal surface
parameters. Both random and structured surfaces were created on a glass surface using
excimer laser machining. In that study, height parameters, spatial parameters, hybrid
parameters and volume parameters were correlated with the critical load at the copper
failure point of the scratch test. A number of areal parameters which showed a strong
relationship with critical load were identified. A set of areal parameters were recommended
with a value range for predicting copper plating adhesion to glass. However, the
recommended parameter range values were only valid for a structured glass surface. This
work suggested that some of the height, hybrid, and volume parameters (Sq, Sdq, Sdr, Sxp,
Vv, Vmc, and Vvc) can be used to describe the glass surface texture in order to relate to

electroless copper adhesion.

4.3 Research Methodology and Experimental procedures

Surface roughness measurements have been conventionally carried out using 2-D surface
texture parameters and, in the field of signal processing, the skin depth value of a conductor
line is usually compared with 2-D surface roughness values [104]-[106]. For this reason,
the surface roughness of LTCC test samples were initially analysed using Ra values.
However, from the initial results presented below, it was found that the Ra value did not
represent the surface morphology of the test surface effectively. In this case, a set of areal
parameters were used to analyse the LTCC samples in order to achieve a better
representation of the LTCC surface in order to correlate with the morphology observed with
the SEM images. Based on the literature discussed above, it is clear that little or no
compelling evidence is available to link any specific surface parameters to the function of
the surface. Therefore, only V-parameters which have been specially developed to describe
the material volume (Vmp, Vmc) and the void volume (Vv, Vvv, Vvc) of the surface were

selected to study the surface texture of the LTCC surface treated with NaOH.

4.3.1 Experimental

The roughness measurements in this study were carried out using a Zygo NewView 5000
coherence scanning interferometer. This system has capability to measure and image 3-D

microstructure and topography of surfaces using white light interferometry. This technique
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uses the superposition property of light waves, i.e. two or more waves which are the same
frequency and phase will add constructively and the waves that are out of phase by 180°
will cancel each other. In a white light interferometer, the light from the microscope is split
into two parts using a beam splitter. One part of this light hits an internal reference plane
and the other part strikes the surface to be tested. Then the reflected light from both surfaces
are collected on an observation screen and this results in an interference pattern. This gives
dark and light areas usually called fringes. The same test samples prepared in section 3.3.2
and 3.3.3 A. were analysed for their surface texture using a Zygo NewView 5000
Coherence Scanning Interferometer. The surface roughness measurements were processed
and analysed using the TalyMap Platinum v5.1 surface texture processing software.
Filtering is important in surface texture data processing to remove unwanted noise, spikes
or functionally irrelevant small or large scale lateral components [97]. Microroughness
which is usually due to instrument or environmental noise was filtered using a 2.5 um cut-
off wavelength. A 2.5 mm cut-off wavelength Gaussian filter was applied to remove any
form or waviness of the sample surface. The same filtering was applied in each and every
data processing to maintain the consistency of the analysis. The initial test samples were
analysed only using Ra parameters and the later samples were analysed using Ra and areal

parameters for comparison.

4.4 Results and Discussion

4.4.1 Effect of NaOH Concentration on LTCC Surface Roughness

The first batch of LTCC samples were immersed in 3M, 4M, and 5M NaOH solution and
were kept at room temperature for 24 hours, while other LTCC samples were immersed in
6M and 7M NaOH at room temperature for 7.5 hours as described earlier. The Ra was
measured in three locations on the sample surface as shown schematically in Figure 39
using a Zygo NewView 5000; the data points in the graph (Figure 40) show the average of
the three values obtained, while the error bars indicate the maximum and minimum of the

three Ra values.
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A B
C D
E F

Figure 39 2-D Surface profiles taken in 3 different locations

Figure 40 illustrates the increase of surface roughness values (Ra) with the NaOH
concentration. In some cases there were very large differences between the maximum and
minimum Ra from the same surface which is thought to be due to the random selection of
the measured line (A-B, C-D or E-F in Figure 39) that may or may not have included the
flake like structures. In this situation areal surface profile measurements may be more
appropriate [107] to include all features and this was studied in later experiments.
Considering the average Ra values, the surface roughness of the samples increased with the
NaOH concentration as well as the immersion time. High surface roughness values (Ra)
were observed for samples etched for longer times in less concentrated solutions. One
unanticipated finding was that the samples etched with 4M NaOH had similar Ra values to
the samples etched with 5M NaOH, although rougher (flakier) surfaces were observed in
the SEM micrographs (Figure 17 c and d) in Chapter 3. This rather contradictory result may
be due to the poor representation of the 2-D profile data when calculating Ra values as
described above.
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Figure 40 Variation of surface roughness as a function of NaOH concentration and

immersion time

4.4.2 Effect of Immersion Time

The correlation between surface roughness parameters and the sample immersion time in
the NaOH solution was also investigated. A particular concentration of NaOH (4M) was
selected and LTCC samples were immersed in this solution for different time intervals.
Again, scanning white light interferometry (Zygo NewView 5000 instrument) was used to
image and measure the micro structure and topography of surfaces. Both Ra values and
areal V- parameters were analysed for comparison reasons. The measurements were taken
on three different areas (each approx. 500 um x 600 um) of the sample and an average
value was calculated. The correlation between surface morphology and roughness
parameters were also investigated. For comparison reasons, the analysis was carried out

using the same samples used to obtain the SEM micrographs in section 3.5.1.B.

In general, all the parameters measured for the samples (Figure 41) have a fluctuation of
surface roughness with immersion time. The average Ra values again show large
differences between maximum and minimum values (Figure 42 (a)). After 5 minutes of
immersion time, there is a small decrease in all the parameters. It was also noted that all the
parameters have their peak values in the range of 75 minutes to 105 minutes and at 225

minutes. The variation of Vv, Vmc and Vvc show a very similar pattern of fluctuation. Vvv
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suddenly drops at 15 minutes showing different variation to the other parameters. The error
bars of each graph represent the maximum and minimum values of each parameter used.
The error bars of the graph which represents the change in average Vmp against immersion
time has relatively large values at two points. The rest of the graphs have relatively smaller

error bars representing the lower variability of these surface parameters.
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Figure 41 SEM micrographs of the LTCC samples immersed in NaOH solution for (a) 0 mins, (b) 5 mins, (c) 15 mins, (d) 30 mins, (e) 50 mins, (f) 75
mins, (g) 105 mins, (h) 140 mins, (i) 180 mins, (j) 225 mins, (k) 255 mins, (I) 270 mins and(m) 24 hours (these are the same as Figure 19 and are

repeated here for convenience)
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Figure 42 Variation of average (a) Ra (b) Vv (c) Vmp (d) Vmc (e) Vvc (f) Vvv as a function of immersion time
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When compared with the SEM images of the surface, the average Vv values showed
contradictory results at some points. The higher average Vv at 50 minutes of immersion
time compared to that at 30 minutes is presumably due to the formation of flake like
structures on the surface (Figure 41 (d) and (e)). The decrease in the coverage of these flake
like structures and taller features could be responsible for the increase in average Vv value
at 75 minutes of immersion time (Figure 41 (f)). The average Vv value at 105 minutes
showed a lower value compared to the point where the immersion time was 75 minutes and
this could be ascribed to the increase in coverage of the flake like features in the SEM image
(Figure 41 (g)). The next two SEM images (Figures 41 (h) and (i)) of the samples immersed
in NaOH solution for 140 minutes and 180 minutes respectively showed relatively low
surface coverage of flake like structures and therefore higher average Vv values were
expected. However, these two samples showed relatively low average Vv values compared
to the average Vv value of the sample immersed in NaOH solution for 105 minutes. One
possible reason for this could be that these particular surfaces have a lower reference plane
due to shorter flake like structures. The sample immersed in NaOH solution for 225 minutes
has the highest average Vv value. This surface consisted of a high coverage of flake like
structures and therefore lower average Vv values were expected. This contradictory result
might be due to the taller surface features.

The average Vmp values are relatively higher for the samples immersed in NaOH solution
for 75, 105 and 225 minutes and relatively lower for the samples immersed in NaOH

solution for 140 and 180 minutes.

The higher average Vmc values at 105 and 225 minutes of immersion time could be
explained by the SEM images (Figures 41 (g) and (j)). The flakes formed on these surfaces
with broader material cores might be responsible for these higher values. The relatively
high average Vmc value at 75 minutes of immersion time did not correlate with the SEM
image (Figures 41 (f)). The SEM image showed relatively large features on the surface
compared to the background surface and observed low coverage of these features. When
considering the scale limited surface the peaks responsible for these features could be
cancelled and the Vmc values may be calculated considering the background surface only.

86



Chapter 4 Effect of NaOH Pre-treatment on Surface Roughness of LTCC

Relatively higher average Vvc values were obtained at 75, 105 and 225 minutes of
immersion time. The high Vvc values at 105 and 225 minutes of immersion time might be
due to the broader material cores (Figures 41 (g) (j)). The low surface coverage of the flake
like features (Figure 41 (f)) could be responsible for the high Vvc value at 75 minutes of

immersion time.

The Vvv did not show remarkable fluctuation with sample immersion time in the NaOH
solution apart from the points at 15 and 180 minutes of immersion time. The one possible
reason for this could be the minimal change in surface morphology of the background
surface. The lower average Vvv values at these two points might be due to the relatively

smoother background surface of the samples.

4.5 Discussion

In this study, the surface texture volume parameters were correlated with the surface
morphology of the samples treated with 4M NaOH solution. However, at some points a
correlation between surface morphology and the surface texture was not observed. Figure
43 (a) and Figure 44 (a) show the SEM micrographs of the sample treated with 4M NaOH
for 75 and 225 minutes respectively and Figure 43 (b) and Figure 44 (b) show the 3-D

profiles of the corresponding samples.
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(a) (b)
Figure 43 Surface morphology of LTCC sample treated with 4M NaOH for 75 minutes
(@) SEM micrograph and (b) 3-D profile
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Figure 44 Surface morphology of LTCC sample treated with 4M NaOH for 225 minutes
(a) SEM micrograph and (b) 3-D profile

When compared with the 3D profiles of the two samples, the sample immersed in NaOH
solution for 75 minutes showed relatively higher peaks (Figure 43 (b)). However, when
comparing the SEM images of the two samples (Figure 43 (a) and 44 (a)) the height of the
flake like structures did not show much difference. This rather contradictory result might
be due to some of the errors of the Coherence Scanning Interferometry (CSI) instrument.
Some missing data points were observed in both 3-D profiles and could be correlated with
large surface gradients on the surface. It was obvious from the SEM images (Figure 43 ()
and 44 (a)) that these surfaces did not convey a well defined or well structured surface. As
a result of the chemical etching process, these surfaces showed random features on the
surface. These re-entrant features (Figure 45) might not be measured accurately and lead to
poor representation of the surface. Another possible reason for unexpected results could be
that the LTCC material itself is composed of different phases and this might lead to a
different phase change on reflection.
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Incident light

<——1 | Flake like structures

Figure 45 Re-entrant features effect

4.6 Conclusions

The work presented in this chapter has focused on the investigation of the change in LTCC
surface roughness with NaOH pre-treatment in terms of immersion time and NaOH
concentration. Both Ra and surface texture volume parameters (Vv, Vvv, Vvc, Vmc, Vmp)
were used to analyse surface roughness of NaOH treated LTCC. It has been found that Ra
values show poor representation of the LTCC surface roughness when compared with the
surface morphology analysed by SEM. The variation of volume parameters with the
immersion time in 4M NaOH characterised the surface morphology of the LTCC surface
to some extent, but the explanation was difficult at some points. However, except for Vmp,
volume parameters gave relatively smaller error bars compared to Ra values showing lower

variability and suggesting more representation of the LTCC surface.
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Chapter 5 Characterization of Deposited Copper on LTCC Substrate

5.1 Introduction

Metal films are essential components in the electronics industry and the reliability of these
films is crucial in the service life of electronic devices. Of particular importance, interfacial
adhesion plays a vital role in the reliability of metal films on substrates. However, the level
of adhesion required depends greatly on the practical application. For example, metal films
in electronic devices that are operating in harsh environments such as automobile and
aerospace require better adhesion strength than that of devices in consumer electronics. On
the other hand, surface roughness and thickness of the conductor affects the performance
of the electronic devices, especially when operating at high frequencies. Conductor surfaces
ideally require low surface roughness for better signal propagation at high frequencies. This
chapter therefore reports an investigation of the surface roughness and interfacial adhesion
between deposited copper and NaOH treated LTCC substrates. The chapter begins by
reviewing the methods of determining the film adhesion and the effect of surface roughness

on high frequency performance.

5.2 Literature Survey

5.2.1 Test Methods for Metal Film Adhesion

The common test procedures for measuring metal film adhesion strength include scratch,

pull, peel, scotch tape, blister and indentation tests, however, the type of test that can be
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used varies depending on the strength of the adhesive bond and the level of detail of the
results to be obtained. For example, scotch tape tests can be used where the tests require
only qualitative results and scratch and indentation tests can be used where a quantitative
result is needed [108]. The tests that can be applied to measure the adhesion strength of
electroless copper deposits on substrates have been widely reviewed elsewhere [63],[16].
Tape peel test and scratch test were selected to measure the interfacial adhesion strength
between electroless copper and LTCC substrate based on ease of use and sample
preparation. Furthermore by using both tests, this provided an opportunity to evaluate the

test results quantitatively and qualitatively.

A. Tape Peel Test

The tape peel test was first reported by John Strong in 1931 and the adhesion strength of
aluminium films on glass was tested using scotch tape [109]. As described in section 2.4.5,
in the tape peel test, the adhesive tape is pressed on to the test surface and peeled off rapidly.
This is a qualitative method of determining adhesion strength and the experiment normally
gives a “pass” or “no pass” result. Three possibilities that could happen in this test are
complete removal of the film from the substrate, partial removal of the film from the
substrate or the film is not removed from the surface [110]. Marlene and co-workers [111]
used the Scotch tape test in order to investigate the interfacial adhesion between electroless
nickel and plasma processed glass substrates. The glass substrates were first treated with
plasma-polymerization and grafting processes using allylamine or acetonitrile prior to the
electroless deposition process. A test value (TV) = 5 was assigned for the samples which
did not show any metal removal in the tape test. The optimum thickness for the Ni films
(3.9 um for allylamine treated samples and 0.6 um for acetonitrile treated samples) were
reported based on TV=5 as these films adhered to the glass surface without any metal
removal in the scotch tape test. The same research group evaluated adhesion of palladium
free electroless copper on different polymer substrates using a Scotch tape test [112]. In
this study, copper (Il) organic precursor film was deposited on polymer substrates by
spraying and spin coating of copper acetate in ethanol solution. The deposited copper (1)
was reduced either using a NaBHy4 solution; by heating at 270 °C under nitrogen flow; by

plasma in an Ar atmosphere; or by UV irradiation under vacuum. The scotch tape test
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results were used to classify the influence of different treatments such as chemical, thermal,
photonic and plasma techniques based on adhesion levels of films obtained under various
conditions. For 15 minutes plating time all methods gave TV=5 for all substrates however,
when the plating time was increased to 30 minutes only a few substrates gave TV=5 result.
On many other occasions the Scotch tape test has been carried out in order to evaluate the

qualitative interfacial adhesion between metal films and substrates [112]-[115].

B. Scratch Test

The scratch test is a common quantitative test method for adhesion measurement of metal
film coatings. A diamond stylus is drawn across the coated surface under an increasing load
until some well-defined failure occurs at a load which is called the critical load (Figure 46)
[116].

Increasing load

!

\Tip movement

Diamond tip

Metal Coating

Sample

Scratch pattern
Figure 46 Schematic diagram of the scratch test

A scratch test was first reported in 1950 by O.S. Heavens [117]. He studied the influence
of chromium on the adhesion strength of vacuum evaporated silver and aluminium on glass.
He used a 0.03 mm radius stylus tip to drag across the surface. The load on the stylus was
gradually increased until the film was removed completely. This method was used to find

the optimum thickness of chromium which produced an improvement in adhesion. In 1959,
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this method was reviewed by Benjamin and co-workers [118] and suggested that the critical
load which was applied to remove the film from the substrate was not the only factor that
measured the adhesion of the film. They also suggested other factors such as the hardness
of the film and the substrate, and film thickness. This research group studied the other
factors that may influence the results of the scratch test suggested by Heavens. They
suggested that a shearing force can occur on the substrate film interface due to the plastic
deformation caused by indentation. They derived an equation to calculate the shear force
that depends on the critical load, the radius of the tip, the radius of the circle of contact and
the indentation hardness of the substrate material. They also suggested that the adhesion of
metal films can be measured as the shear force. They used the same scratch test apparatus
used by Heavens to measure the adhesion of silver films on various substrates and adhesion
and hardness of various metals on glass. According to their experimental results, they
concluded that measurements of adhesion may be made by using the vertical load when
comparing different metal films on the same substrate. However, shear force should be

taken into account when comparing the adhesion of metal films on different substrates.

The identification of the exact coating failure point can be difficult in scratch testing. The
failure point can be identified using microscope observation, acoustic emission and
measuring penetration depth [119]. Many failure modes were identified and reported in the
literature [120]-[122]. However, to identify the substrate coating adhesion, only the
adhesion related failure modes should be considered. S.J. Bull identified buckling, wedge
spallation and recovery spallation as the adhesion related failure modes [116]. The recent
scratch testing methods usually correlate the scratch patterns with acoustic emission and
friction forces to derive the critical load. Figure 47 shows the various damage patterns
which may occur during the scratch test that can be responsible for acoustic emission and
friction forces [123].
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Figure 47 Damage patterns that may be observed in a scratch test [123]

5.2.2 Effect of Surface Roughness on High Frequency Applications

Roughness and the thickness of the metal surface are two parameters that affect the
performance of the microwave frequency components. The term “skin depth” (d) is a
measure of how deep the conduction takes place from the surface of a conductor [124] and
can be calculated using the following equation.

8= P 51

LTINS

p - Resistivity of the metal
f - Frequency
M, Permeability of free space

M~ Relative permeability

Skin depth is a function of applied frequency and varies with the type of metal. As
frequency increases, the skin depth value decreases and as a rule of thumb, the thickness of

the metal layer should be 5-7 times that of the skin depth of the particular metal for good
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signal propagation. At micro and millimetre wavelengths, the signal only propagates on the
skin of the conductor and does not penetrate deeper in to the metal. This is due to inductance
created by the conductor at high frequencies [125]. The required thickness of the layer in a
particular metal can be clearly defined in terms of applied frequency. For example the skin

depth for copper at 10 GHz is 0.65 pm.

Surface roughness of the conductor has a considerable impact on signal propagation. At
high frequencies when skin depth becomes a few microns, surface roughness values should
be less than that of the skin depth values. Figure 48 shows a cylindrical conductor with
radius (r), skin depth (3) and surface roughness (R). For good signal propagation R should
be less than 9.

Skin depth &

Lt

Roughness of the surface (R

Figure 48 Cylindrical conductor showing relationship of skin depth, radius and roughness

The relationship between conductor roughness and signal loss in high frequency
applications have been studied in the literature. A study was carried out to find the effect
of copper surface roughness on measured signal loss and dissipation factor values of PCB
laminate [106]. The total loss (conductor loss and dielectric loss) was measured on test
samples with different surface roughness values using a vector network analyser at 3
different frequencies i.e. 3 GHz, 5 GHz and 10 GHz. At 10 GHz, 50 % difference in total
loss was observed between the material which had lowest roughness (electrodeposited foil
Ra = 1.5-2 um) and the material which had highest roughness (standard foil Ra = 7-8 pum).
The measured total loss showed increased values for rougher surfaces. The increase in total

loss was also higher at 10 GHz.
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5.3 Methodology and Experimental Procedure

The NaOH pre-treatment described in Chapter 3 clearly affected the surface morphology
as well as the surface roughness of the fired LTCC. Adhesion tests including tape peel test
as described in section 2.4.5 and scratch tests were carried out to investigate the effect of
NaOH pre-treatment on the interfacial adhesion strength between electroless copper and
LTCC substrates. Furthermore, the failure mode was investigated by analysing the surfaces

of the LTCC samples and the tape which was used in the tape test using XPS.

The surface roughness of the deposited copper was measured using a Zygo NewView 5000
Coherence Scanning Interferometer. In this case only the Ra parameter was considered in
the characterisation of the electroless copper deposits in terms of surface roughness, as the
performance of signal propagation can be compared with the Ra parameter as described in

section 5.2.2.

5.3.1 Experimental

A. Sample Preparation for Tape Peel Test and Scratch Test

The fired LTCC samples were cleaned and pre-treated with different concentrations of
NaOH prior to the electroless copper deposition. Sample cleaning was carried out according
to the procedure described in section 2.4.2 A. One batch of samples were then immersed in
3M, 4M and 5M NaOH solution for 24 hours and the other batch of samples were immersed
in 6M and 7M NaOH solution for 7.5 hours. Electroless copper was then deposited on these
samples for one hour at 30 °C leading to a thickness of approx. 3 um. The procedures

described in section 2.4.2 and 2.4.3 were followed for the electroless bath preparation.

B. Tape Peel Test

Interfacial adhesion of the electroless copper and NaOH treated LTCC substrate was

measured qualitatively using a tape peel test as described in section 2.4.5.
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D. Scratch Test

Adhesion strength of the Cu coatings was quantitatively measured using a scratch test
system ST 3001 based at the National Physical Laboratory. A diamond indenter tip with an
approximate tip radius of 200 pm and cone angle 120° was used to create scratches on the
substrate surface. Figure 46 shows the schematic representation of the scratch test. The
start load was set and increased stepwise to a maximum load until coating failure occurred.
The initial load was varied in each sample as in some cases substrate cracking occurred
during the test. Scratch testing parameters were set including scratch speed - 5 mm/minute,
and the loading rate was varied between 10 N/min and 2 N/min. The scratches were then
analysed using optical micrographs. Frictional force and acoustic emission were also taken

into account when analysing results.

5.4 Results and Discussion

5.4.1 Tape Test

The tape test was carried out to determine the adhesion strength between the samples treated
with different concentrations of NaOH solution and the copper deposits. Figure 49
illustrates the correlation between adhesion and concentration of NaOH solution. The
results showed that copper was not completely removed from the samples showing some
adhesion improvement compared to the untreated substrate (Figure 15). Only a small
amount of copper was removed from the sample treated with 4M NaOH for 24 hours. The
sample treated with 7M NaOH also showed relatively good adhesion compared to the
untreated sample presented in section 2.5.5 (Figure 15). It was also noticed that the
locations where the copper was removed from the samples treated with 3M NaOH appeared
a dark colour. This was different from the colour of the bare LTCC surface and may be due
to some traces of the electroless copper left behind after the peel test. The colour of these
areas on the sample treated with 5M and 6 M NaOH was relatively lighter. This suggests
that a thinner layer of copper was left behind on the samples treated with 5M and 6M
NaOH. Only traces of copper were observed on the tape which was used to test the LTCC
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sample treated with 4 M NaOH. Relatively small patches were removed from the surface
of the sample treated with 7 M NaOH.

Dark areas

B\ @ =
™ 4M - &M M

Cu has been removed from the surface

Figure 49 The image of Cu deposited on LTCC samples taken after the tape peel test

The dark areas which can be seen on the LTCC surface after the tape peel test are thought
to be the copper nano particles deposited at the very first stage of the electroless copper
plating process. The stepwise deposition process was studied and is presented later in the
chapter. The dark colour of the copper deposits may be due to the absorption of visible light
by the oscillation of valence conduction electrons present in the copper nano particles, a

process called surface plasmon resonance [126].

To study the above observation further, an LTCC sample after the peel test was analysed
using XPS. The tape test was carried out on a new LTCC sample which was treated with
5M NaOH. Three areas including a dark area, relatively lighter area and the area where

copper still remained (referred to as shiny) on the LTCC surface were analysed (Figure 50).

Figure 50 XPS analysis on three different areas
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A summary of the elements present in the survey scans of all three areas, their binding
energies and atomic percentage is presented in Table 9. The survey scan of the shiny area
showed copper, oxygen, chlorine, and carbon while the dark area and the light area showed
copper, oxygen, chlorine, carbon, tin, lanthanum, nitrogen, sodium and phosphorous. The
presence of lanthanum, phosphorous, aluminium, a portion of oxygen and carbon shown in
Table 9 is attributed to the chemical content present in the LTCC surface. Ca (0.48 At %)
was also present in the light area analysed. A very small percentage of nitrogen and sodium

was also present and this could be due to contamination.

Copper was present in all three areas with the atomic percentage of shiny, dark and light
areas as 5.42 %, 4.88 % and 4.68% respectively. The high resolution spectrum of the copper
was obtained in the binding energy range of 925 eV-965 eV for all 3 areas (Figure 51). The
binding energy of the peaks fitted to the high resolution spectra at 932 eV, 934 eV and 943
eV revealed the presence of Cu(0), Cu(I) and Cu(II). The strong peak located at 932 eV
was identified as due to Cu(0) and Cu(I) (these two species have very similar binding
energy) and the minor peak located at 934 eV is thought to be due to Cu(II). The satellite
peak located at 943 eV also confirmed the presence of Cu(II). The oxygen peak at 545 eV
also suggests that the copper is in the form of CuO or Cu20. The XPS analysis of the dark
and the light area showed a tin 3d doublet peak at 486 eV and 495 eV which may correspond
to SnO>. The presence of Sn on the surface is possibly due to the catalyst treatment. The

atomic percentage of tin was less than 0.1 % in both areas.
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Figure 51 Copper XPS peaks of the three different areas (a) shiny area, (b) light area and

(c) dark area

Table 10 Surface compositions and binding energies of three different areas of the LTCC

surface after peel test

Elements Shiny Dark Light
Binding  Atomic%  Binding  Atomic% Binding  Atomic %
Energy/eV Energy/eV Energy/eV

Cu2p3 934.6 5.4 933.9 4.9 934.4 4.7
Sn - - 486.5 0.1 486.9 0.1
Ols 532 19.6 531.2 40.6 531.3 41.3
Al2s - - 118.9 135 119.8 11.4

Cl2p 198.7 0.7 - - - -
Cls 285.2 63.8 285.2 31.7 285.5 32.2
La3d5 - - 836.1 2.4 836.1 2.5
P2p - - 133.1 35 134.1 3.9
N 8.7 400.2 2.1 400.4 2.1
Na 1.9 1071.2 1.2 1071.9 15
Ca2p - - - - 347.4 0.4
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5.4.2 Copper Failure Analysis on Untreated LTCC

XPS analysis was also carried out on the untreated LTCC surface after the Sn/Pd catalyst
activation and the LTCC substrate after the delamination. The surface of the tape which

held the delaminated copper film after the tape test was also analysed using XPS.

Figure 52 (A) shows the survey scan of the LTCC sample first cleaned with Decon solution
for 24 hours and then treated with catalyst for 2 minutes. The main elements present in the
sample were La, O, Sn, Ca, C, B and Al. Among those, La, O, Ca, B and Al were attributed
to the elements present in the LTCC sample. For the sample treated with Sn/Pd catalyst
solution, it was expected that a Pd 3d peak 335-336.7 eV would be seen. However, Pd did
not appear in the survey spectrum (Figure 52 (A)). Even with the high resolution spectrum
the Pd signal could not be clearly seen (Figure 52 (B)). One possible reason for this could
be the low adsorption of palladium on the LTCC surface within 2 minutes of immersion
time. However, a Sn 3d peak (487.09 eV) was clearly seen in the survey spectrum (Figure
52 (A)): the atomic percentage of Sn was 1.69 %. Another LTCC sample was immersed in
catalyst solution for 10 minutes after the cleaning step as described earlier and the XPS
analysis was carried out for comparison. The Sn peak was present in the survey scan as
expected: the atomic percentage increased to 2.21 %. It was not possible to detect a Pd peak
in the survey scan again, however the Pd doublet in the region of 334-344 eV was present
in the high resolution spectrum. It can be concluded that Sn and Pd adsorption had increased
with the catalyst immersion time. A sodium signal at 1071.86 eV was also present in the

survey spectrum and this could be due to material left behind from the cleaning process.
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Figure 52 (A) XPS survey scan (B) high resolution Pd scan for LTCC sample immersed
in Sn/Pd catalyst solution for 2 minutes (C) high resolution Pd scan for LTCC sample

immersed in Sn/Pd catalyst solution for 10 minutes

The XPS survey spectrum of the LTCC sample after the tape test is shown in Figure 53
(A). Compared to the chemical elements present in the LTCC surface activated with Sn/Pd
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catalyst, the spectrum showed the disappearance of the Sn 3d peak. As expected, a Pd peak
was not present even in the high resolution spectrum (Figure 53 (C). This is probably due
to the removal of the Sn in the electroless bath. As expected, a tiny amount of Cu was

present on the surface, however the atomic percentage of Cu was only 0.67%.
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Figure 53 (A) XPS survey scan, (B) high resolution Cu scan and (C) high resolution Pd

scan for the LTCC surface after the tape test

To find the adhesion failure, the tape which was used in the tape test was also analysed for
its chemical composition. The XPS survey spectrum (Figure 54 (A)) showed a high
percentage (12.53 %) of Cu on the surface of the tape. The features of the Cu2p signal in
the high resolution spectrum showed the presence of copper metal in addition to oxidised
Cu. The weak satellite in between the two intense peaks (Figure 54 (B)) indicates the
presence of copper oxide. Both Pd and Sn were not detected with the XPS analysis on the
surface of the tape. Previous research suggested that the failure of electroless copper and
glass occurs [16] at the catalyst/copper interface. In that study, they reported the presence
of Pd and Sn on the surface of the delaminated glass, but not on the surface of delaminated
copper on the adhesive tape confirming the copper failure at the catalyst copper interface.
Unfortunately, the absence of Sn and Pd both on the tape and delaminated surface in the
present study resulted in difficulty in drawing any further conclusion regarding the location

of the adhesion failure in the electroless copper / LTCC system.
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Figure 54 (A) XPS survey scan, (B) high resolution Pd scan and (C) high resolution Cu

scan for delaminated Cu film on the tape

5.4.3 Scratch Test

Scratch testing was carried out as a quantitative measurement to determine the adhesion
strength between the Cu deposit and the LTCC substrate. A batch of LTCC samples treated
with a series of NaOH solutions with different concentrations and plated with Cu for 60
minutes at 30 °C were analysed using a scratch tester. Figure 55 shows an example of the

scratches made on electroless copper deposited on LTCC. Initially the scratch appears
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bright where the surface is removed, then the failure of the coating occurs and in this case,

substrate cracking occurred with the increasing load.

Copper failure

Scratch direction

Substrate crack point

Figure 55 Scratches made on electroless copper deposited on LTCC sample

As the rate of increase of load per minute was known by determining the length of the
scratch before failure the critical load could be determined. The Cu failure point was
defined as the location where the substrate was visually seen under the optical microscope.
The optical micrographs such as those shown in Figure 55 of the scratches were initially
analysed to find the failure point. However, scaling from these optical micrograph images
was not clear enough to find the exact Cu failure point. Instead, an SIP Universal optical
measurement machine was used with a magnification factor of 12.5. This instrument
allowed measurement along the scratch by moving the stage manually, while inspecting the

scratch through an eyepiece and provided a digital readout relative to the start position.

The initial load of the scratch tester was set to 15 N for the sample treated with 1M NaOH
and increased stepwise. The load rate was 10 N/minute. The microscope analysis showed
that Cu failure happened at the start point of the scratch and the substrate cracked after 2.5
mm with a load of 20 N (Figure 56). As the substrate crack occurred at 20 N, the initial
load was lowered down to 10 N and applied on the LTCC samples treated with 2M and 3M
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NaOH. The load rate was maintained at 10 N/minute. The visual measurements emphasised

that the Cu failure also started at the very beginning in both samples.

The initial load was further lowered down to 1N for the samples treated with 4M, 5M, 6M
and 7M NaOH. The load rate was 10 N/minute for the 4M sample and for the rest of the

samples the load rate was 2 N/minute.

Figure 56 Scratch created on LTCC sample treated with 1M NaOH

The Cu failure could be identified with scratches on the samples treated with 4M, 5M, 6M
and 7M NaOH by analysing the samples with the SIP Universal optical measurement
machine and, at the failure point, the critical loads were identified as 8.1 N, 1.6 N, 2.3 N,
and 1.5 N respectively. The acoustic emission and frictional force obtained from the ST
3001 was also plotted against the scratch path to correlate to the failures observed under
the microscope and presented later in the chapter. The LTCC sample treated with 4M NaOH
showed a relatively higher critical load compared to the samples treated with 5M, 6M and
7M NaOH and this agreed with the tape test results.

Scratch made on Cu surface
om the surface

Figure 57 Scratch created on LTCC sample treated with 7M NaOH
108



Chapter 5 Characterization of Deposited Copper on LTCC Substrate

The fluctuations of the frictional force and acoustic emission along the scratch path should
also provide the position of the failure point. The load was plotted against the frictional
force and the acoustic emission for samples treated with 4M, 5M, 6M and 7M NaOH.
Figure 58 shows an example of the graphical representation of the frictional force and the

acoustic emission along the scratch path.
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Figure 58 Graphical representation (a) load vs acoustic emission, (b) load vs frictional

force of sample treated with 5M NaOH and (c) load vs frictional force of sample treated
with 6M NaOH

Figures 58 (a) and (b) show the graphical representation of applied load vs acoustic
emission and applied load vs frictional force respectively of the LTCC sample treated with
5M NaOH. The critical loads obtained according to the change in acoustic emission and
the frictional force were 4.6 N and 1.1 N respectively. A large difference between critical
load values for the same sample resulted in difficulty in identifying the copper failure point.
Figure 58 (c) shows the graph of applied load vs frictional force for the LTCC sample
treated with 6M NaOH. Again, the load vs frictional force graph did not indicate an abrupt
change in the slope leading to poor identification of the failure point. Table 10 summarizes
the copper failure point values identified with the microscopic examination and graphical

representations.
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Table 11 Summary of scratch test results (scratch speed 5 mm/minute)

Concent-  Initial Load Substrate Loadat Load at Critical load
ration of load/ N rate/ crack Cu substrate  identified with
NaOH N/minute point/mm failure crack
point/N  point/N  Acoustic  Frictional
emission force/N
1M 15 10 2.5 - 20.3 - -
2M 10 10 7.6 - 25.0 - -
3M 10 10 No crack - - - -
4AM 1 10 No crack 8.1 - 11.0 12.2
N
5M 1 2 No crack 1.6 - 46N 1.1
6M 1 2 No crack 2.3 - 2.1 N Difficult
to
identify
™ 1 2 15 - 11N 11

In some samples (1M and 2M), substrate cracks were observed before the Cu failure point.
The loading parameters were varied due to substrate cracking, however, it was assumed
that in cases where cracking did not occur the loading parameters did not affect the critical
load. The copper failure was observed at the initial point of the scratch for LTCC samples
treated with 2M and 3M NaOH. The copper failure point was identifiable for the LTCC
samples treated with 4M, 5M, 6M and 7M NaOH. The sample treated with 4M NaOH
showed a change in slope of the graphical representation around 11-12 N, however the
visual data from the scratch indicated a different critical load (8.1 N) at the failure point.
The visual examination and graphical data also gave contradictory results for the LTCC
sample treated with 5M NaOH showing 3 N difference. Critical load values obtained from
microscope evaluation and the critical load vs acoustic emission graph for the sample
treated with 6M NaOH were 2.1 N and 2.3 N respectively and showed fairly close values.

However, the frictional force did not give any clear result. The visual observation of the
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scratch on the sample treated with 7M NaOH and the graphical representation showed

similar critical load values.

5.4.4 Surface Roughness of Deposited Copper

In order to study the surface roughness of the deposited copper on LTCC samples treated
with different concentrations of NaOH solution, the Ra parameters were obtained using a
Zygo NewView 5000 Coherence Scanning Interferometer. Figure 59 shows the variation
of average Ra values with the concentration of NaOH solution. Average Ra values were
calculated by taking the Ra values from three places on the surface. The length of the line
where the 2-D profile was taken was approximately 650 um. The error bars indicate the
difference between the minimum and the maximum Ra value of the surface. The LTCC
samples treated with 3M, 4M and 5M NaOH were immersed in the solution for 24 hours
and the samples treated with 6M and 7M NaOH were immersed for 7.5 hours. The surface
roughness of copper deposited on untreated LTCC samples showed an average Ra value of
0.83 um which is slightly higher than the Ra value of the plain LTCC sample (~0.65 pm as

mentioned in section 2.5.1).
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Figure 59 Surface roughness of copper deposits

The Ra values of the copper deposits showed a dramatic increase for the LTCC samples
treated with NaOH. This observation is expected as the NaOH treated LTCC surface
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showed relatively higher roughness (Ra) values compared to the corresponding untreated
surface. Large error bars could be seen at some points in the graph. This again highlights
the poor representation of 2-D surface roughness data as described in the previous chapter.
A possible reason for higher values of Ra could be the different growth mechanism of the
electroless copper on the treated LTCC substrate: it was shown in Chapter 3, that the NaOH
treated LTCC surface showed changes in morphology and microstructure. It has been
discussed in several studies in the literature that the growth mechanism and the
microstructure of electroless copper depends on the type of substrate surface. Nakahara and
co-workers reported that the nucleation and growth patterns of electroless copper depend
greatly on the substrate due to different mechanisms of catalyst absorption [66]. Figure 60
shows the surface topography of the electroless deposits on both the treated and untreated
LTCC surface. The treated surface showed a relatively large grainy structure compared to
the untreated surface (Figure 60 (b)). Kim and co-workers [127] also studied the
microstructure of electroless copper on different substrates. The substrates included epoxy,
evaporated copper film, evaporated gold film, and mirror-finished polycrystalline and
single crystals of copper. They showed that rougher electroless deposits occurred due to the
original roughness of the substrate. They also reported that different crystallographic
structures on the substrate surfaces were more favourable to electroless copper growth than
others leading to different growth rates on different substrate surface structures. Hence, one
possible reason for the observed larger electroless copper grains on the treated LTCC may

be due to higher electroless copper deposition rates.

Figure 60 (a) Copper deposit on untreated surface (b) on 7M treated NaOH
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5.4.5 Role of Flake-like Structures on Electroless Cu Deposits

The electroless copper deposits on NaOH treated samples showed a very rough surface and
the large nodules noted in Figure 60 (b) were not evenly distributed on the surface. Another
possible reason for these nodule structures was thought to be that the flake like structure
that appeared on the NaOH treated LTCC surface, as presented in Chapter 3, could have
been mostly responsible for the Cu surface roughness. If the electroless copper started to
grow on the flake like structures and followed the surface morphology of the NaOH treated
LTCC surface, it could lead to a rough surface. The grain growth behaviour of the copper
deposits on NaOH treated LTCC was hence investigated.

A. The Observations of Grain Growth Behaviours in Copper Deposits

Figure 61 illustrates the microstructure of the electroless copper deposits at different stages
of the deposition process. The samples were treated with 4M NaOH before the deposition
process and the same procedures were followed for the copper plating process as described
in section 2.4.2. However, samples were removed after only short periods of time in the
plating bath and rinsed in order to determine how the plating process developed over the
time. The very initial stage of the electroless deposition process is presented in Figure 61
(@) and (b) which corresponds to 30 seconds and one minute of plating time respectively.
Nano metre scale individual copper particles which are in white contrast in Figure 61 (e)
against the grey background are deposited on the catalytic sites of the surface after one

minute of plating time.

EHT = 5.00kV Signal A = SE2 Signal A = SE2 Loughborough
Mag= 5.00KX WD = 9.6mm Mag= 5.00KX WD = 98mm University

@) (b)
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Figure 61 SEM images of the electroless copper after (a) 30 seconds (b) 1 minute (c) 15

minutes (d) 1 hour and (e) magnified image of (b)

As the process continues these individual copper nanoparticles combine to form agregates
(Figure 61 (c)). The size of these agregates became larger (Figure 61(d)) as the plating time
was increased to one hour. A continuous copper deposit covering the LTCC could be seen
after one hour of plating time. Similar observations for electroless copper growth on a
carbon substrate were reported by Sard [65]. It was noticed that throughout the copper
plating process, the flake like structures were not observed on the LTCC surface. The
disappearence of the flake like structures even in the very early stage of the copper plating
process suggested the disapearence of these features in a previous step of the plating

process.

To observe the effect of the different plating steps on the flake like structures, the LTCC
samples treated with 4M NaOH solution for 24 hours were immersed in pre-dip solution

for 2 minutes and then catalyst solution for 2 minutes. The SEM micrographs (Figure 62
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(b) and (c)) of these samples were then analysed for their surface morphology. The SEM
images show that the flake like crystals disappeared from the samples immersed in the pre-
dip solution and catalyst solution which are both fairly acidic. It can be suggested that these
crystals are soluble in the acidic media. This can be further supported by the observations
reported by Bittner et al [23]. Their study suggested that acid etching preferentially

removed one of the crystalline phases from the ceramic body.

The samples immersed in the pre-dip and catalyst solutions were further dipped in 4M
NaOH solution to investigate the reappearance of the flake like structures. SEM images
showed that the surface morphology of the samples changed after 3 minutes of immersion
in NaOH. A porous surface was observed (Figure 62 (e)) and the grainy particles which can
be seen on the samples treated with pre-dip and catalyst solution disappeared from the
surface. However, these grainy particles started to reappear on the sample surface when
samples were exposed to a further 10 minutes in the NaOH solution (Figure 62 (f)). The
flake like features reappeared on the LTCC surface after 15 minutes of immersion time
(Figure 62 (g)). The time taken for reappearance of the flake like structures was much less
than the time taken for the first flake like features to appear on the fresh LTCC surface
which was 50 minutes. The SEM micrographs of the LTCC cross section as shown in
chapter 3 showed a very dense top layer. It can be suggested that after this hard top layer
has been removed by the first immersion in the NaOH solution, the second etching step

takes much less time for reappearance of the flake like structure.

The surface roughness of the samples treated with pre-dip and the catalyst solutions was
found to be relatively high (Ra=1.176 pum and 1.21 um respectively) compared to the
control sample (Ra=0.65 um), but lower than the average Ra value (1.94 um) obtained for
the LTCC sample treated with 4M NaOH before the catalyst treatment. Hence it would
appear that when treated with NaOH there is a change in the background surface of the
LTCC in addition to the formation of flake like structures. These higher surface roughness
values are likely to be responsible for the adhesion improvement discussed earlier in this

chapter.
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Figure 62 SEM micrographs of (a) Control Sample; NaOH treated LTCC samples after
immersion in (b) Pre-dip solution, (c) Pre-dip and catalyst solution, (d) 1 minute in NaOH
solution, (e) 3 minutes in NaOH solution, (f) 10 minutes in NaOH solution and (g) 15
minutes in NaOH solution

5.6 Conclusions

Adhesion tests including tape test and scratch test were carried out to find the interfacial
adhesion between electroless copper and NaOH treated fired LTCC. The effect of NaOH
concentration on adhesion was mainly considered. Both tape test and scratch test showed
adhesion improvement in NaOH treated LTCC samples compared to untreated LTCC.
According to the peel test, the 4M NaOH treated sample showed relatively better adhesion.
The other LTCC samples also showed some traces of copper attached to the surface after
the tape test which could not be observed in the untreated LTCC sample. Due to sample
cracking, the critical loads of the scratch testing were only obtained for LTCC samples
treated with 4M, 5M, 6M, and 7M NaOH and the critical load values were 8.1 N, 1.6 N,
2.3 N and 1.5 N respectively again indicating 4M as the preferred NaOH concentration.
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Chapter 6 Excimer Laser Machining of Fired LTCC

6.1 Introduction

The microelectronics industry requires the size reduction of radio frequency components
with the aim of system miniaturisation and low cost. With its multilayer technology, Low
Temperature Co-fired Ceramic is a promising candidate among other electronic substrates
when achieving system miniaturisation. LTCC has been established as a multilayer
technology and the state of the art of this technology provides channel structures and
cavities inside the ceramic body [128]. These cavity structures and microchannels become
very attractive when improving the functionality of miniaturised electronic devices [21].
Usually these structures are built using laser machining of green state LTCC and stacking
of these sheets followed by the firing process. However, to prevent the deformation of
cavities and channels, careful alignment of the green tapes is needed due to shrinkage of
the LTCC when sintering. Laser machining of fired state LTCC could be a possible solution
to form cavities and microchannel structures. In particular, excimer laser machining could
be ideal to machine microchannel structures that require low surface roughness for high

frequency applications.

LTCC technology also allows the fabrication of planar circuitry and passive components in
between layers and these are usually realized on green state LTCC using the screen printing
process. However, when considering small feature sizes, thick film technology has its own
limitations due to the shrinkage properties of the metal paste as well as the green tapes. For
example, X and Y shrinkage of the green tape and the capabilities of the screen printing
process affect the widths and spacing between printed conductor lines which are key factors

for microwave performance of the passive components such as capacitors. The non-
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uniformity of the tape shrinkage can also affect the shape of the printed metal lines [129].
As a solution, thin film technologies can be applied on fired LTCC for structuring
microwave and millimetre wave components. Among the thin film technologies available
for electronic manufacturing, there is an opportunity to use electroless plating techniques
in the process of fabricating passive components on fired LTCC.

The objective of the research presented in this chapter was to investigate excimer laser
machining techniques on fired state LTCC tapes in order to create open microchannel
structures. Selective metallisation of these channels using electroless copper plating and
optimization of these processes to achieve low roughness metal deposits for high frequency
applications was also carried out. The possible applications include substrate integrated
waveguide structures and RF MEMS components which are operating in the microwave
and millimetre wave regions of the electromagnetic spectrum. In addition, this chapter also
describes the formation of conductor patterns on fired LTCC as an alternative to the
conventional thick film technology used prior to the firing process. The mask projection
technique of the excimer laser system combined with electroless copper plating was used
to achieve the required patterns on fired LTCC. The patterns including a complete circuit

layout and planar passive components are presented in this chapter.

6.2 Literature Survey

6.2.1 LTCC Cavities and Channel Structures

As mentioned in the introduction of the thesis, LTCC multilayer technology allows
realization of cavities and micro channels inside the ceramic body. These structures are
used as cooling systems [130], waveguides [131] microfluidic systems [132] and cavities
that accommodate RF-MEMS components [133]. The conventional way of creating
cavities in the ceramic body is through the formation of apertures in the single green tapes,
aligning and stacking of green tapes, filling of cavities with sacrificial materials, lamination
of green tapes by thermocompression and sintering of the laminate [134]. Laser

micromachining has been widely used to create cavities in green tapes. A modified tape
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processing procedure was reported in the literature [135] in terms of fabrication of parallel
closely-spaced channels. In that study, a diode pumped Nd:YAG laser was used to
micromachine the LTCC green tapes. The micromachining process was optimized using
different laser parameters. Smoother cutting edges and more rectangular-like shapes were
achieved by using repeated laser pulses with less laser power. The lamination of green tapes
was carried out in different pressure conditions and different lamination time periods to
find the optimum conditions. However, the embedded channels experienced delamination,
distortion, sagging and even crack formation during unconstrained firing. Adhesive assisted
lamination was also investigated using different types of pressure sensitive adhesives at
reduced lamination pressures. A defect-free channel structure was achieved by spin coating
hydroxyethylcellulose in between the layers before the lamination process. Filling of
hydroxyethylcellulose as sacrificial material into the channel structures was found to be a
promising method when achieving defect free embedded channel structures. However, the
standard lamination pressure and the firing profile were altered to obtain optimum
conditions. Mechanical punching [136] was also reported as a successful method of
creating channel structures in glass ceramic green sheet. Overlap punching was carried out
using a single punching tool to form 600 um long channel structures. Mechanical punching
is widely used for the formation of via holes in green tapes with diameters down to 50 um
[38], [137].

Hot embossing of green ceramic tapes is another way of creating channel structures.
Embossing dies with a meander structure for microfluidic applications and patterns to
create circular and rectangular cavities were used [138]. The LTCC green tapes were
embossed by applying a force of 60 kN at 130 °C which was set above the glass transition
temperature of the binder contained in the green tapes. Cavities with 225 um depth profiles
were obtained in the green tapes. The depth of the final cavities was 110 um due to 50% z-
direction shrinkage during the firing process. Another study was carried out to create
channel structures with different channel and line widths using hot embossing [139]. In this
study, the channels were created with an applied force of 20 kN at different temperatures.
The depth of the channels was increased with the embossing temperature and after the firing
process, 20-22% vertical shrinkage and 10 and 13% horizontal shrinkage was observed.

The channels with 100 pm width showed 21 pm average depth with 20 kN force at 85 °C.
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One of the associated problems in the process of creating 3-D structures in green LTCC
tape is the deformation of cavities and channel structures and sagging of suspended
structures. Different types of sacrificial material have been used to prevent the deformation
and sagging. Microchannels created using carbon-black paste and cetyl alcohol [140] [141]

as a sacrificial layer and mineral sacrificial layers [142] have been reported in the literature.

Espinoza-Vallejos and co-workers studied a photolithographic technique which can be used
for meso-scale 3-D structuring of LTCC without sacrificial layers [143]. Partially sintered
LTCC was used in this study due to ease of chemical etching. Dry resist lamination was
carried out on partially sintered LTCC at temperatures between 90 °C - 130 °C. Required
patterns were then formed on the LTCC using UV exposure (40-100 mJ/cm?) followed by
developing in sodium carbonate solution. Two systems including HF: Ammonium Fluoride
(1:4) at 90 °C and HF: H2O (1:6) at 60 °C were used for etching. The process was used to
develop an electrophoretic channel and a low resistance coil that was needed in order to
achieve electromagnetic actuators. The depth of the channels for each application was 70

um and 114 um respectively after the final firing process.

6.2.2 Laser Machining of Ceramics

Laser machining of ceramic is an important aspect for many structural, tribological, optical
and electronic applications and becomes an ideal tool when realizing smaller and high
precision components [144]. Many studies have been reported in the literature about laser

machining of ceramics.

A study comparing machining strategies for ceramic using Nd:YAG (wavelength 355 nm)
and excimer laser (wavelength 248 nm) was reported by Tonshof et al. [145]. Straight and
spiral cuts were made on an AIN substrate (thickness 250 um) with different cutting speeds.
The Nd:YAG laser was operated at the maximum pulse energy of 3 mJ at a frequency of 1
kHz with a 5 mm/min feedrate. The excimer laser was operated at an energy density of 20
Jlem?and a pulse repetition rate of 200 Hz. The results showed both lasers could cut through
the AIN substrate but the Nd:YAG laser provided a shorter processing time.

Another study revealed the microstructural changes induced by an excimer laser (KrF, 248
nm) on alumina and silicon carbide. In this study, the materials were treated with different
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parameters such as laser fluence, energy, number of pulses, sample speed, atmosphere, spot
size and beam angle. The microstructure and chemistry of the treated area was analysed
using SEM and removed material was also investigated. The key findings of the study were:
oxidation of silicon carbide when treated in atmospheric conditions; at low fluences, both
ceramics showed melting and resolidification, while at high fluences, material was removed
by vaporization; the ablation depth was higher in alumina when compared to silicon carbide

and linear with increasing pulse number [144].

Jaroslaw Kita and co-workers used laser technology to fabricate 3-D structures and
elements on both fired and unfired LTCC. In this study, vias with diameters 50 pum, 100
pm, 200 pum and 400 um were machined on the fired LTCC using an Nd:YAG laser
(wavelength 1064 nm). The results showed that laser power was too low and could only
scribe the substrate. Small vias produced with high laser power or slow cutting speed

showed poor machining quality [146].

In summary, it appears that the Nd:YAG laser removes material through melting or
vaporisation, when the material is heated from solid to liquid and gaseous state. In contrast,
the high energy photons from the excimer laser reduce the interaction time between the
irradiated surface and the bulk material and hence minimize the heat affected zone resulting
in high precision machining compared to the Nd:YAG lasers [147]. Both the excimer and
the Nd:YAG laser have been employed for machining of ceramic materials, but only the
latter appears to have been used for fired LTCC and the laser parameters played a vital role

in the machining quality, mechanisms and the efficiency.

6.2.3 Metal Patterningon LTCC

The research on other metallisation techniques, which were used to metallise fired LTCC
is described in Chapter 1. The following section describes the work that has been done in
the literature to form metal patterns on LTCC. When moving towards higher frequencies,
fine printing resolution and reliability is a major concern of millimetre wave circuits [148].
Deviating from the conventional screen-printing process, several thin film and thick film
metallisation techniques have been employed for the formation of conductor patterns on
both fired and unfired LTCC over the years. Van Tassel and Randall [149] studied

123



Chapter 6 Excimer Laser Machining of Fired LTCC

electrophoretic deposition (EPD) on green LTCC to create conductor patterns. In this study,
feature widths down to 2 pum of conductive platinum patterns were formed using
conventional photolithography followed by a sputtering process. Silver and barium titanate,
which were dispersed in organic solvents, were then used in the EPD process to create
conductor lines. They achieved conductor traces with widths of 15 um for the silver and 5
um for barium titanate. The lateral growth and the ramified growth of the particles however

limited the line spacing to 8 um.

J. Muller and co-workers [150] used four different metallisation techniques to pattern
conductors on both fired and un-fired LTCC tapes. Commercially available photosensitive
gold paste was used in their study to screen print on green LTCC and the pattern was formed
using UV exposure through a negative photomask followed by spray development and then
the firing process. The line width was 30 um, the space resolution was limited to 50 pum.
Gold thick film etching using a positive photoresist and thin film deposition using
sputtering, and electroplating procedures were also demonstrated. The line resolution for
gold thick film etching was 30 um, however, for thin film deposition it was 10 um. Their
study showed that thin film technologies on fired LTCC allowed better resolution, but
higher DC resistance, leading to higher insertion losses. Hildebrandt and Wolter [151]
reported thin film structuring on sintered LTCC using lift-off patterning and semi-additive
patterning. In the lift off patterning process, the substrate, which was covered in spin coated
liquid resist, was exposed to UV light through a glass mask to produce the pattern. The
resist was developed and stripped and platinum was deposited on the bare substrate. The
major drawback of the process was the limited film thickness leading to large sheet
resistance. As a solution, they deposited copper galvanically onto a thin seed layer of
titanium and copper followed by nickel and gold electroplating. The pattern was formed on
sputtered titanium and copper using photolithography. Minimum line/spacing was 60/25

um for the semi-additive patterning.

6.2.4 Embedded Passive Components in LTCC

Advances in LTCC multilayer technology provide for the integration of passive
components in to the ceramic body. This allows the elimination of the solder joints and
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wiring in the circuitry, leading to device miniaturisation and reduction of parasitic
inductance. Integral passives also benefit from better electrical behaviour, reduced size and
cost [152]. The performance of the planar passive components depends on several
parameters. For inductors, it depends on the width of the conductor path and spacing,
number of turns and structure size. For capacitors, it depends on the width of the fingers,

their spacing and the structure size [153].

Markku et al. demonstrated planar inductors on an LTCC substrate using gravure-offset
printing [154]. Silver conductive paste was used in the printing process and the size of the
coil was 2.5 x 2.5 mm?. The particle size of the printing ink limits the line width/space and
in this case, it was limited to 60-175 um. Square and circular shaped spiral inductors were
fabricated with 11-15 um of coil thickness. They found that printing of circular spirals were
rather difficult resulting in wider line widths and a higher non-uniformity of the conductor
lines leading to lower inductance values compared to the square spirals. A self-shielding
toroid inductor with inside and outside radius of the toroid approximately 1.37 mm and
2.65 mm respectively and capacitors with a dielectric thickness of 35 um and 96 um were
reported [155]. These components were embedded in LTCC, however the method of

metallisation of these components was not clearly reported.

The fractal approach for capacitor design is promising for use in lateral flux capacitors.
However, conventional lithography limits the fabrication of these structures due to the
complexity of such designs [156]. Plated recesses on the other hand, are a possibility to
enhance performance of a capacitor that is effectively a 2.5D structure: these structures
provide high edge capacitance. With further process modification, the plated recesses can
also be filled with metal conductors to reduce the associated ohmic losses [129].

6.3 Research Methodology

Laser machining of green state ceramic has been widely used when designing cavities and
channel structures. Established metallisation techniques are usually based on green state
LTCC. A number of techniques have been reported for selective metallisation of electronic

substrates such as photoimageable inks, inkjet deposition, thermal spray and direct laser
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machining of gold or platinum coated unfired tapes [26]. However, the shrinkage properties
of LTCC can cause deformation problems to the fine conductor lines when firing the green
tape. In addition, cavities and channel structures can also cause deformation problems when
firing. If the conductor lines can be patterned on fired LTCC, the above problems can be
prevented.

The excimer laser machining of fired LTCC has not been examined before and this was
therefore chosen. However, as with other ceramics it is expected that the thermal
conductivity of LTCC which is relatively low in the order of 2-5 Wm™K™ [157] will play
a part. This property of the LTCC material is likely to enhance the temperature of the
surface where the laser is incident as the heat will not be conducted away quickly, therefore
exceeding the boiling point causing rapid vaporisation and subsequent material removal by
thermal ablation [158]. In addition, the high energy of the excimer laser is sufficient to

break many of ceramic bonds leading to photochemical ablation [144].

The initial part of the work presented in this chapter was selective metallisation of the walls
and base of LTCC open micro channel structures. The following objectives were
individually addressed,

e The KrF excimer laser machining of fired LTCC was investigated. Single tracks
were machined on fired LTCC using a square mask and machined tracks were
characterized for their depth and roughness using white light interferometry.

e The process was then optimised to achieve uniform and smooth surface conditions
using different laser parameters such as repetition rate, feedrate and number of
passes of the laser beam.

e Selective copper deposition onto machined tracks was then investigated. The key
challenge was to catalytically activate the surface with Sn/Pd catalyst only on the
machined paths. A photoresist process was used to overcome the problem for which
the process steps are shown schematically in Figure 63. Dry film photoresist was
applied on the fired LTCC before the excimer laser machining process in order to
create channels and required patterns. When the machined samples were immersed
in the catalyst solution, only the machined parts of the LTCC surface would be

exposed to catalyst solution leading to selective activation. After removing the
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photoresist, electroless copper could be selectively deposited only on the
catalytically active LTCC surface.

e The characterisation of selectively deposited copper tracks was carried out. This
included the depth of machined tracks after the copper deposition process,
roughness profiles, and electrical resistivity of deposited copper. Correlation

between laser parameters and characteristics of machined lines was also considered.
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Figure 63 Schematic diagram of the selective electroless copper deposition

The next part of the study was aimed at fabricating planar passive components and circuit
patterns on fired LTCC using the techniques described above. Based on the literature
review, there are several possibilities that can be used to pattern metal deposits on both
fired and unfired LTCC tapes. The resolution of line/space is still a crucial issue along with
the edge quality of the deposited metal. The combination of photolithography, mask
projection of the excimer laser, along with the electroless copper plating process can be

applied to realize passive components on fired LTCC.
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This chapter also describes the realisation of a resonator on fired LTCC. In this design,
fabrication of an inductor on one side of the LTCC and a capacitor on the other side of the
LTCC, which are electrically connected with two metalised via holes, are illustrated in

Figure 64.

Inductor
LTCC
Capacitor

Figure 64 Schematic diagram of resonator design
6.3.1 Excimer Laser Machining

The term Excimer is generated from the words excited dimer. In this case, a dimer is a
molecule formed from rare gas (argon, krypton, xenon) and halogen (fluorine, chlorine,
bromine) atoms. The output wavelength of the excimer lasers varies from 193 nm to 351
nm in the electromagnetic spectrum depending on the rare gas and the halogen used to
produce the laser beam (ArF- 193 nm, KrCl- 223 nm, KrF- 248 nm, XeCl- 308 nm XeF-
351 nm) [159].

Once the Excimer laser beam is incident on the surface, it can be absorbed, reflected,
scattered and transmitted by the material. The machining process takes place due to removal
of material by melting, dissociation or decomposition of chemical bonds, evaporation and
expulsion [158]. So the efficiency of the laser machining process depends on the thermal,
chemical and optical properties of the material rather than the mechanical properties [147].
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A. Excimer Laser System

The Lambda Physik Lasertechnik LPX200 system used in this research uses Krypton (Kr)
and Fluorine (F2) as the laser gas mixture. A high voltage discharge between the electrodes
in the laser tube provides the energy required to excite the rare gas molecules, in this case,
Kr. The excited rare gas molecules are highly reactive and react with the fluoride molecules
in the gas mixture to form excited KrF molecules. The binding energy for this attraction

with the internuclear separation is shown in Figure 65.
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Figure 65 Variation of binding energy with the internuclear separation of KrF [160]

At some point the number of excited molecules exceeds the number of ground state
molecules, a process known as population inversion. The molecules that are in the excited
state have high energy and hence are unstable. Once triggered, the excited molecules emit
photons in the UV range and in the case of KrF this is at 248 nm wavelength [160]. Once
the laser beam is generated it goes through a beam delivery system which consists of
attenuator, beam homogenizer, beam expanding and shaping optics and mask before it
reaches the work piece. The positions of work piece, mask and attenuator are computer

controlled and a schematic view of the excimer laser components is shown in Figure 66.
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Figure 66 Excimer laser components

The main advantage of this technique is the application of a mask projection technique to
achieve micron level features with very fine edge quality. The excimer laser system uses a
mask as shown in Figure 67. The mask defines the shape and the size of the machined
feature on the sample. These masks are usually made with thin metal sheets. The de-
magnifying projection optics of this particular system allows the size of the final machined

features to be reduced by 10 times of the size of the mask.

}‘_ Mirror

<«—— 10:1 projection optics

Laser beam

Patterned
mask

Machined Pattern

LTCC sample

Figure 67 Schematic illustration of mask projection technique of the excimer laser
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6.4. Experimental

6.4.1. LTCC Sample Preparation

Double layer fired LTCC (DuPont 9K7) was used in the experiments and was laminated
and fired according to the manufacturer’s instructions by the University of Leeds. Samples
were soaked in a 10 vol % Decon 90 solution in de-ionized water for 24 hours at room
temperature to clean the surface. These were then rinsed with de-ionized water and dried.
A dry film photoresist (Ordyl Alpha 440T, ~40 um thick) was then applied on both sides
of the LTCC samples using an Albyco photopro 33 laminator operating at 110 °C. The
samples were then exposed to UV light to harden the resist for 8 seconds and the protective

plastic layer on the resist was removed before machining.

6.4.2 Laser Machining Process

A Lambda Physik Lasertechnik LPX200 KrF pulsed excimer laser system operating at 248
nm wavelength with pulse energy of 250 mJ/pulse and pulse duration of 20 ns was used to
machine the patterns. Laser parameters: pulse repetition rate, feedrate and number of passes
of the laser beam were varied when machining different tracks to find the optimum
conditions. As described earlier, the process uses a mask projection technique to shape the
beam which is then followed by 10:1 reduction optics that reduces it to the final feature size
at the sample surface. The beam focal point was determined for each sample by moving the
sample vertically to achieve the best machining with maximum depth and sharp edge
quality. Different masks were then used to create different patterns for electroless plating
as described in later sections. The masks used in the first experiments were prepared using
~250 um thick brass sheet. The patterns were designed using AutoCAD software and
transferred to the brass sheet using photolithography and a chemical etching process. In the
later experiments more detailed patterns were created by a collaborator at Imperial College
on brass sheet using laser machining, in this case thinner brass sheet (~120 um) was used
due to the ease of laser cutting. An example of a chemically etched mask is shown in Figure
68.
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Figure 68 Example of a brass mask (approximately 10 mm x 10 mm)

6.4.3 Electroless Plating Process

After machining, the LTCC surface was still covered in resist except where the patterns
were formed. To activate the LTCC surface, the samples were immersed in pre-dip and
Sn/Pd catalyst for 2 minutes and then rinsed thoroughly with deionized water. The dry film
photoresist was then removed from the specimens by dipping the samples in acetone (99 %
Fisher Scientific). After removal of the photoresist, the samples were rinsed with deionized
water and then electroless copper plated for one hour using the same electroless bath
described in section 2.3.4. Then the LTCC samples were rinsed with deionized water and
dried. Figure 69 summarises both the excimer laser machining process and the plating

process.
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Figure 69 Process steps of the selective electroless copper deposition

6.4.4 Surface Characterization of Machined and Plated Tracks

The depth and surface roughness of machined tracks before and after copper deposition
were measured using a Talysurf CSI 2000 optical measuring system. The measurements
were taken with a non-contact high resolution gauge CLA 300. The measuring speed,
spacing and length were set at 200 um/s, 1 um and 2 mm respectively. The resistance of
deposited tracks was measured with the four point probe method over a length of 3 mm

using a Keithley 580 microohmmeter.

6.5 Results and Discussion

6.5.1 Absorptance of LTCC in the Laser Operating Wavelength

The operating wavelength of the excimer laser used in this study is 248 nm. To examine
the absorptance of this wavelength by the fired LTCC, the UV-VIS absorption spectra were
obtained using a Lambda Bio 40 UV-VIS spectrophotometer. Figure 70 shows the UV-VIS
spectrum of the fired LTCC sample taken between 242-349 nm wavelengths. The
percentage of the total reflectance of the LTCC solid sample was measured and percentage
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absorptance was calculated (% Absorptance = 100% - % reflectance) assuming that the
remaining radiation was absorbed by the material. At the KrF excimer wavelength this
indicated that 57.9 % of the laser radiation was absorbed by the LTCC material. The above
mentioned properties of the LTCC material allow the implementation of excimer laser

machining.
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Figure 70 UV-VIS absorption spectra of LTCC

6.5.2 Calculating the Offset between the Camera and the Laser Head

The excimer laser system is computer controlled and consists of a working stage, laser head
and an alignment camera. The working stage can be moved in X, Y, and Z directions. The
machined features can be examined through the camera and machining can also be carried
out on a particular position of the sample using the alignment camera as illustrated in Figure
71. The precise distance between the camera and the laser head should be found in order to
align the camera. To do this, the working stage was first moved to the home position. Then
a single feature was machined on a particular position of the sample surface. The
coordinates (X, Y) of the initial machining position were recorded. Then the sample was
moved to the alignment camera where the machined feature was aligned with the cross-hair
of the alignment camera which could be seen in the computer monitor. The X and Y
coordinates (X, Y”) were then recorded.
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The offset between camera and the laser head was calculated as follows,
Offset = (X’-X, Y’-Y) = AX, AY

When a feature was to be machined on a particular location of the sample, this location was
first aligned with the camera and values for X’ and Y’’ obtained. The new machining

coordinates were then calculated by adding the AX and AY values.

Laser head Camera aligned with Camera aligned with
aligned with the machined the particular location
the sample feature of the sample
XY XY X",y

Figure 71 Illustration of calculation of offset between the camera and the laser head

6.5.3 Determination of the Laser Machining Focal Point

The maximum power per unit area of the excimer laser beam is achieved at the focal point
of the laser beam. At this point the laser beam is at its smallest diameter and capable of
giving maximum irradiance on the processed material [147]. The focal spot of the laser
beam was determined by machining a series of tracks on a glass slide covered with
permanent marker ink and for each track changing the work piece vertical position. A
square mask (10 mm x 10 mm) was used to machine 10 mm long tacks. The vertical value
was measured relative to the stage home position. By observing the quality and the size of
the machined features, the optimum position was determined. The maximum depth of the
machined tracks was measured using the Talysurf CSI 2000 optical measuring system.
Three measurements were taken along the track and the mean depth was calculated. Figure
72 shows the change in mean depth against vertical position of the work piece. The mean

depth came to a peak value at 6.4 mm and then started to drop back.
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Figure 72 Change in machined depth with vertical position of the workpiece

Figure 73 shows the change in the width of the tracks with vertical position of the work
piece. At 6.4 mm the width came to a minimum value. After consideration of the maximum

depth and the width of the track 6.4 mm was taken as the focal point of the laser beam.
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Figure 73 Change in width of the track with vertical position of the workpiece

As the vertical position recorded at the focal point of the laser beam was that of the sample
stage, the actual focal position at the sample surface would depend on the sample thickness.

As the test piece thickness was known, with the value obtained in the previous experiment,
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it was possible to calculate the approximate focal position on other samples with known
thickness. However, the focal point of the laser beam for each sample should be determined
to achieve the optimum value. Kapton film is very sensitive to the excimer laser beam and
a series of small machined features could be compared in terms of their edge quality and
size. To find the precise focal point of the laser beam on each LTCC sample, first kapton
adhesive tape film was applied and a series of circular features was machined at different
vertical position of the work piece. Figure 74 shows several machined features on a Kapton
film at various vertical positions around the focal point. Thermal damage caused by an
unfocused beam could be clearly seen in the image. A sharp edge quality was observed on
the feature machined at the focal point of the laser beam. When machining on the LTCC
sample the coordinates of the vertical position of the focal point of the beam were changed
by adding the thickness value of the LTCC sample and the Kapton film. Thickness of the
LTCC sample was calculated by focusing the camera on both the LTCC and kapton surface
and taking the difference between vertical positions.

Thermal damage

Fine edge quality

Figure 74 Features machined at various positions around the focal point

6.5.4 Effect of Laser Parameters on Efficiency of Machining

A square mask with dimensions 10 mm x 10 mm was used to form a square laser spot
(approx. 1 mm x 1 mm) on the sample surface. During machining, the sample stage was
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moved horizontally for 10 mm to create 10 mm long tracks. The feedrate, repetition rate
and number of passes were changed to identify the optimal conditions for laser machining
of the LTCC.

As an initial experiment, the laser parameters were varied according to Table 11 and
machining depth and roughness (Ra) values were determined using the Talysurf CSI 2000
optical measuring system for three profiles taken across the width of the track. The pulse
energy of the laser was set at 250 mJ per pulse (laser output). The number of shots per area
was calculated according to Equation 6.1. The length of the laser spot was taken as 1 mm
for the calculation purposes as the dimensions of the mask were 10 mm x 10 mm with a
demagnification factor of 10, however, the track width was only 0.74 mm, so this may

indicate in practice a lower value for the beam length.

RX60 XN XL

Number of shots per area = SR T PPPP P 6.1

Where, L is the length of the laser beam in the direction of the beam’s movement in mm

F is feedrate in mm/minute, R is the repetition rate in Hz and N is the number of passes of

the laser beam.

Table 12 Change in machining depth with laser parameters

Track No. of Feedrate/ Repetition Total Maximum Ra/
passes of the mm/minute  rate/ Hz no. of depth/ um  pm
laser beam shots

per area

a 10 10 5 300 8.3 1.16

b 20 10 5 600 10.6 1.86

c 20 10 10 1200 38.8 4.19

d 20 10 15 1800 68 4.68

e 20 5 5 1200 37 2.84

f 30 5 5 1800 46.9 3.45
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Table 11 shows the range of parameters investigated. Total number of shots was calculated
using Equation 6.1 considering total passes of the laser beam, feed rate and the repetition
rate. Tracks a and b were machined with equal feed rate and repetition rate values and the
number of shots per area was increased by increasing the number of passes of the laser
beam on the sample. The maximum depth and the roughness increased with the number of
shots per area. Tracks b, ¢ and d were machined with the same feed rate and number of
passes and the repetition rate was increased. It was found that the maximum depth and the
Ra value increased with the repetition rate. Tracks ¢ and e were machined with equal
number of shots per area, but with different repetition rate and feed rate values. These two
tracks had very similar maximum depth values however, the Ra values increased
dramatically in the track machined with higher repetition rate. A similar relationship was

observed in tracks d and f.

Further experiments were carried out to find the optimal conditions for the laser machining
process using different feed rate and repetition rate values and different number of passes
of the laser beam in order to achieve better electroless copper coating on machined tracks.
In these experiments, the dry film photoresist (approx. thickness 40 um) was applied on
both sides of the single layer LTCC sample for subsequent electroless copper plating. Pulse
repetition rate (R = 5 Hz) and number of passes of the laser beam (N = 20) were kept
constant while the feed rate (F) was changed from 10 mm/minute to 2 mm/minute
respectively. Depth profile measurements of the machined channels were taken before and
after the copper plating process. However, in order to do this, the photoresist had to be left
on the sample when measuring the depth before copper plating and the profile results and
the maximum depth measurements therefore include this additional thickness. Figure 75
shows the change in maximum machined depth of the tracks with feed rate. The rate of
machining decreased as the feed rate increased. The track machined with the same laser
parameters (F = 10, N = 20 and R = 5 Hz) in the previous experiment (track b in table 11)
showed approximately the same maximum depth when the resist thickness is taken into

account.
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Figure 75 Variation of maximum depth with feed rate

A further set of tracks was machined using constant feed rate (5 mm/minute) and number
of passes of the laser beam (20). The repetition rate was changed from 5 Hz to 15 Hz. Figure
76 shows the change in maximum depth of the machined track with repetition rate. The
maximum depth showed a strong linear relationship (R? = 1) with repetition rate over the
range investigated.
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Figure 76 Variation of maximum depth with repetition rate

Tracks were also machined with constant repetition rate (5 Hz) and feed rate (2 mm/minute)
and the number of passes of the laser beam was changed from 5 to 25. Figure 77 shows the
change in maximum depth with the number of passes of the laser beam. Here the first three

points showed a linear relationship between maximum machined depth and number of
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passes of the laser beam, which might be expected as each subsequent pass removes more
material. However, the slope of the curve decreased with further passes of the laser
indicating a reduced rate of material removal and this could be due to loss of focus of the

laser beam when machining deeper and difficulty in ejecting ablated material from a deeper
trench.
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Figure 77 Variation of maximum depth with number of passes of the laser beam

Figure 78 shows the relationship between maximum depth and the number of shots per area
when using different laser parameters. Even with the same number of shots per area, the
repetition rate curve showed higher maximum depth of the tracks compared to the curves

of the feed rate and the number of passes of the laser beam.
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Figure 78 Variation of maximum depth with number of shots per area
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6.5.5 Effect of Laser Parameters on Surface Roughness (Ra) of Machined Tracks

For all 3 parameters, the surface roughness generally increased with number of shots per
area compared to the surface roughness of the control sample (Ra = 0.688 um) and reached

a plateau / or decreased a little after 2000 (Figure 79).

4.5 -

| *
3.5 ¢ u

2.5 A
M Repetition rate

No of passes
1.5 -

# Feed rate

Surface roughness (Ra/um)

0.5

0 T T T 1
0 1000 2000 3000 4000

Number of shots per area

Figure 79 Variation of surface roughness with (Ra) with number of shots per area

Excimer laser machining also modifies the LTCC surface and therefore the Ra values of
the excimer laser machined surface and NaOH treated surface were compared. The LTCC
samples treated with 4M NaOH solution for 24 hours typically showed Ra values below 2
um. With laser machining, this value was exceeded when the number of shots was greater
than 1000.

6.5.6 Electroless Copper Plating of Machined Lines
Figure 80 shows the electroless copper deposited on two machined tracks according to the
procedures described in section 2.2 and 2.4. Both tracks were machined with a feed rate of

10 mm/minute and a repetition rate of 5 Hz. The left hand track was machined with 15

passes of the laser beam and the right hand track was machined with 20 passes. Copper
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deposits were successfully achieved selectively only on the walls and base of the tracks
with clearly defined edges (Figure 80). The 2-D profile of the two tracks (Figure 80 (b))

shows that these tracks maintained the channel structure even after copper deposition.
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Figure 80 Electroless copper deposits on(m)achined tracks (a) camera image, (b) 2-D

profile across the two tracks and (c) optical micrograph
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6.5.7 Effect of Laser Parameters on Electroless Plating and Resistance of Machined

Tracks

The excimer laser machined tracks prepared using different laser parameters were subjected
to subsequent electroless plating according to the process described in section 3.4.3. In this
experiment, all 3 samples were plated in the same pre-dip, catalyst and electroless copper
bath and for equal plating periods to ensure consistency.

All 3 samples (Figure 81) showed that the copper was only deposited on the machined path,
again showing the selective copper deposition. Figure 81 (a) shows the copper deposits on
tracks machined with different number of passes of the laser beam. Figure 81 (b) shows the
copper deposits on tracks machined with different repetition rate. The resistance of
deposited copper tracks were measured and the results are shown in Table 12. In contrast
to the tracks machined with a different number of passes of the laser beam, the tracks
machined with different repetition rates showed a decrease in resistance with the increase
in repetition rate. It was also noticed that the resistance increased slighly with the number
of passes of the laser beam. Figure 81 (c) shows the copper deposits on tracks machined
with different feed rates. The tracks machined with different feed rates showed relatively
large resistance values compared to the tracks machined with different repetition rate and

number of passes of the laser beam. The track machined with feed rate of 10 mm/minute

5 ‘10 | 15

Feedrate/ mm/minute Repetition rate/ Hz

showed very large resistance (5 €2) and the plating results were poor.

5 | 10- 15 20 25
2 4 6 8

No. of passes of the laser
heam

10

Figure 81 Electroless Cu deposits on LTCC tracks machined with (a) different number of

passes of the laser beam (feed rate 2 mm/minute, repetition rate 5 Hz), (b) different feed
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rate (number of passes 20, repetition rate 5 Hz) and (c) different repetition rates (number

of passes 20, feed rate 5 mm/minute)

Table 13 Resistance of Cu tracks on LTCC surfaces machined with different number of

passes of the beam

Number of  Resistance/ Repetition  Resistance/ Feed rate/  Resistance/

passes mQ Rate/ Hz mQ mm/minute mQ
5 35 5 35 2 55
10 35 10 34 4 58
15 48 15 30 6 54
20 45 8 102
25 45 10 5Q

The resistance values were plotted against the number of shots per area and shown in Figure
82. The last point of the feed rate series was not included in the graph as the resistance
value was 5 Q. The resistance values were different for the tracks machined with different
laser parameters, but with similar number of shots per area. The lowest resistance values
were observed for the tracks machined by changing the repetition rate. It was also noticed
that the tracks machined with different feed rate values showed relatively larger resistance

values.
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Figure 82 Plated track resistance vs number of shots per area
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6.5.8 Characterization of Copper Deposits on Machined Tracks

Figures 83, 84 and 85 show the 2-D profiles of tracks machined with a feed rate of 2
mm/minute, repetition rate of 5 Hz and number of passes of 20 (3000 shots per area), a feed
rate of 2 mm/minute, repetition rate of 5 Hz and number of passes of 25 (3750 shots per
area) and feed rate of 5 mm/minute, repetition rate of 15 Hz and number of passes of 20
(3600 shots per area) respectively, before and after the copper plating process. These tracks
represent the highest number of shots per area for each sample. The profiles of the unplated
tracks were taken while the photoresist was still attached to the sample. The track in Figure
83 (a) shows vertical side walls and a curved base with some roughness. When copper was
deposited on to this track (Figure 83 (b)) the track maintained its channel structure even
after the copper plating process. However the width of the track decreased compared to
Figure 83 (a) showing more plating on the edges of the track. The average Ra value (2.43
pm) of the plated track showed a relatively low value compared to the Ra value (3.77 pm)
of the track before plating. The Ra value of the machined LTCC showed a higher value
compared to the Ra values of the NaOH treated LTCC samples. The Ra value of the copper
deposits on laser machined LTCC samples also showed higher Ra values compared to the
copper deposits on NaOH treated LTCC samples. The maximum depth of Figure 84 (b)
decreased compared to that of Figure 83 (b) and showed more copper on the track. This
suggests that the plating rate increased when using a higher number of shots of the laser
beam per area. It was noted that the left side of the track was machined deeper than the
right side of the track and this was also observed after the copper plating process. The
average Ra value (2.96 um) of the plated track showed a relatively low value compared to
the Ra value (4.21 um) of the track before plating. The right hand side of the track in Figure
85(a) machined deeper and maintained its channel structure even after the copper plating
process. In contrast to the other two tracks, the average Ra value of the plated track (4.32
pum) showed a relatively higher value compared to the Ra value of the track before plating
(3.64 pm).
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Figure 83 2-D profile of the machined track (feed rate: 2mm/minute, rep. rate: 5 Hz, number of passes: 25) (a) before and (b) after Cu deposition
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Figure 84 2-D profile of the machined track (feed rate: 5mm/minute, rep. rate: 15 Hz, number of passes: 20) (a) before and (b) after Cu deposition
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Figure 85 2-D profile of the machined track (feed rate: 5Smm/minute, rep. rate: 15 Hz, number of passes: 20) (a) before and (b) after Cu deposition
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The 2-D profile of the tracks demonstrated that one side of the tracks machined using
different repetition rate and number of passes of the laser beam, showed relatively higher
maximum depth compared to the other side of the track. The possible reason for this could
be the misalignment of the laser beam with the mask or beam non-uniformity. The plating
rate decreased when using relatively higher feed rate values (last track in Figure 81). The
copper plated track machined using a very similar number of shots per area, but changing
the number of passes of the laser beam, (first track in Figure 79), showed relatively higher
plating rate. It can be suggested that poor Sn/Pd catalyst adsorption may have been
responsible for the lower plating rate. The change in material removal mechanism could be
a possible reason for the difference in catalyst adsorption. A higher resistance value was

also observed for the last track in Figure 81 (b) which was related to the poor plating.

6.5.9 Creation of Circuit Patterns

Using the laser machining and electroless plating process a complete circuit pattern was
prepared. When producing the circuit pattern, a ~2.3 mm x 2.3 mm square mask was used
to give an ~230 um x 230 um spot at the surface. This was used to machine the conductor
lines by moving the sample stage using a CNC program to form the required circuit pattern,
which was machined using a repetition rate and feed rate of 20 Hz and 5 mm/min
respectively and with five passes of the laser in order to increase the depth. After
preparation of the tracks, a ~10 mm x 10 mm square mask was used to directly machine
square connection pads for component interconnection. Figures 86 (a) and 86 (b) show the
optical micrographs of a conductor pad and a conductor line respectively after electroless
copper deposition. These images indicate the uniformity of the copper deposits with well-
defined edges and the highly selective nature of the deposition only on the machined
surface. The widths of the conductor lines showed agreement with the expected beam spot
size and confirmed that the machining was done at the beam focus position. The thickness
of the copper was estimated to be 3 um according to the plating rate provided in the
supplier’s data sheet (0.5 um in 10 minutes). In this particular application, the number of
shots per area of the laser was kept to a minimum where it was sufficient enough to remove

the photoresist and roughen the surface for better adhesion.
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(b)
Figure 86 Optical micrographs of the copper deposits on fired LTCC (a) conductor pad

(b) conductor line

Figure 87(a) shows a complete circuit pattern prepared in this way, again highlighting the
selectivity of the surface activation and copper deposition. To assemble a functional device,
lead free solder paste was applied using a syringe to the copper connection pads and
components were manually placed. The sample was then passed through a conventional
reflow oven to form a complete circuit (Figure 87(b)). The circuit was electrically tested
with an input voltage of 4.5 V and the flashing LED indicated the presence of continuous

and conductive copper deposits and effective solder joints.
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@ | (b)

Figure 87 (a) Deposited copper on circuit pattern, (b) Complete circuit after component

assembly

(a) (b)
Figure 88 Optical micrographs of LTCC surfaces (a) after excimer laser irradiation, (b)

plain LTCC

Figure 88 (a) shows an optical micrograph of the LTCC surface with photoresist layer after
excimer laser irradiation. The photoresist was cleanly machined away which is to be
expected for this high energy laser source interacting with a polymer. The machining of the
LTCC was significantly slower and the surface morphology of the irradiated surface
showed a relatively rougher surface compared to the original plain LTCC surface (Figure
88 (b)). From the previous study, it was found that the KrF excimer laser has the capability
to remove the material from the LTCC surface to create a trench. At the same time it
introduces a roughness to the machined surface that can be beneficial for metal to substrate
adhesion. SEM images were taken on the machined surface at several magnifications and
shown in Figure 89. As the excimer laser beam hits, heating and melting occurs on the
LTCC surface. At the current output energy of 250 mJ/pulse, the ablation takes place due
to the melting and resolidification of the material [158]. The laser ablation was uniform
over the surface and showed re-solidified lumps and the surface morphology was different

from the flake like surface obtained from the NaOH pre-treatment. The magnified SEM
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image (Figure 89) showed micro-cracks around the re-solidified material and this is thought
to be due to the thermal stress that occurred during the machining process. It was also
noticed that the material was removed more at some locations on the surface. As mentioned
previously, the LTCC material consists of different phases and it is possible that some of
the phases of the material are removed more readily with the excimer laser ablation.

Loughborough
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5 University
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Mag= 1.00KX WD =119mm University
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Figure 89 SEM images of the laser machined LTCC at different magnification

6.5.10 Inductor / Capacitor Fabrication

In this work, the projection technique of excimer laser machining was used to machine
planar components on fired LTCC using designed masks. The great advantage of using
projection optics is that it enables complex patterns to be created without the need to raster
a beam spot across the surface, with associated limitations due to the spot dimensions: this
enables features below 10 um in size to be prepared. Furthermore, as the size of the final
machined features is reduced by ten times from that of the mask, complex patterns can be
prepared from masks that are relatively easily fabricated using standard lithographic or
other micromachining techniques.
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To create the inductor and capacitor designs, two masks were used. Initially, one was
prepared by chemically etching a brass sheet, the second mask that was used for capacitor
design was prepared by laser cutting of a brass sheet. The capacitor was designed with
dimensions of 10 mm x 10 mm (Figure 90 (a)) and the radius of the inductor design was
~4.4 mm (Figure 90 (b)). These masks were then used to machine matching structures in
the LTCC surface. In this case, the samples were exposed to 100 shots of the laser beam

without moving the stage and using a repetition rate of 10 Hz.

(A bR S R A AR
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Figure 90 Masks (a) capacitor and (b) inductor

Using the method described in section 6.4, several patterns of inductors and capacitors were
prepared on LTCC. Figures 91 (a) and (b) show the initial structures machined into the
photoresist on the LTCC surface.
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Figure 91 Optical micrographs of machined features in photoresist on LTCC (a) capacitor
and (b) inductor.

These features had identical shapes to the projection masks confirming the reproducibility

of the mask projection technique. As seen earlier for the circuit patterns, it was found that
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the electroless copper deposition was highly selective such that the structures were
accurately reproduced (Figures 92 (a), (b), (c)). The overall size of the deposited capacitor
was approximately 1 mm x 1 mm and showed the expected 10:1 size reduction from the

original mask. The gap between the deposits was below 60 um and the minimum dimension

of the deposits was below 50 pum.

(©
Figure 92 Optical micrographs of electroless deposits on machined features (a) capacitor,
(b) inductor and (c) magnified image of the capacitor

6.5.11 Resonator Design

To create a resonator structure, a capacitor and inductor had to be machined on opposite
sides of the LTCC sheet and interconnected. In this approach, two micro vias were created
on the green LTCC which was then laminated and fired by collaborators at Imperial College
so that these vias were located in the LTCC after the lamination and firing process. A brass
mask with a pseudo-fractal capacitor design was used to machine the capacitor on one side
of the LTCC and a spiral inductor was machined on the other side of the LTCC sample as

illustrated in Figure 93. These were also supplied by Imperial College. When machining
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the features, it was essential to align the capacitor and inductor with the two micro vias

which were pre-created on the LTCC sample to achieve the electrical connection.

) ) o Micro via position
Micro via position

Figure 93 Micro via position on capacitor and inductor (images of masks)

To align the via holes with the machined features, the optical camera system of the excimer
laser was used. In the first experiments, the via holes were marked on the photoresist layer
with a pin as they could not be seen with the bright and concentrated lighting of the optical
camera. This could sometimes, cause damage to the photoresist around the via holes leading
to electroless copper deposition on unwanted areas. As a result the separation between
metal deposits in the capacitor could be lost. To avoid this problem, it was necessary to find
the via holes without damaging the photoresist. To do this, the LTCC sample which
contained the via holes and covered with the photoresist was placed on a transparent acrylic
block and illuminated with a different light source so that the via holes could be seen

through the photoresist as illustrated in Figure 94.

Light source

Camera head Light path

Via hole

LTCC sample

Acrylic block =—————>

Stage

Figure 94 Lighting through via holes
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The via holes were 500 um apart as shown in Figure 95 (a). Using the alignment camera as
described above, an inductor and a capacitor were machined on opposite sides of the LTCC
sample. Figure 95 (b) and (c) shows the machined inductor and capacitor on the LTCC
sample. The radius of the via hole was approximately 100 um. The separation between
adjacent coils in the inductor pattern was approximately 50 um and the separation between
machined parts in the capacitor pattern was approximately 20 um after the machining

process.

(a)

Figure 95 (a) Via holes, (b) spiral inductor aligned with via holes and (c) capacitor

aligned with via holes (machined images with photoresist on top)

Figure 96 Magnified image of the capacitor pattern

Electroless copper was deposited on the machined features using the procedure described
in section 6.4.3. With one hour plating time, it was noticed that some locations on the

features were not continuously plated as expected (Figure 97). A possible reason for this
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could be trapping of air bubbles on the small features even though vigorous agitation was
carried out. When the plating time increased to one and a half hours, the separations
between conductor lines were covered with electroless copper deposits (Figure 98). As the
separation between these conductor lines was only 18 um (Figure 96), electroless copper
particles may connect to activate this area as the deposits grow. Electroless copper
deposition into the via holes was tested with the use of a multimeter and the reading
confirmed the electrical connection between capacitor and inductor on opposite sides of the
LTCC.

Dark areas

¥ 999.908 um

Figure 98 Electroless deposit on capacitor after 1 and a half hours
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This study demonstrated the use of the mask projection technique to create complex
patterns of passive components. Planar components such as capacitors and inductors were
conventionally fabricated on a single substrate (Figure 97, 99 (a)). The performance of the
capacitors can be improved if the capacitors are embedded in the substrate (Figure 99 (b)
(c)). Future work should consider machining deeper trenches and filling them with metals
to reduce the ohmic losses (Figure 99 (c)) [129].

Figure 99 (a) Electric field between plates with standard printing technique, (b) Electric
field between plates with plated recesses and (c) Conductor filled recesses [Image was re-
drawn from ref. [129]]

6.6 Conclusion

Excimer laser machining can be employed to prepare open channel structures on fired
LTCC and electroless copper can be selectively deposited on machined channel structures.
It was found that the copper plating rate depends on the laser parameters used to machine
the channel structures when plating in the same bath conditions. Even with a similar number
of shots per area, the tracks machined with higher repetition rate showed relatively more
machining depth as well as good plating conditions with low resistance values. Surface
roughness of the machined channels increased with the number of shots of the laser beam
per area. The mask projection technique of the excimer laser system combined with

electroless plating was used to deposit copper selectively onto fired LTCC. A complete
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working circuit and passive components including a capacitor and an inductor were
fabricated on fired LTCC.
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Chapter 7 Metallisation of Closed Channel Structures

7.1 Introduction

As described in chapter 1, SoS is an emerging system technology where the device
miniaturisation is achieved by integrating system components into and onto the substrate
(Figure 100). Advances in LTCC multilayer system technology allow the integration of the
system components to achieve further miniaturisation of the complete system. One
important aspect of the SoS concept is Substrate Integrated Waveguides (SIW). Integration
of SIWs into the ceramic body requires metallisation of cavity and channel structures
(Figure 100). As described earlier (section 1.4), the conventional screen printing process
for green LTCC restricts the metallisation of the walls of the cavity structures, hence
opening a new research window to explore other techniques that can be used to metalize
the internal walls of the cavities that are embedded in the LTCC body. The electroless
plating process was therefore investigated as a potential method to deposit thin metal films

inside the closed channel structures using continuous fluid flow mechanisms.
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wire bonding

RF MEMS components

Hlip chip die

micro vias

LTCC layers

/

Substrate integrated
waveguide components

Micro fluidic
components

solder bumps embedded antennas,

capasitors, inductors and
resistors.

Figure 100 System on substrate concept

This chapter presents the research to develop methods for electroless copper deposition
onto the internal walls of closed channel structures. The technique was first implemented
on glass capilaries to research and develop a transferrable process which could then be used

to metalise the closed channel structures created in fired LTCC.
7.2 Literature Review

7.2.1 Substrate Integrated Waveguide (SIW)

In conventional transmission lines, the signal propagates from one point to another by
conductance. Thus, the possible signal losses are conduction loss, radiation loss and
dielectric loss [161].

e Conduction loss- as current flows through a conductor some of the energy is lost
due to the resistance of the conductor

e Dielectric loss- due to the loss tangent of the dielectric material

e Radiation loss- due to possible leakage of electromagnetic waves
However, at high frequencies, transmission lines can be replaced by waveguide
components to limit transmission and radiation losses [162]. Since the signal propagation
in the waveguide is due to reflection and not due to conduction, the transmission losses are
at a minimum, especially in the high frequency region. In general, a waveguide is a hollow
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conductor in which an electromagnetic wave travels by reflection [163]. Waveguides have
different physical shapes depending on the operating wavelength. The types of waveguide
include coaxial cable, rectangular metal pipe, microstripline, coplanar waveguide and
optical fibre [164]. When frequency increases, the transmission losses limit the application
of planar structures such as microstripline or coplanar waveguides. Non-planar waveguide
structures are known to have the best transmission characteristics as they produce no

electromagnetic radiation [165]

At microwave and millimetre wave frequencies, the transmission losses can be reduced by
integrating the whole waveguide component into the substrate material. With multilayer
technology, non-planar waveguide structures, such as rectangular waveguides, can be fully
integrated into a 3-D system [3] and known as Substrate Integrated Waveguides (SIW). The
substrate integrated waveguide is a particular feature in SoS approaches as it can be
integrated into the system as a planar structure. There are two types of substrate integrated
waveguides that can be found in the literature. First, dielectric filled waveguides (Figure
101) which are fabricated by two rows of vias filled with a conductive material in a
dielectric substrate and electrically connected by two parallel metal plates [166]. In this

type, at high frequencies there will be a significant transmission loss from these metal vias.

Substrate Top Metal Plate

Bottom metal plate

Two rows of metal vias

Figure 101 Conventional substrate integrated waveguide [166]

The second type is an air filled substrate integrated wave guide (Figure 102) where the side
walls of the microchannel created inside the substrate are metallised with a uniform layer
of metal [167]. This type of SIW is a very similar structure to a conventional rectangular
waveguide. The best way of minimising dielectric loss is to use air as the dielectric material.
The conductor losses and the radiation losses are also reduced by using metallic side walls
compared to the metallic via fence of the conventional SIW (Figure 101).
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Metal wall Dielectric material

Air

Figure 102 Air filled waveguide [167]

The main advantage of a substrate integrated waveguide is the fabrication of the whole
circuit i.e. planar circuitry, transitions, rectangular waveguides, active components and
antennas in planar form using planar processing techniques [161]. Secondly, substrate
integrated waveguides confine the electromagnetic waves within the substrate and therefore

can avoid the unwanted transmission losses at higher frequencies.

7.2.2 Research on Substrate Integrated Waveguides

A demonstration of a substrate integrated waveguide which was designed using green
ceramic lamination technology was first reported in 1998 [165]. In this study, metallisation
of top and bottom layers were achieved by printing of conductive paste and for the vertical
metallisation, two rows of vias filled with conductive paste were used. The designed
structures with different via hole pitch sizes were tested using a vector network analyser up
to 110 GHz. The study found that the insertion loss increases with the via hole pitch size
due to electromagnetic wave leakage through the via holes when the via hole pitch size
is larger than a quarter of the test signal wavelength. Further developments of SIW
structures have been carried out in terms of increasing frequency and minimising the
total loss [168]. With the development of LTCC multilayer technology, SIWs that are
used in microwave and millimetre wave filters, [169]-[173] and antennas [174]-[176]
have been demonstrated in the literature. In these cases, SIWs were designed using two
rows of metallised via holes which were embedded in the substrate and the layout of

these via holes (diameter and the distance between two adjacent holes) was highly
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dependent on the operating wavelength [177]. When frequency increases above 140
GHz, the fabrication of metallised via holes becomes difficult [178]. As a solution,
research has been carried out to design air filled SIWs with continuous metallic side
walls. An air filled rectangular waveguide which was fabricated using a
photolithographic technique was reported in 2000 [179]. In this study, the metallic side
walls were achieved using evaporated gold onto thick photoresist followed by gold
electroplating for extra strength. A second photoresist layer was sprayed on top of the
waveguide structure and this new resist layer was exposed and developed using a
second mask to create accurately a slot in the top of the resist. The exposed gold was
then etched away. The photoresist layer was removed using solvents to create the
hollow waveguide. The fabricated waveguide was tested in 75-110 GHz using a vector

network analyser and showed 0.2 dB loss per wavelength.

A substrate integrated waveguide operating at 140-190 GHz has been demonstrated [167]
in 2009. The electrical performance showed total loss of around 0.13 dB/mm at the centre
frequency of 150 GHz. The waveguide was designed for LTCC multilayer technology by
stacking of pre-cut and metalized LTCC green tapes. Screen printing was used to metallise
the top and bottom element of the waveguide structure for which the control of the thickness
of the metal layer and the uniformity was challenging in the screen printing process. The
alignment of LTCC green tapes needed extra care due to shrinkage of the LTCC material
when sintering. Vertical metallisation was done for the middle element by filling the
waveguide opening with metal paste while keeping it on a base foil using a stencil. The
base foil and the excess conductive paste were removed with a rolling motion while leaving
a thin conductive paste on the side walls. Metallised layers were then aligned and laminated
at 10 MPa and 70°C for 20 minutes prior to the sintering at 875 °C for 20 minutes.

7.2.3 Metallisation of Microchannels and Cavity Structures

Microchannels and cavity structures are used in many applications such as microfluidic
systems which are integrated in to lab on chip devices and waveguide structures. There are
a wide variety of microfluidic systems including pressure sensors, chemical reactors,
analytical devices etc. In many cases, these channel structures should be coated with metal

layers, dielectric layers or catalyst layers depending on the application [180], [181].
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The most common methods of metallising microchannels are based on conventional
photolithography. In this process, the microchannels are built in various planar fabrication
steps, with each step requiring a mask for selective metallisation [182]. Registration among
layers and sealing between layers are important technical issues. Electroless plating of
microchannels is a very promising approach as other metallising methods such as screen
printing, sputter deposition, inkjet printing and electroplating are difficult to apply to these
small 3-D structures. Several studies were reported in the literature to deposit metals on to

the internal walls of closed channel structures using the electroless plating process.

Kim and co-workers studied electroless silver deposition inside glass capillaries [183]. The
glass capillaries having dimensions of 1.1 mm inner diameter, 0.2 mm thickness, 75 mm
length were immersed in an ethanolic AgNO3z and butylamine reaction mixture and the
container was vigorously shaken to achieve silver coating both inside and outside of the
glass capillaries. The outside silver coating was then removed by wiping off with cotton
wool. SEM images of the silver deposits showed the mean grain sizes of Ag nanostructures
were increased with the molar ratio of butylamine used as the reductant. The analysis of
Raman signals showed that the Ag coated capillary could be an efficient surface-enhanced

Raman scattering (SERS) active substrate for microanalysis of chemicals.

Heuck et al. used electroless plating of silver to obtain thick, highly dense, conductive and
structured layers on the surface of silicon dioxide rectangular capillaries (3 um x 3 um) to
develop a scanning ion pipette with good adhesion to the capillary wall [184]. The main
steps involved in their study were improving adhesion between the silicon dioxide surface
and silver metal layer by an intermediate polymeric-mercaptopropyltrimethoxy-silane layer

and achieving a thick metal layer by multiple plating.

In 2010, Paek and co-workers proposed a selective microfabrication of metal electrodes in
a microchannel [185]. The channel dimensions were 600 pm % 200 pm x 5 mm. The
technique was based both on silver electroless plating and on the rotation of laminar flows
among three multiple fluids i.e. silver electroless plating solution, reducer solution and
ethanol that had lower density compared to the other two solutions. The silver electrodes
patterned by this solution were fabricated only on the wall of the micro-channel where the
interface between plating solution and reducer solution made contact with the wall. Unlike
the electroless copper plating process, silver electroless plating on glass does not require
catalyst surface activation.
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7.3 Research Methodology

Unlike in transmission lines, waveguide structures need a smooth and uniform metal layer
to get the best performance with minimum transmission losses as mentioned in section
5.2.2. In the literature, surface roughness of the metal side walls accounted for the great
proportion of the signal losses. Besides that, the fabrication process of those waveguides
required several steps which are not cost effective and are time consuming when
considering mass production. Use of electroless plating to metallise the LTCC cavity walls
in the fired state would be promising in order to achieve a uniform thin metal layer. Also
by changing the parameters such as concentration and temperature of the plating bath, it is

possible to control the surface roughness and the thickness of the metal layer.

The research problem has arisen with the substrate integrated waveguide and system on
substrate concept. As mentioned in the introduction, Low Temperature Co-fired Ceramic
(LTCC) is a better candidate for employing multilayer technology which enables
integration of passive and active components into the same substrate material. Although
there is some information available for dielectric filled substrate integrated waveguides
(SIW) in LTCC technology, the research on air-filled waveguide structures which will
reduce further transmission losses needs more attention. The design aspects of SIW require
minimum transmission losses for high frequency applications and low process cost from a

manufacturing perspective.

7.3.1 Challenges of the Process

The main challenge of the process was selective copper deposition on to the internal walls
of the channel structure. As mentioned earlier in chapter 2, the electroless plating process
is usually carried out in a container by immersing test samples. In the current method the
selective copper deposition was achieved by using a flow process. The steps involved in
the plating process such as surface interaction with pre-dip solution, catalyst adsorption and
also the electroless deposition could be varied in the flow process. The copper deposition
process was initially established on glass tubes with the aim to extend the process to
metallise LTCC micro channels in order to produce substrate integrated waveguide
structures. Adhesion was a major issue when metallising glass tubes and surface pre-
treatments to improve copper adhesion to the glass substrate were also considered.
Furthermore, the surface roughness and the thickness of the metal deposit should be

maintained and controlled as these parameters are responsible for the actual device
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performance. The bath temperature, plating time and catalyst run time were controlled in

order to obtain a continuous copper deposit. Following the initial trials, channel structures

in LTCC were metallised. The channel openings were rectangular shaped and the next

challenge was to connect silicon tubing on to a rectangular shaped aperture. Proper sealing

of the connection had to be considered to prevent the solution leaking. The following

approaches were considered to metallise the microchannel structures.

7.3.2 Research Approach

Approach 1- In this approach, direct electroless Cu plating of glass tubes by
circulating solutions was investigated in order to produce circular waveguide
structures. Self-Assembled Monolayers (SAM) are found to be a promising solution
for adhesion improvement between the Cu deposit and the glass substrate
[186],[187]. Self-assembled monolayers are a group of organic compounds which
have the capability of controlling physicochemical surface properties of materials.
These compounds usually contain specific functional groups such as NH2, OH,
COOH, SOzH, Ph etc. In the electroless plating process the Sn/Pd metallic core can
be well adhered to the substrate via metal ligand bonds or electrostatic interactions
between the substrate and these functional groups [188]. Silane pre-treatment to
improve the copper adhesion to the glass substrate, Sn/Pd catalyst surface
activation, and flow rate of solutions was studied. Once Cu was deposited in glass
tubes, the signal propagation through these tubes was analysed electromagnetically.
These latter measurements were carried out in collaboration with the project

partners.

Approach 2- NaOH pre-treatment process was employed on cleaned LTCC
samples. Then the above process with some alterations was employed to deposit
copper on to the internal walls of NaOH treated LTCC closed channels.

Channel interconnection- The connector which connects the channel opening and
the tubing which carries the solution was a key issue. Design and manufacture of a
tubing system that could attach to the channel openings for the flow process without
any solution leakage was also taken in to account. From the manufacturing point of
view, the connection should be easy to implement in mass production. Due to this
reason, the tubing was first connected to the channel openings using a clamp and

the sealing was done using a rubber sheet in between the LTCC sample and the
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tubing system. However, it was realised that the LTCC samples were not flat
enough to maintain the seal and leaking of solutions was observed. As a result,
double sided tape was applied in between the LTCC sample, rubber sheet and the
tubing system.

7.4 Experimental Procedures

7.4.1 Metallisation of Glass tubes

A. Materials

In this experiment, Fisher scientific glass melting point tubes with outer diameter 1.8 mm
to 2 mm and with different lengths were used. For the plating process, the same pre-dip,
catalyst and electroless copper bath were used as described in Chapter 2 on LTCC
metallisation. Sigma Aldrich 3-aminopropyltrimethoxy silane (APTS) was used to prepare

a Self-Assembled Monolayer on the glass to improve the catalyst attachment.

B. Copper Deposition Process

Glass tubes were first cleaned with 10 Vol % Decon 90 solution in water following the
procedures described in section 2.3.1. After rinsing and drying, these samples were then
transferred into a 0.005 moldm™ APTS solution. This solution was prepared by dissolving
0.18 ml of APTS in a mixture of 190 ml of methanol and 10 ml of distilled water. The
samples were immersed in the APTS solution for 24 hours at room temperature and then

rinsed with distilled water to remove excess APTS from the glass surface.

The copper deposition onto the internal walls of the glass capillaries was accomplished
using a flow process shown schematically in Figure 103. Fluid flow was achieved using a
suction pump attached to a Buchner funnel which was used as a solution trap. The other
opening of the Buchner funnel was attached to one end of the glass tube to be plated using
silicone tubing. The other end of the glass tube was attached to silicone tubing and the free
end of the tubing was immersed in the solution beaker. The flow rates of the solution were
controlled using a plastic valve attached to the silicone tubing which connected the glass
capillary and the Buchner funnel. For the pre-dip and catalyst solutions the same set of

apparatus was used and for the electroless copper solution a different set of apparatus was
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used to avoid the plating of unwanted surfaces including tubing and Buchner flask. To
activate the glass surface, pre-dip solution and Sn/Pd catalyst solution were flowed
sequentially through the glass tube at room temperature with the aid of the vacuum pump.
After the activation process, the glass tubes were rinsed thoroughly by passing distilled
water at high flow rate. This was done by releasing the plastic valve completely. The
electroless copper solution was placed on a hot plate and heated up to 40 °C and the
temperature was controlled by a temperature probe immersed in the electroless solution.
Then the electroless copper solution was passed through the glass tube. The flow rate of
the pre-dip and catalyst solutions was kept at 60 ml/minute. The optimum flow rate of the
electroless copper solution was obtained by passing different flow rates through the glass
capillaries until the inside walls of the capillary were fully covered with electroless copper.
The flow rates were calculated by measuring the solution collected in the Buchner funnel
and the flow time. The pre-dip, catalyst and electroless copper solutions were prepared
according to the procedures described in section 2.3.3 and 2.3.4 in chapter 2. The optimum

flow time of the catalyst solution and the electroless copper solution was also investigated.

suction pump

solution trap

glass tube

- ...

Buchner funnel

Hot plate with magnetic stirer

Figure 103 Experimental set up for electroless plating of glass tubes

7.4.2 Metallisation of LTCC Closed Channels

A. Interconnect to Closed Channel Structures

Closed channel structures with dimensions approx. 5 mm x 1 mm x 25 mm were pre-
prepared in LTCC 9K7 material and fired according to the firing profile by partners at the
University of Leeds. The samples were cleaned with 10 Vol% Decon 90 solution in water
following the procedures described in section 2.3.1. To increase the roughness of the

surface, these samples were then soaked in 4M NaOH for 24 hours. As these samples were
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not tubular like the glass capillaries, a different method of connection was developed. The
same layout of the channel openings was created in an acrylic sheet and a rubber sheet.
Silicone tubing was attached to the openings of the acrylic sheet using glue. Initial attempts
were to connect the acrylic sheet, rubber sheet and the LTCC sample together using a
clamp, however, due to the solution leaking this method was rejected. The rubber sheet was
therefore attached to the LTCC sample in such a way that the openings aligned using double
sided adhesive tape and the acrylic sheet was then attached to the rubber sheet using double
sided adhesive tape. Attachment of tubing and the sealing process is illustrated in Figure
104.

Inl Outlet i
mict Acrylic sheet

l < Silicone tube T /
Glue sealing n

Double sided Rubber sheet

—_—

LTCC layers

Channel

Figure 104 Cross section of the LTCC channel structure with the tube attachment

B. Copper Deposition Process

Using the same experimental set up used in section 7.4.1 the pre-dip solution was passed
through the channel structure at 120 ml/hr for 5 minutes. Catalyst solution was passed
through the channels for different time periods (2 min, 5 min, 10 min) to investigate its
effect. The flow rate of the catalyst solution was kept at 60 mi/hr. Then the excess catalyst
was rinsed by passing de-ionised water for 5 minutes and releasing the valve completely to
get a higher flow rate. After the cleaning process, electroless copper solution was run
through the LTCC channel for 1 hour at a flow rate of 120 ml/hr.
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7.5 Results and Discussion

7.5.1 Electroless Copper Deposits on Glass Capillaries

In the initial experiments, the glass tubes were plated with electroless copper without APTS
pre-treatment. Electroless copper was not observed on the internal walls of the glass tube
without APTS pre-treatment showing that the silane treatment is an essential step for the
process. The main challenge during the plating process was the coating of a uniform layer
of electroless copper inside the capillary with sufficient thickness. The adhesion of the
electroless copper to the internal walls of the glass capillary was found to depend both on
the flow rate of the electroless solution and the deposition time. It was found that the copper
deposit washed away with the higher flow rates. Different flow rates of the electroless
copper solution were passed through the glass capillaries to find the optimum flow rate and
the time taken to peel off the coating with the fluid flow was measured using a stop watch
(Table 13).

Table 14 Electroless copper adhesion dependence on flow rate

Flow rate/ ml/hour Coating coverage  Coating started
to peel off at

/seconds
216 Partially plated 65
189 Partially plated 103
155 Fully plated 139
120 Fully plated 196

Flow rate of the pre-dip and catalyst solutions were kept as low as possible at 60 ml/minute
to enhance the surface activation while the flow rate of the electroless copper solution was
kept higher to prevent the hydrogen gas building up inside the capillary due to the
electroless reaction. However, when the flow rate of the electroless copper solution was
higher (216 ml/hour), deposited copper started to peel off even before the internal walls of
the glass capillary were fully coated with electroless copper. A similar observation was
noted for the glass capillary plated with 189 ml/hour flow rate. The flow rate of the

electroless copper solution was further reduced to 155 ml/hour and it was found that the
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glass capillary was fully covered with the electroless copper. However, the copper coating
started to peel off after 139 seconds. The flow rate was further lowered down to 120 ml/hour
and the peeling off of the coating was observed at 196 seconds. When the flow rate dropped
further air bubbles (hydrogen) started to trap inside the silicone tubing especially where the
tubing was connected to the Buchner funnel. An example of a continuous uniform copper
deposit only on the internal walls of the capillary is presented in Figure 105. The following

sections discuss the thickness and the transmission loss of the plated capillaries.

Figure 105 Electroless copper deposited inside a glass tube

7.5.2 Thickness of Deposited Copper

The cross sectioning of glass samples using grinding and polishing is difficult due to the
formation of glass chips. As a solution, a Focussed lon Beam Scanning Electron
Microscope (FIBSEM) was used to measure the coating thickness. This instrument consists
of a high resolution field emission electron column and gallium source ion column which
allows milling of cross sections (typically 20 x 5 microns) through samples and subsequent
imaging using either electrons or ions. In this process, the plated glass tube was broken
manually and a piece of broken glass (with Cu on the internal wall) was mounted on a
carbon stub. The copper layer was connected to the carbon by silver paste to give
continuous conductivity of the sample. The sample was then subjected to the FIBSEM

analysis.
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(b)
Figure 106 FIBSEM micrographs of (a) broken glass tube mounted on Al stud (b) Cu

layer

Figure 106 (a) shows the FIBSEM of the broken glass capillary. The analysis was carried
out in the middle area of the sample. A continuous copper layer was observed (Figure 106
(b)). The maximum thickness of the electroless copper deposited on the inside walls of the
glass capillary with the 120 ml/hour flow rate for 196 seconds was approximately 60 nm.
A previous study [16] showed approximately 200 nm thick electroless copper deposits on
a CMG flat glass substrate in 30 minutes, but this was using a different electroless bath
system (Rohm and Haas Circuposit 4750 system). Another study [63] investigated the
electroless plating thickness on flat CMG glass using bath system Circuposit 3350-1. In
that work the copper coating thickness was approximately 1 um after 25 minutes. However
these glass substrates were bead blasted to introduce a rougher surface in order to increase
the copper adhesion to the glass surface. The moving electroless solution and smooth
surface may have been responsible for the limited coating thickness achieved on the internal

walls of the glass capillaries.

7.5.2 Transmission Losses

Three glass tubes with different lengths (40 mm, 61 mm and 71 mm) were cut from 75 mm
glass tubes and plated according to the procedures described above. Flow rate of the
electroless copper was 120 ml/hour and these capillaries were plated for 180 seconds. After
plating for 180 seconds, electroless copper was successfully deposited on the internal wall
of the glass tubes. The transmission losses were measured at Imperial College by the project
partners and the experimental results were compared with the simulation results. The test
was carried out in the frequency range of 0.25 THz — 2.5 THz.
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The transmission losses were experimentally measured using TetraView heads which have
a Gaussian beam with a diameter of 2-3 mm. The simulation showed approximately a loss
of 0.4 dB/0.1mm length which suggests 28 dB/70mm. However, the actual experimental
results showed the loss to be lower than 10 dB for all three glass tubes. The drawback of

the circular glass waveguide was the unwanted modes at the measured frequency range.

7.5.3 Electroless Cu Plating of LTCC Micro-channels

An example of a LTCC channel structure is shown in Figure 107. The closed channel
structures were pre-created in the LTCC sample during the lamination process and fired
according to the firing profile. This particular sample only has one channel structure,
however some samples contained 3 or 5 channels embedded in the same sample. The
rectangular holes in the middle of the sample are the opening of the channel and the channel
goes across the sample. Other circular holes which can be seen in the LTCC sample are the

registration pin holes used to align the LTCC layers.

Figure 107 LTCC micro channel test structure

As described in Chapter 5 NaOH pre-treatment plays a part in adhesion improvement of
electroless copper deposited on the fired LTCC substrate. The samples were first immersed
in 4M NaOH solution for 24 hours at room temperature. As the closed channel in the test
structure had relatively large dimensions (approx. 5 mm x 1 mm x 25 mm), the NaOH
solution was flowed in to the channel structure by shaking the solution container. After the
NaOH pre-treatment process the excess NaOH remaining inside the channel structure was

rinsed thoroughly with de-ionized water.

To flow solutions through the channels an interface was prepared as described earlier.

Figure 108 shows the LTCC sample which contained three closed channels running across
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the sample. The tubing was attached to this sample as described in section 7.4.2. The

catalyst solution is shown running through one of the channels in this example.

Outlet Catalyst solution passing through inlet

Figure 108 Attachment of tubing

Adsorption of catalyst on to the LTCC substrate is an essential part in the electroless process
and the effect of flow time of the catalyst solution through the channel was investigated.
The flow time of the pre-dip and the electroless copper solution was kept constant while
the flow time of the catalyst solution was changed as shown in Table 14. Electroless copper
solution was passed through the channel structures for one hour. After the deposition
process, the continuity of the copper deposit was tested by means of electrical connectivity
using a multimeter.

Table 15 Effect of flow time of catalyst solution on plating

Flow time/ minutes Electrical
connectivity
Channel Pre-dip Catalyst Electroless Cu solution
1 5 2 60 no
2 5 5 60 yes
3 5 10 60 yes

Figure 109 shows the electroless deposits on LTCC channel structures. A very selective

copper coating only on the channel structures was observed. The channel activated with
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Sn/Pd catalyst for 2 minutes showed uncoated areas (Figure 109, No 1) and the other two
channels showed uniform coating on the walls and the base of the channel opening. Both
channels activated with Sn/Pd catalyst for 5 minutes and 10 minutes showed a positive

multimeter signal confirming the electrical connectivity.

Figure 109 Copper plated LTCC closed channel structures

Optical micrographs of the base and the walls of the channel opening were taken and are
shown in Figure 110. These micrographs show uniform and continuous electroless copper

coating on the channel opening.

Figure 110 Optical micrograph of the (a) channel base and (b) wall
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7.6 Conclusions

Methods to electrolessly plate the internal surface of glass and LTCC waveguides were
established. The rate of flow of the electroless copper solution through the glass tubes was
maintained at a low rate as the copper deposits tended to wash away with a high flow rate.
It was also found that the electroless copper solution could only pass through the glass tube
for 2-3 minutes otherwise the copper deposits peeled off. A thin layer of electroless copper
(approx. 60 nm) was selectively deposited only on the internal wall of glass tubes.
Application as circular glass waveguides showed low (<10dB) transmission losses in the
terahertz region of the electromagnetic spectrum. A method was developed to deposit
electroless copper on LTCC closed channel structures. Unfortunately, within the project,

no measurements of electrical transmission of these samples were undertaken.
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Chapter 8 Conclusions

The aim of the current research study was to investigate and develop an electroless copper

metallisation technique for fired LTCC as an alternative to the conventional screen printing

process in order to produce integrated passive components, circuit patterns and substrate

integrated waveguide structures. To achieve this aim, selective copper metallisation

including pattern formation on fired LTCC substrates and closed channel metallisation on

both glass and LTCC was mainly considered. This chapter presents the conclusions

highlighted in the previous chapters. The findings from this study make several

contributions to the LTCC multilayer technology and are briefly stated here:

Electroless copper was deposited on Sn/Pd activated fired LTCC surfaces. The
deposit was homogenous and could achieve sufficient thickness. However the tape
test results indicated poor adhesion between fired LTCC and electroless copper
when no pre-treatment was applied.

Chemical pre-treatment of fired LTCC was carried out using concentrated NaOH
solution in order to improve the adhesion. The surface morphology of the fired
LTCC was changed when using different concentrations of NaOH as well as
different immersion times. Flake like features appeared on the LTCC surface with
the NaOH pre-treatment and different surface and chemical analysis techniques
suggested that these flake like features were originally dispersed in the ceramic
material and appeared on the surface after the background material was selectively
etched away. A material model of the NaOH treatment process was presented for
fired LTCC based on the results obtained from chemical and surface analysis.
Surface roughness of NaOH treated LTCC was studied using both Ra and volume
parameters. It was found that Ra provides a poor representation of the LTCC
surface. As an alternative, volume parameters were investigated and Vv, Vv, Vvc,

were found to give a better representation of the LTCC surface.
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Characterization of deposited electroless copper was carried out. The adhesion
strength of the copper deposits on LTCC substrates treated with different
concentration of NaOH was investigated using both tape test and scratch test. The
results showed improved adhesion in all NaOH treated LTCC samples compared to
untreated LTCC. Further investigation using XPS showed that, unlike untreated
samples, NaOH treated samples showed some traces of copper adhered to the LTCC
surface after the tape test. The role of the flake like structure on adhesion
improvement was investigated. It was found that the flake like structures
disappeared from the LTCC surface after the pre-dip and catalyst solution. It was
therefore concluded that there is no effect of the flake like structure on adhesion
improvement but, the roughness of the background surface of the LTCC may be
responsible for the adhesion improvement.

Excimer laser machining combined with the electroless plating process was
employed for selective metallisation of LTCC. Complete working circuits and
planar passive components including capacitor and inductor were demonstrated on
fired LTCC. It was found that the copper plating rate depended on the laser
parameters used. The process was further extended to design a resonator on LTCC.
Limitations in the resolution of the features achievable were identified, especially
when the separation between conductor lines dropped below 18 um

Electroless copper deposition onto the internal walls of glass capillaries and LTCC
closed channel structures was investigated. Methods to connect tubing to glass tubes
and SIW structures were established and electroless solutions were flowed through
glass capillaries as well as LTCC closed channels to deposit copper selectively only
on the internal walls of the channels. The thickness of the deposited copper on glass
capillaries was 60 nm. The method was demonstrated as a promising solution to
deposit electroless copper on the internal walls of closed channel structures in order

to manufacture substrate integrated waveguides.

This research has thrown up many questions in need of further investigation.

This research showed the potential for the deposition of electroless copper inside
LTCC closed channel structures. Due to a lack of samples, the characterization of
these deposits was not carried out in detail during this project. Further investigation
to characterize the uniformity, thickness and the resistance of the deposited copper

needs to be taken in to account.
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Fabrication of inductors and capacitors on fired LTCC (separation between
conductor lines was approx. 50 um) was demonstrated in this research. However it
was found that when the separation between conductor lines dropped below 18 um
these separations started to connect with each other during the plating process.
Further experiments need to be carried out to find the optimum metal line/space
dimensions for capacitor and inductor fabrication and alternative laser processing
and resist layer materials should be considered.

As the generated substrate integrated waveguide structures and passive components
are to be used in high frequency applications, future research should therefore
concentrate on the detailed investigation of loss measurements of LTCC SIW and

passive components in the expected frequency range.
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