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ABSTRACT

The microelectronics industry requires continuous advances due to ever-evolving
technology and the corresponding need for higher density substrates with smaller
features. Specifically, new dielectric materials with enhanced electrical properties afe
needed. At the same time, adhesion must be maintained in order to preserve package
reliability and mechanical performance. As a result, this research investigates the use
of thin glass sheets as an alternative substrate material as it offers a number of
advantages including coefficient of thermal expansion similar to silicon, good
dielectric properties and optical transparency to assist in the alignment of buried
features. As part of this project it was necessary to deposit metallic coatings onto the
glass sheets to create electrical tracks, pads and microvias. In order to meet these
requirements, the metallisation of both smooth as received glass surfaces and surfaces
roughened by laser machining using electroless copper and nickel deposition were
investigated. This study resulted in a number of important conclusions about the roles
of chemical bonding and mechanical anchoring in both the adhesion and catalyst

adsorption, that are key factors in the electroless metallisation process.

Electroless copper and nickel were deposited on glass following several pre-treatment
steps, including deposition of a silane self-assembled monolayer (SAM) and
subsequent catalyst activation. The effect of the different process steps on the
adhesion of the electroless coating to the substrate was investigated. It was found that
3-aminopropyltrimethoxy silane (APTS) treatment to form a SAM on the glass was
effective for increasing both catalyst adsorption and adhesion across a range of
preparation conditions. The end group of the APTS molecule interacted with the
palladium catalyst particles to form strong chemical anchors between the glass
surface and the catalyst without the need for high roughness. Analysis of the failure
surfaces showed that the failure locus was at the interface between the catalyst and
copper. The adhesion of electroless deposits on glass were characterised by
qualitative tape peel tests and semi-quantitative scratch tests. The deposition
conditions affected the film adhesion and for copper films thicker than 160 nm and

NiP films greater than 740 nm the adhesion was not sufficient to pass a tape test. The



different stages of the deposition process were studied using X-ray Photoelectron
Spectroscopy (XPS) and Static Secondary Ion Mass Spectrometry (SSIMS) to reveal
the structures formed and the behaviour of the catalyst. In addition, the effect of
process parameters on the internal film stress was determined by substrate curvature

measurements,

In order to deposit thicker films with good adhesion, not only chemical anchors but
mechanical anchoring needed to be provided. Glass substrates were excimer laser
machined to roughen the surface before metallisation. This process was found to be
effective on the glass material with electroless Cu films to 1.5 pm and NiP films to
3.7 pm obtained that passed the tape peel test. For roughened grooves, the Cu
thickness could be further built to 8-10 um by means of Cu electroplating. Finally,
combining laser machining with electroless deposition, a novel method to create

circuit patterns on glass was demonstrated.

Key words: Glass substrate; Electroless copper deposition; Electroless nickel

deposition; Thin film adhesion; Micro-mechanical properties; Scratch test; Laser

machining;
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Chapter 1 Glass as a substrate for printed circuit board manufacture

Chapter 1 Glass as a Substrate for Printed

Circuit Board Manufacture

1.1 Introduction

To meet the increasing demands of advanced electronic products, higher levels of
integration of electronic devices are being developed and employed, which is leading
to a reduction in package size, but with more and more input/output connections. As a
result, in the development of packaging of electronics, the aim is to lower cost,
increase the packaging density and improve the performance, while still maintaining

or even improving the reliability of the circuits [1, 2].

The concept of ﬂip-chii) technology where the semiconductor chip is assembled face
down onto the circuit board is ideal for size considerations, as there is no extra area
needed. for contact outside the component. The performance in high frequency
applications is superior to other interconnection methods because the length of the
connection path is minimised [3, 4]. A common feature of the joined structures is that
the chip is lying face down to the substrate and the connections between the chip and
the substrate are made using bumps of electrically conducting material. There are
different types of flip chip joints such as solder bump, Au bump, anisotropic
conductive adhesive and nonconductive adhesive [5]. However, while flip chip
technology is attractive, there is only one level of connection between the chip and
the substrate material and this means that the substrate must have features of
matching size to the Si chip. This places pressure on the Printed Circuit Board (PCB)

manufacturing process.
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With increased demand for high data transmission rates in devices, the data
transmission speed for electrical circuits is reaching the physical limit for which
electro magnetic compatibility (EMC) can be properly controlled [6]. Despite this, the
market is still endlessly pursuing smaller, faster, and cheaper products. To make the
system smaller and more powerful, low power components and faster devices with
smaller footprint and less I/Os are needed [7]. Higher data transmission rates require

more parallel I/Os. More 1/Os are not compatible with smaller devices.

Based on the analysis above, it would be very difficult to solve all the problems of
more advanced technology introduction based on current architectures, because the
solutions to each problem drive the technology in opposite directions and conflict
with each other, It has already been shown that light as a signal carrier can overcome
the disadvantages of electrical transmission in terms of speed and bandwidth with low
electromagnetic interference (EMI) [1, 8], Optical technologies have already been
widely employed and shown excellent performance in the communication industry as
optical fibres. Extending the idea to PCB level technology, the problems for further
advances could be solved by taking advantage of high speed, wide bandwidth and low
EMI of optical transmission, leading to reduced I/Os by relying more on high speed
serial communication structures. Again, this requires the introduction of new

materials and processes into the PCB manufacturing process.

1.2 Limitation of traditional substrate materials

As electronics manufacturers strive for smaller, faster, more environmentally friendly
products, the limits of current manufacturing methods for printed circuit boards
(substrates) are being reached. Manufacture using traditional FR4 (glass fibre epoxy
composite) or CEM (Composite Epoxy Material) substrates is increasingly difficult,
costly and wasteful, as the size of ¢lectrical connections on the circuit board becomes
comparable to the silicon chip [6]. To meet some of these demands, at the board and
package level, sequential build-up structures (SBUs) with alternating dielectric and
copper layers and microvias have been integrated into the manufacture of substrates
as one means of achieving high density interconnections [4]. However, there are still
limitations due to the underlying substrate which is often FR4. Many of these

manufacturing difficulties arise from the material properties of the substrate: in order
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to meet the requirements of advanced flip chip devices a number of properties are

required.

Coefficient of Thermal Expansion (CTE) is one of the most important parameters for
a PCB as a mismatch between substrate and components can lead to failure. This is
particularly an issue for flip-chip devices where any mismatch can lead to rapid
fatigue failure of the small interconnects [3, 9]. Ideally the substrate CTE should be
close to that of semiconductor materials, such as silicon or GaAs to minimise this
issue. Also, during the manufacturing processes, different temperatures are
experienced that can cause misalignment and stress build up. The expansion rate of
most circuit board materials increases remarkably when measured at temperatures in
excess of the glass transition temperature [5]. Ideally, the expansion of a circuit board
material and copper would also not differ significantly. Plated through hole failures
during exposure to thermal extremes are a significant risk when the substrate material
versus copper Z-axis CTE differential is large [1]; The move to lead free solder
materials with higher reflow temperatures is also a concern and leads to more
significant stresses between the copper plated vias and glass fibre epoxy materials in

multilayer boards.

As mentioned above, input/output connections are growing in number, while the
devices must be made smaller in order to satisfy the requirements of consumer
markets, therefore, devices with smaller and smaller pin pitches in line with finer
bond pad pitches on the components are desired by industry. Current FR4 substrates
can support fine pitch (<25 um track and gap) Cu tracks manufactured using high
performance resists and laser imaging [10]. However, the dimensional stability of
FR4 during manufacturing is insufficient to provide accurate registration when
routing micro-vias to buried capture pads in multilayer boards. Misalignment errors
increase towards the edges and comers of large panels reducing the working area. As
a result of this, while microvias as small as 50 pm in diameter can be machined using
laser techniques, capture pads two or three times this size are often needed to avoid

breakout which limits the pitch of the pads that can be achieved [11].

Finally, with the application of more and more powerful devices, thermal

management is also becoming very critical during the design of the system. As a very
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important and main channel to dissipate heat, the PCB is critical to the system
stability and device reliability, However, normal FR4 material is poor in thermal
conductivity (0.2W/m+K) [12], and in various applications with high power devices

results in complicated thermal management problems.

1.3 Glass as a substrate material

Basic properties of some common electronics packaging materials are summarized in
Table 1-1.

Table 1-1 Basic physical properties for commonly used electronics packaging materials

f13]
Thermal
Raw Material Density (g/cm”) Conductivity CTE (10°%°C)
(W/meK)
X,y-axis 13-18
FR4 1.80 0.2 .
' z-axis 100-170
Polyimide 1.70 0.3 17
Copper 8.92 385.0 17
Aluminium 2.7 240.0 24
Glasses 2.1-3.0 1.05 3-10
Silicon 2.33 149 2.6-3

As described above, to meet the requirements of advanced packages based on flip
chip technology, the substrate should have low CTE, high thermal conductivity, high
dimensional stability and good dielectric properties. Many of thése requirements are
delivered by Si and much work is underway to investigate this as part of the 3D All
Silicon System Module (3DASSM) research programme [14]. However, a key issue
* with Si is that it is not able to carry optical signals and is also electrically conductive
such that insulating layers must be grown before use. A potential new substrate
material capable of carrying both optical signals and electrically conducting copper

tracks is glass, for which there are a number of advantages:
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1. The manufacturing processes for glass sheets are fully mature to support the
technical requirements, further advances and production volumes.

2. The dielectric constant of glass and low loss tangent is suitable for high frequency
applications [15]. Table 1-2 indicates that the dielectric constant of glass could be
comparable to that of FR4 and in some cases, could be even better.

3. Glass is very suitable for accurate via machining using optical recognition of buried
features.

4. Glass is one of the most stable materials in terms of moisture absorption, aging, and
electrical properties, which means that glass could support a more stable electrical
performance and enable accurate feature registration during manufacture.

5. The CTE of certain glasses is very close to that of silicon for reduced flip chip joint
stress, which is a key point for enabling its use in high density IC packaging
technology.

6. Glass shows good thermal conductivity (ziW/m-K) compared with most non-

metallic materials, although it is very poor compared to silicon [12].

Table 1-2 Dielectric properties of different materials [15]

Substance Dielectric Constant Loss
(relative) Tangent
FR-4 (G-10) - low resin 49 0.008 @ 100 MHz
- high resin 4.2 0.008 @ 3 GHz
0.0002 @ 100 MHz

Fused quartz 3.8 0.00006 @ 3 GHz
Fused silica (glass) 3.8
Gallium Arsenide (GaAs) | 13.1 0.0016 @ 10 GHz
Germanium 16
Glass 4-10
Glass (Corning 7059) 5.75 - 10.0036 @ 10 GHz
Pyrex glass 5.1
(Comning 7740) '

N 0.005 @ 1 GHz
Silicon 11.7-12.9 0.015 @ GHz
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1.4 Research background

Based on the above, a research project was established to investigate glass as a
substrate material. The overall aim of the project was to use thin (50-100 pm thick)
CMZ glass sheets to manufacture multilayer substrates able to support high density
electrical and optical interconnect (CMZ glass is a commercially available glass from
Qioptiq company and was chosen due to its close CTE match to Si)[9, 16]. The
concept of this new PCB was to produce substrates upon which flip-chip components

may be assembled as shown schematically in Figure 1-1.

Microvia

Copper
: in pad

Trace

Laminated glass substrate

Figure 1-1 Electrical interconnect glass PCB

Figure 1-2 shows a suggested route for the production of a multilayer structure in

glass for electrical interconnect.
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e) metallisation and track formation

Figure 1-2 A suggested route for glass PCB manufacture
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In this process, a laser is employed to machine the tracks and microvias in the glass
which is then metallised to produce electrical connections. Layers of glass are
laminated together to form multilayer substrates. In order to fulfil this overall
objective, three areas of research were necessary: laser machining, glass metallisation
and lamination. Within the larger project, each area was investigated by a different
PhD student. The work reported in this thesis investigates the metal deposition on
glass substrate materials. The main challenge of glass metallisation is to obtain a
strong bond between the metallic coating and smooth glass surface, as the adhesion
strength is critical for interconnect reliability. In addition, excimer laser machined

grooves and micro vias also need to be coated and filled with metal efficiently.

1.4.1 Selection of deposition material

Initially a suitable material to form the conductive tracks on glass needed to be chosen.
Aluminium and its alloys were the standard choice for metallisation in integrated
circuits for many years [17, 18). There are, however, limitations in the use of Al as
the interconnect metal, especially used as the conductive layer on a substrate. The
relatively low melting temperature of aluminium, in conjunction with its
susceptibility to failure processes such as stress-voiding and electromigration, pose
uncertainties about the mechanical integrity of aluminium lines, especially lines
decreased to micron scales [19]. In addition, the high electrical resistance and low

resistance to migration are also not attractive for glass substrate metallisation.

Copper has a lower electrical resistivity and higher melting point than aluminium and,
for the same electrical design, it is expected to function as effectively as an
aluminium interconnect with roughly double the cross sectional dimensions. It is
highly solderable and there is a significant infrastructure for both electroless and
electroplating deposition following its widespread use in PCB manufacture [20].
Research into advanced copper interconnect indicates superior performance and
reliability of copper, particularly in the context of failure due to stress-voiding and
electromigration [21, 22]. Despite these advantages, copper interconnect technology
for glass has drawbacks: copper does not adhere well to silicon dioxide and diffuses

rapidly into silicon.
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Nickel coating has attracted a great deal of interest from the electronics industry and
the research community due to its unique characteristics such as its higher thermal
stability, corrosion resistance, solderability, magnetic and electrical properties [23,
24]. Similarly to copper it can be easily deposited by electroless and electroplating
methods. Ni coating also produces a smooth surface, which is ideal for optical
reflectance, and it is already widely used in integrated circuit (IC) interconnections
-[25, 26], micro-electro-mechanical systems (MEMS) and PCBs [27, 28). Electroless
nickel deposits provide very good protection against corrosion [23], have high
abrasion resistance, and have good adhesion to most metals, which makes it an

excellent surface finish.

Based on the above, both copper and nickel were chosen as the coating materials to

investigate for glass metallisation.

1.4.2 Selection of deposition method

According to the literature, there are several ways to form a Cu or Ni coating on glass
substrates, such as electroless plating, electroplating, CYD and PVD [29]. Each of the
following deposition technologies can meet one or two requirements of glass
metallisation, but none has yet achieved all requirements [30]. This section will
review the different methods to deposit either copper or nickel films on glass or other
substrates. Not all of these are suitable for PCB manufacturing. Both physical
methods (evaporation, sputtering, ion beam deposition and pulsed laser deposition
etc.) and chemical methods (chemical vapour deposition, electroless plating, and
electroplating etc.) can be used [31, 32]. Each of these techniques has its own merits

and demerits, and the following sections discuss the most relevant to this application.
Evaporation and Sputtering [30, 33]

Evaporation is a common and simple deposition technology currently used to prepare
metal and/or oxide films on various substrates. In this, the metal to be deposited is
heated to high temperature in a vacuum chamber such that it evaporates and then
condenses on the substrate to be coated. Sputtering is a PVD process involving the
removal of material from a solid cathode. The fundamental difference between

sputtering as a plasma process and thermally excited thin film preparation methods
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(evaporation, CVD) is the much higher energy (typically ~ 1-10 €V} input on the
growing film, Thus, compared with other deposition techniques, the sputtering
process produces films with higher purity and density, provides films with greater
adhesive strength and homogeneity. Resistivity as low as 5 pQ- em for Cu films and a
smooth surface with root mean square (RMS) roughness of 1-18 nm on p-type silicon
has been achieved by dc magnetron sputtering [34]. However in general, the

deposition rate for sputtering is relatively low and the cost is high.
Chemical Vapour Deposition (CVD) [30]

CVD is a process in which a chemical reaction involving gaseous reacting species
takes place on, or in the vicinity of, a heated substrate surface. A number of variations
on and subcategories of CVD techniques have been developed during the past
decades, which mainly include metal-organic CVD (MQOCVD), plasma-enhanced
CVD (PECVD), and atmospheric pressure CVD (APCVD). In general, the surfaces of
CVD Cu films are almost always rougher compared with those prepared by PVD
methods, Plasma and light are sometimes used to increase the film growth rate and to
lower the deposition temperature, For example, Wu et al. [35] found that photo-
assisted MOCVD copper films can be deposited on TaN/tetraethylorthosilicate
(TEOS)-oxide/Si, but not on TEOS-oxide/Si wafers, at temperatures as low as 100°C.
Kim et al. [36] reported that the adhesion strength of the Cu film deposited on in situ
CVD TiN was two times higher than that on air-exposed CVD TiN, which was.
attributed to formation of Cu(OH); at the interface,

Electrochemical Plating [17, 37]

Electrochemical plating is used for a variety of applications in microelectronics,
optics, and related fields. The growth of inorganic thin films from liquid phases by
chemical reactions is accomplished primarily by electrochemical processes (which
include anodisation and electroplating), and by chemical deposit—ion processes (which
include reduction plating, electroless plating, conversion coating, and displacement
deposition). Electroplating can only be performed on conductive surfaces, but can be
used to produce films with thicknesses up to tens of micrometers. In contrast,
electroless plating can be deposited on both conductive and non-conductive substrates,
but it is usually for thin coatings only. Electroless deposition takes place in simple

liquid baths, offering the possibility of batch processing for high throughput. These
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baths are less expensive than the equipment required for other deposition techniques
such as the vacuum chambers required for sputter deposition. The electroless method

is relatively low cost, fast and especially suitable for high volume production.

Table 1-3 compares the main characteristics of metal films deposited by various
techniques. For example, sputtering techniques allow the fabrication of high quality
films, but they have high equipment cost and relatively low production rates. On the
other hand, electroplating is very cheap but the deposition process is less controllable

and only suitable for a conductive substrate.

Different deposition techniques grow films with different characteristics. In addition,
since the properties of Cu films depend strongly on the microstructure, compositions
and the nature of the impurities present, some properties of the Cu films will vary

depending on the deposition technique as demonstrated in Table 1-4,

For substrate manufacturing, the Cu must be deposited as lines on the surface, as
interlevel connections and in plated through-holes which receive connectors. Vacuum

deposition of the Cu is not feasible because of the scale and topography of the board.
| Electroplating deposition cannot be employed, because the glass is an insulator. Thus,
electroless deposition is the favoured technique. As a result of this, electroless copper
and nickel were considered in this research for the metallisation of CMZ glass as they
are widely used in the PCB industry and their excellent performance as surface
coating materials for nonconductive substrates, such as polymers and ceramics, have

been demonstrated befoi‘e.

-10 -
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Table 1-3 Main characteristics of metal films deposited by various techniques

Methods Advantages Disadvantages Ref.
Smooth surface Vacuum System
Evaporation | Scalability to large areas Medium depositionrate | [31, 32]
Good controllability Poor adhesion
Good adhesion
Smooth surface
. ) . Vacuum System
Good thickness uniformity Hich
; igh cost
SPutering  f prion density of the film & y [29,32)
. Medium deposition rate
Scalability to large areas
Good controllability
. Low cost High substrate temp.
Chemical ) .
vapour High deposition rate Not suitable for polymer | 131 32)
deposition Scalability to large areas substrates -
Poor controllability
Low substrate temperature o
Poor teproducibility
I 1 Low cost .
Electroless _ . Low deposition rate (23, 38]
plating Good filling capability . ’
. Requires pre-treatment
Scalability to large areas
steps for good adhesion
Low substrate temperature
Low cost Onlv duct
nly for conductive
ing | Good filling capabilit (23, 39,
Electroplating g cap Y surfaces 40]

High deposition rate

Scalability to large areas

Note: low deposition rate, medium deposition rate and high deposition rate are

typically 1-10 nm/s, 10-30 nm/s and 30-50 nm/s respectively.
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Table 1-4 Properties of Cu films grown using various techniques

Methods gg;?:::fure("C) Substrate '(ll’ll:lilc)kness g::::;ghness z:zli:)lty Ref.
Evaporation RT-400 Si [41]
DCMS RT Si 130-1050 1-18 5 [34)
DCMS 300-480 Si/glass 2 [42]
PLD ?(;l;) -Annealing Glass 3.1?:8 [43]
IBD Glass

CVvD 350-500 Si/8i0; 33 [44]
PAMOCVD 100-125 TaN 2.8 [35]
LPCVD 200 TiN 1.8

EL 25 Si .| 500-2000 [26]
EP RT Polymer 100-1000 57 [45]
EP RT Si 3 [46]
EP 50 Si 20-100 4.2-10 6.23 [19]

Note: DCMS 1s dc magnetron sputtering, PLD is pulse laser deposition, IBD is ion beam deposition, PAMOCVD is photo

assisted metal organic chemical vapour deposition, LPCVD is low pressure chemical vapour deposition, EL is electroless

plating, EP is electroplating.
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1.5 Research methodology

Based on the background information discussed above, there were a number of key
objectives in this research project. Each is a step towards the ultimate goal of glass
substrate materials with smooth surfaces and strong adhesion to electroless copper

and nickel, as required for future microelectronic devices.

1. The first objective was the investigation of electroless metal deposition on glass
with good uniformity and low deposit roughness, for which a detailed study of the
process steps for deposition of electroless copper and nickel on glass was carried out

using different analysis techniques,

2. The second objective was the development of an understanding of the mechanisms
responsible for adhesion at the interface between the electroless coating and the glass:
understanding these mechanisms is key to designing processes with optimal
conditions in terms of surface roughness and adhesion. Many articles have been
published on modifying the glass surface to achieve good coupling, unfortunately all
of these attempts only show electroless coating successfully achieved with no
systematic investigations of the adhesion as a function of thickness and failure
behaviour between the electroless coating and glass substrates. All factors which
affected interfacial adhesion including surface morphology, wettability and deposition
parameters were investigated. Both chemical methods and mechanical methods were
investigated as means to the adhesion improvement. Attention was devoted to the
effects of processing on the nucleation and growth of thin films on substrates, the
evolution of film microstructure on glass substrates, and the generation of internal

stresses during processing.

3. The third important objective was to characterise the mechanical and electrical
properties of deposited coatings on glass as satisfactory values of these parameters are

essential to further applications in industry. .

4. Combined with the laser machining process, glass circuit patterns were to be
demonstrated. In addition to the deposition of copper onto the flat glass surface, in

this project, excimer laser machined grooves and micro-vias also needed to be coated
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and filled with metal. For application in the PCB industry, the metallic plating
thickness on glass should be no less than five microns. A limitation of electroless
copper is its low deposition rate on the pristine glass surface. Therefore, the use of
electroplating after the electroless process to build up the thickness of copper layers

was also investigated.

This thesis focuses on understanding and addressing these four objectives in order to
develop electroless metallic coating on glass for the fabrication of glass substrates for
electrical interconnect. This thesis will present the results of the research carried out
towards achieving these objectives in a systematic manner. Chapter 1 has presented
an overview of the motivation for the project as well as the relevant background
information needed to understand the challenges that must be overcome and the
approaches that will be taken. Chapters 2 and 3 focus on the electroless copper and
nickel deposition process, respectively. Chapter 4 shows the experimental results and
discussion on the adhesion improvement by surface pre-treatment and catalyst
processes, together with all the treatment methods used to independently create
chemical and morphological changes on the glass surfaces for increased catalyst
adsorption. Chapter 5 shows the internal stresses and mechanical properties of
deposits on glass substrates, which have great influence on film adhesion. Chapter 6
presents the experimental results and discussion on the catalytic surface structure
effects on electroless copper deposition. Chapter 7 presents electroplating applied on
laser machined glass after electroless plating to build up the thickness and make
multilayers conductive. This chapter also encompasses electroplating on laser
machined grooves and microvias. Finally, Chapter 8 offers a summary of the progress
made in this research project and offers directions for future work. Thus, a
comprehensive understanding of the challenges faced in the electroless plating of Cu
and NiP on glass material, as well as a nuhlber of approaches for solving these

problems, is presented.
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Chapter 2 Electroless Cu Deposition

Characterisation

2.1 Introduction

The electroless copper plating method is widely used in microelectronics and nano-
electronics as it provides uniform metallic coating on either metallic or insulating
substrates. For substrate manufacture, the Cu must be deposited on the surface, and
into vias as inter level connections. For FR4, this is widely achieved using electroless
and electroplating of Cu. Therefore, in order to use a similar process route to produce
a glass substrate for high density interconnect, the first step is to deposit a reliable

metallic layer on glass.

However, glass metallisation has some difficulties, because of the incompatibility of
chemical and mechanical properties between the highly stiff and brittle substrate and
the metallic film. The glass substrate is very smooth and the interface between glass
and metal deposit is therefore without any mechanical interlocking, so the metal film
can easily separate from the substrate, In addition, the CTE is different for the
different materials and as a result, strong interfacial stresses appear and may also
cause cracking of the metal films. To begin with, a detailed study of the process steps
- for deposition of electroless copper on glass was carried out in order to understand the

surface morphology, deposition rate and electrical conductivity.
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2.2 Literature survey

2.2.1 Cu-EDTA-HCHO electroless plating mechanism

Electroless copper deposition is an autocatalytic redox process in which cupric ions
(Cu?*) are chemically reduced at catalytic surface sites, in the absence of any external
current source, to copper metal (Cu®). The copper deposition reaction is complex
because of the number of steps required in order to reduce Cu®* to metallic Cu® on the

surface.

The typical electroless copper bath contains CuSQs (copper source), NaOH (pH
control), ethylenediaminetetraacetic acid EDTA (complexing agent), H;O and a
reducing agent, Formaldehyde (HCHO) is usually used as a reducing agent because it
can give a high deposition rate and leads to excellent mechanical properties of the
copper deposits [47-49]. Besides formaldehyde, hypophosphite, borohydride,
hydrazine, dimethylamine borane (DMAB), glyoxylic acid and redox-pairs (i.e.
Fe(II)/Fe(HI), Ti(IIT)/Ti(1V), Cr(I1)/Cr(1II), V(II)/V(III)) have been investigated as
reducing agents in electroless copper deposition solutions [50-53]. In other work, the
hypophosphite modified bath was found to give a better deposition rate, but the
mechanical pfoperties such as tensile strength of the deposits decreased compared to
those obtained from an HCHO modified bath. Glyoxylic acid baths offered good
coating quality, but the operating temperature of 70°C is high [53].

The Cu-EDTA-HCHO systein is the most commonly used for electroless copper
deposition. Electroless copper deposition from formaldehyde based plating baths with
EDTA as the complexing agent is generally expressed as the coupling of two partial

electrochemical reactions as follows [54, 55]:

Anodic half reaction

2HCHO+40H™ —»2HCOO +2H,O0+H, +2¢” (1)

Cathodic half reaction

CuEDTA™ +2¢ — Cu® + EDTA" )
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QOverall reaction

CuEDTA* +2HCHO+40H™ -
Cu® + H, +2H,0+2HCOO™ +EDTA*

The reactions (1) and (2) proceed simultaneously and at separate locations on the
activated substrates, in accordance with the mixed-potential theory [56]. In the steady
state, at the mixed potential, the rates of reactions (1) and (2) are equal and stay
limited by the constant copper ion concentration in the solution and their rate of

arrival at the metal substrate [57].

The effects of each component in the bath have been the focus of much research.
Zouhou et al. [58] demonstrated that the electroless copper deposition proceeds along
two interdependent reactions: the copper reduction and the formaldehyde oxidation.
An electrochemical quartz crystal microbalance has been frequently used to measure
the partial current of cupric ion reduction as a function of the potential for different
concentrations of formaldehyde and to obtain the copper deposition rate. It has been
found that increasing the formaldehyde concentration leads to an increase in the
reduction current, so the formaldehyde concentration needs to be controlled in the
bath [59]. Wiese’s group [60] reported that the catalytic oxidation of formaldehyde

increases with hydroxide concentration and is only effective at a pH above 11. This is

because the methanediolate anion H,C(OH)O™ that arises from the formaldehyde as

shown in equation (4), is only present in a sufficiently high concentration at a pH

above 11,
H,CO+OH" — H,C(OH)O™ @

Weil [61] demonstrated, using an electrocheﬁical quartz crystal microbalance, that
the copper reduction current from Cu(EDTA)” solutions at pH 12.5 in the absence of
formaldehyde is virtually zero at the working potential of the electroless copper
deposition (around -0.65 V vs. saturated calomel electrode SCE). It was concluded
from these and related results that adsorbed methanediolate anions catalyse the

cathodic reaction.
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In addition, the autocatalytic mechanism of both the cathodic and anodic reactions in
electroless copper deposition were fully investigated using electrochemical
impedance spectroscopy and a polarization technique [62]. It was found that the
cathodic reaction produces the catalytic sites for the anodic process, while an
intermediate of the anodic process is at the same time an important catalyst for the
cathodic partial reaction. During the initial stage of electroless plating high currents
occur because of the higher surface concentration and lower polarization.
Ramasubranmanian’s [63] modelling work showed that the concentration of the key
components decreased very sharply during the initial period of plating and then

recovered slightly due to the arrival of new ions from the solution bulk.

2.2.2 The rate of deposition

The rate of the copper deposition reaction can be affected by temperature, additives,
" pH value of the bath, and the substrate material. Temperature affects the kinetics of
each partial reaction thereby creating significant changes in reaction and deposition
rates [63, 64]. Most of the oxidation and reduction reactions involved in the overall
process require energy in the form of heat and therefore increasing the temperature
leads to a higher deposition rate. The pH of the solution also has a direct effect on the
- rate of deposition, mainly due to the role of the OH group as a reactant in the

methanediolate anion dissociation reaction,

The plating rate of a typical formaldehyde-based electroless copper bath has been
shown to increase nearly ten-fold by increasing pH from 11.5 to 12.5 [63].
Furthermore, the deposition rate was also found to vary with different alkali
hydroxides used to adjust the pH. Matsuoka [55] employed three kinds of alkalis as a
source of hydroxide ions to investigate the mode of action of the alkali metal cation,
The pHs of the baths adjusted using LiOH, NaOH and KOH were found to be 12.5,.
12.7 and 13.1, and the corresponding deposition rates. of copper were 4.7, 3.4 and 4.2
pm/h, respectively, indicating a nonlinear relationship between the deposition rate
and pH. The temperature dependence of the deposition rate was also examined with
these baths. The deposition rate of copper increased from 1.52 pm/h to 5.4 um/h with
increasing temperature from 40-70°C in the LiOH system, while it increased from
1.24 pm/h to 3.68 pm/h in the NaOH system.
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Some research showed that the HCHO concentration was also a key factor affecting
the deposition rate. It was presented that by changing the HCi-IO concentration in the
range of 0.04-0.24 M, both deposition rate and volumetri¢ density rapidly increased
followed by a slower increase tending to saturation on the metal surface [48, 54, 57].
Schoenberg et al. [65] also revealed that the deposition rate was constant when the
HCHO concentration increased beyond a certain level. This behaviour was because
the deposition rate was limited by the HCHO concentration in the first region and
limited by the copper concentration in the second region. As the HCHO concentration
increases, a higher quantity of electrons are donated to the substrate and the reaction
is limited by the arrival of Cu ions at the surface. On the other hand, as the HCHO
concentration decreases, a lower quantity of electrons are donated to the metal
substrate and the reaction is limited by the arrival of HCHO at the surface. This
means that not all complexed copper ions that reach the substrate surface will be
reduced and therefore, irregular deposition may occur at different locations on the

substrate due to the lack of electrons, and voids may be formed in the Cu film.

Additives, meanwhile, can have accelerating or decelerating effects on the copper
deposition, for example, guanine and adenine have been shown to accelerate plating
while other additives such as dipyridyl and NaCN have been shown to have an
inhibiting effect on the plating rate [65-67]. These additives also play a role in the
microstructure of the copper deposits by affecting copper grain size, and therefore

properties such as ductility and resistivity.

2.2.3 Surface activation

The electroless Cu plating piocess can only take place on a suitable active surface, for
example bulk metals such as Cu, Ag and gold [17, 37]. On non-conducting surfaces a
catalyst must be used to activate the surface, such as palladium, gold, silver, etc. The
range of catalysts used for electroless plating will be reviewed in more detail in

chapter 6.
Activation is a catalytic reaction, which is triggered when active colloids on the

substrate surface are dipped in an electroless deposition bath, The active catalyst

enables the reducing agent to react at the surface and acts as an electron carrier that
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supports the transfer of electrons from the reducing agent to the metal ions. A
common catalyst is the Pd/Sn colloid catalyst from which Pd catalyst particles are
adsorbed on the surface from a solution containing PdCl; and SnCl; [60]. The Sn in
‘this solution interacts with surface oxygen, adsorbing onto the surface, and enabling
the reduction of Pd from Pd”*" to Pd’. The Pd® adsorbs on the surface in small clusters

of particles and is an active catalyst for the electroless copper deposition reaction [68]:

Pd* +8n** — Pd° + Sn** ()

Once the surface is activated, copper is deposited only where the catalyst is present,
making it possible to develop a fully additive build-up process by patterning the

initial catalyst deposition.

The adhesion of the catalyst to the surface is also important to ensure consistent
plating, and some substrates require additional process steps to allow the attachment
of the catalyst. Table 2-1 compares a conventional process and illustrates the range of
pre-treatments that can be applied in an improved process. The conventional
procedure has been found to be ineffective when attempting to activate the glass
surface for electroless copper deposition. Some papers have highlighted that the
adhesion between a glass or silicon substrate and metallic layer obtained by
conventional electroless plating methods is fairly weak [19, 69, 70]. Therefore,
several alternative surface treatments have been attempted in order to activate
nonconductive substrates, (such as polymers, glasses, silicon or ceramics) including
plasma treatment, reactive ion etching, chemical etching, laser machining, and

addition of an intermediate layer, for which examples are givén below.

In work performed by Zhang et al, [78], a HF treatment was used to etch a glass
surface in order to roughen it. Using the HF as a pre-treatment followed by standard
electroless plating improved the adhesion by a factor of five compared to that without
pre-treatment. However, HF is difficult to use in many industries due to its high

toxicity and corrosive nature making it unattractive for use.
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Table 2-1 Lists of various processes for promoting adhesion of electroless Cu

Conventional Method Improved Route Ref.

1. Cleaning 1. Cleaning

2. Pre-treatment (either one or a

combination of )

plasma treatment [71]
reactive ion etch/chemical etch [32,72]
laser machining [73-75]
intermediate layer | 132, 76]

2, Pre-Dip Solution 3. Pre-Dip Solution

3. Catalyst Activation | 4. Catalyst Activation

4. Post-Activation 5. Post-Activation

5. Electroless Copper 6. Electroless Copper

Adding an intermediate layer of titanium, cobalt, tantalum, tantalum nitride, tungsten
nitride, zinc oxide, indium tin oxide, chromium or vanadium can enhance the
adhesion of electroless copper to glass and silicon substrates [79, 80]. These interface
metals interact effeétively with such oxide substrates. Chromium adheres very well
because of oxidation, and the metallic chromium and gold catalyst used in this case
interdiffuse to form an interfacial layer which also has very good adhesion [81].
Aithal [19] reported that titanium was used both as a seed layer and barrier layer
because it can prevent copper penetration into the substrate at high temperatures and
provide good adhesion of copper to dielectrics. Yoshiki [82, 83] prepared an
electroless deposited copper layer with strong adhesion to glass substrates by means
of a ZnQ thin film adhesion layer instead of activation of the substrate surface in a
conventional electroless plating process. The main disadvantage of this method is that
the structure of the intermediate layer may be changed by acute exposure to
conditions such as high temperature or strong magnetic field. In addition, a problem
with this approach is the possibility of increased water absorption in the thin metal
oxide layer, which can decrease the reliability of the package. Another issue is the

effect of the metal layer on the electrical performance of the features since the metals
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used for adhesion layers typically have worse electrical properties than copper.
Chromium, for instance, has a resistivity of 12.7 uQcm [12], which is nearly eight
times higher than copper (1.67 pQem). The increased resistivity of any adhesive
metal layer will increase the effective resistance of the signal line. As signal
frequency rises and skin depth decreases a larger percentage of the signal will
propagate in this thin layer, causing ever-increasing line resistance and signal loss [4].
This effect makes the use of adhesive layers more problematic as off-chip frequencies
increase dramatically over the coming years, thus, their use will not be explored in

this thesis.

Reactive ion etching (RIE) is a process combining chemical etching and accelerated
ion bombardment. It results in etching of the polymer and glass substrate surfaces.
Oxygen RIE treatment has been shown to increase the oxygen surface concentration
by 70-180% on a polymer surface [84), while oxygen RIE treatment is mainly used to
change the surface roughness of glass. Glasses which pass through the RIE process
can achieve good adhesion with metals due to this roughness. Laser machining is
another useful method to improve adhesion for different substrates by changing the
surface roughness [74]. However, the main disadvantages of RIE and laser machining
are low speed and high cost, which make them less suitable for high volume

production,

Besides the above mentioned methods, one of the most effective ways to improve
adhesion to glass is to use a SAM to provide a single molecule thick adhesion
promoting layer between the glass and the catalyst [85, 86]. According to the different
coupling structures, SAM systems can be divided into two main categories,
alkylsilanes and alkanethiols. Thiols (R-SH, where R denotes the rest of the molecule)
adsorb on metal substrates such as Au, Ag and Pt, while silane-based systems adsorb
on silicon oxide and glass. Different siloxane SAMs including those terminated with
mercapto-(SH), amino-(NH3), pyridino-(hetero-aromatic, CsH4N) groups have been
successfully formed on the surface of SiO, with a simple one-step dipping process.
Organosiloxane SAMs of alkylalkoxysilanes are chemisorbed on a Si substrate that
has silanol groups (-SiOH) via Si-O-Si bonds. The aim of the SAM is to form a
surface with exposed chemical groups that can interact effectively with the catalyst,

thereby coupling it to the glass. Glass surfaces modified with SAMs with increasing
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concentration of nitrogen have been shown to result in improved adsorption of the
Sn/Pd catalysts [45, 87-89]. Among the most studied systems for glass activation,
aminopropyltrimethoxy silane (APTS) and mercaptopropyltrimethoxy silane (MPTS)
are the most useful on different hydroxylated surfaces such as oxidized silicon, mica
or glass [46, 76, 90]. In the case of silane-based systems, the water content turns out
to be crucial for the proper preparation of the SAM, so in most cases a small amount

of water is added.

In general, all pre-treatments alter the surface region in different ways, for example,
changing the chemical nature of the surface or the surface topography or by removing
a weak boundary layer. Silanisation is the most useful method to modify glass
surfaces because it is a simple procedure with strong functional groups. Therefore, a
silane‘was used in the present experiment to improve the absorption of Pd based

catalyst onto the glass surface,

2.3 Methodology and experimental procedures

Electroless copper deposition was investigated in this work, including SAM

formation, Pd/Sn catalyst and Cu deposition steps.

2.3. 1' Materials

A list of the materials used in the electroless copper process are summarised in Table
2-2 with the supplier and application specified for each material. In this experiment,
CMZ glass with a thickness of 100 pm was used. As mentioned earlier, this was

selected due to its close CTE match to St.
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Table 2-2 List of Materials and Suppliers

Product Supplier Process Step/Application
CMZ glass Qioptiq Glass substrate
Decon 90 Fisher scientific, UK Cleaning glass
Methanol

(laboratory reagent grade) Fisher scientific, UK Solvent
3-Aminopropyltrimethoxy

silane APTS (297%) Aldrich Surface treatment
Circuposit 3340 Rohm and Haas Pre-dip

Circuposit 3344 Rohm and Haas Catalyst
Circuposit 4750 part A

(Copper sulphate,

formaldehyde, hydrogen Rohm and Haas Electroless Copper
chloride, methanol)

Circuposit 4750 part

B (sodium hydroxide) Rohm and Haas Electroless Copper
Circuposit 4750 part M

(tetrasodium salt of Rohm and Haas Electroless Copper
EDTA)

2.3.2 Analysis techniques

Atomic Force Microscopy

In order to characterise the electroless deposited surfaces and their adhesion a number

of analysis techniques were utilised. The first of these techniques was atomic force

microscopy (AFM), which was used to quantify surface roughness and observe the

surface morphology. A Digital Instruments Atomic Force Microscopy (AFM Model

Nanoscope IH) with Si tip cantilevers of 5-10 nm nominal curvature and a resonance

frequency of 247-298 kHz was operated in the tapping mode at a scan rate of 1.0 kHz.
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The average copper grain sizes were determined by the AFM software applied to an
area of 500x500 nm?, and the roughness was represented as a Ra value determined.

over an area of 10x10 pm?,
Scanning Electron Microscope

Scanning Electron Microscope (SEM) images of the surfaces were used to aid in
qualitative analysis of surface microstructure, deposit thickness, and morphology.
SEM images were gathered using two different pieces of equipment: a LEO 1530 VP
Field Emission Gun SEM operating at 5 kV and 30 pA was used to investigate the
different surface morphologies. For more detailed analysis, including cross-sectioning,
an FEI Nova 600 NanoLab was used. This is a dual-beam instrument that integrates
ion and electron beams for focused-ion-beam (FIB) and scanning electron microscope
(SEM) functionality. The focused ion beam could be used to machine samples for
cross sections for which a Ga” ion beam was used at 12 pA and 30 kV. The resulting
samples could then be imaged either using the ion beam operating at 11 pA or using
the SEM operating at 10kV.

Film thickness measurement

A Zygo Newview 5000 system was used to measure coating thickness. The Zygo
NewView System is a scanning white light interferometer used to image and measure
surfaces and provide surface structure analysis without contacting the surface. Light
from the microscope divides within the interferometric objective; one portion reflects
from the test surface and another portion reflects from an internal, high quality
reference surface in the objective, The NewView measures depths with 0.1 nanometer

resolution and 0.4 nanometer RMS repeatability,

A requisite to measure the copper coating thickness by using the Zygo was that there
were physically different heights or steps in the scan area. To achieve this, the coating
on glass was locally removed by partially immersing it in a beaker of nitric acid and
leaving for a short time until no coating could be seen, The thickness measurement

was then carried out across the step as shown in Figure 2-1,
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Cu etched away to

'

Zygo
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—
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Output result

Figure 2-1 Schematic representation of thickness measurement using the Zygo

Figure 2-2 is an example of a Zygo image obtained to demonstrate the depth of the
step of the electroless copper on glass, where the thickness of the copper coating was
measured to be less than 20 nm. Because of the ultra thin copper films, the
uncertainty in the thickness measurement was quite large. However, for thicker

copper layers (more than 60 nm) the fluctuation was quite small.

Thickness (nm)

T T T T

T b T T T T
0 10 20 30 40 SO 60 70 80 90 100 110 120 130
Distance (um)

Figure 2-2 Example Zygo interferometer image used to determine the thickness of

the Cu film on glass
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FIB-SEM offers a good way to prepare cross-sections of copper or nickel coating for
SEM imaging in a dual beam instrument. The FIB can cut different materials with a
high resolution in the required directions. This technique provides site-specific
sample preparation and high resolution thickness characterisation. It can resolve
morphologic details of less than 5 nm and possesses a depth of focus more than 500
times higher than that of an optical microscope at equivalent magnifications. Figure
2-3 is an example SEM micrograph used to demonstrate the cross section of the
electroless copper on glass with different magnification levels, where the thickness of
the copper coating was measured to be around 52 nm. This thickness value was an
average of ten measurements from different points along the coating. The only
requisite to observe the samples by SEM was that they had to be electrically
conductive. Metallic samples e.g. copper or nickel deposited on glass. could be placed

directly into the SEM chamber.

mag | mode tilt | 500 nm

150 000x | SE |52

Figure 2-3 FIBSEM image of cross-section of Cu coating on glass

Table 2-3 compares thickness measurements from the Zygo and FIB-SEM. Due to the
different measurement resolution and alignment of the sample in the instruments,
there are some differences in the results which are shown in the table. The thinner the
copper coatings, the bigger the disparities. Generally, the measurement results
obtained from the SEM were thicker than from the Zygo. However, they were
generally consistent and indicated that the measurement techniques were suitable.

Considering the relationship between thickness and growth time, this error space is
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acceptable. In particular the Zygo was much faster than the SEM and was therefore

used for the majority of thickness measurements.

Table 2-3 Comparison of thickness measurements from Zygo and FIBSEM

Zygo (nm) FIB-SEM (nm) Relative difference
32 41 +21%

47 55 +15%

93 87 - 9%

116 129 +9%

140 151 + 7%

159 171 + 7%

2.3.3 Deposition process

In this study, the copper deposition process was divided into five main steps, which
were Decon cleaning, SAM deposition, pre-dip, catalyst and electroless copper, as
shown in Figure 2-4. The electroless copper deposition process details are shown in
Table 2-4, which indicates the range of parameters investigated. The major process
steps involved in the formation of electroless films on the glass surface are
silanisation of the dielectric surface, activation of the silane surface with catalyst
particles, and electroless deposition onto the activated SAM surface. Some key
parameters of the electroless copper process were varied to investigate the effect of

different conditions.

Initially, the glass surface was cleaned by soaking in a Decon 90 solution (2.67 vol.%
of Decon 90 in deionised water) for 8 hours. After this, the samples were rinsed with

deionised water. Silanisation of the substrates was then accomplished by immersion

in a 5% 10~ mol/l solution of 3-aminopropyltrimethoxy silane (APTS), in a mixture of
methanol (95%) and water (5%), at room temperature for 0 to 24 hours, then rinsed

with deionised water. Following the APTS treatment, samples were immersed in an
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aqueous pre-dip solution for 1 min then immediately immersed in the catalyst bath,
which was maintained at room temperature (R.T.), for 0.5-10 minutes. The samples
were thoroughly rinsed with DI water for 3 minutes following catalyst activation.
They were then placed in the electroless copper bath at different temperatures for 0-

30 min in order to plate a continuous layer of copper on the surface.

The pre-dip, catalyst and electroless copper bath were prepared according to the
product operation sheets. 200 ml of Pre-dip solution was prepared by dissolving 54g
Circuposit Pre-dip 3340 in 168 ml deionised water. 6 ml of Circuposit catalyst 3344
added to a further 200ml pre-dip solution was used to make the catalyst solution. 200
ml of electroless copper solution was made up of 145.2 ml deionised water, 24 ml of
part M, 10.8 ml of part A and 20 ml of part B. As will be seen in chapter 4, through
these experiments, some parameters were determined to be the optimum conditions,
including APTS SAM formation for 1 hour, 2 min catalyst exposure and 40-45°C for
the temperature of the electroless copper bath. In the following sections, if there is no
additional information stated for the deposition conditions, it can be assumed that

these were the conditions used.

Table 2-4 Experimental process conditions for electroless Cu deposition on glass

Step | Main Process Solution Time Temperature
1 Cleaning Decon 90 (2.67vol.%) | 8 hours R.T.

2 Rinse DI water 3-5 min RT.

3 SAM formation APTS (5%10™ mol/l) 0-24 hour R.T.

4 Rinse DI water 3-5 min R.T.

5 Pre-dip Circuposit 3340 | min BT

6 Catalyst Circuposit 3344 0.5-10 min | R.T.

7 Rinse DI water 3-5 min R.T.

8 | Electroless Cu g;;‘;‘l‘r‘;‘;;g Cudrso | 0-30min | RT.t055°C
9 Rinse and dry DI water 10 min R.T.
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Decon 90

Rinse Rinse Rinse Rinse
— | Pre-treatment |— | Pre-dip |~ | Catalyst [ Electroless |_,
copper
APTS Circuposit 3340 Circuposit 3344 Circuposit 4750
/ClvH:\
HN CH, Si(OMe),
Nu, 1,  NH, NH,
NH, NH; NH; NH, NH, NH,
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Figure 2-4 Process route used for electroless Cu deposition process
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2.4 Results

2.4.1 Deposition rate
Effect of temperature

The effect of temperature on the electroless copper deposition rate was explored over
the range of R.T. to 55°C. Figure 2-5 shows the thickness of deposited copper as a
function of the plating temperature for a fixed plating time of 30 min. Each point was
collected from three samples with a total of at least 10 different measurements. The
error bars in this and subsequent figures represent one standard deviation. The copper
thickness increased with the plating temperature leading to a deposit thickness of
about 310 nm at 50°C. However, the electroless copper solution became unstable
when the plating temperature was high, especially when the bath temperature was at
50°C: it was observed that the copper bath decomposed and the transparent solution
became turbid quickly. Meanwhile the copper coating roughness and particle size also

increased along with the deposition temperature.

400

300 - *
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100 | §

Deposition thickness (nm/30min)

15 20 25 30 35 40 45 50 55
Temperature (°C)

Figure 2-5 Cu thickness as a function of deposition temperature

From the literature and industry patents [55, 64], it was found that deposition rates of
electroless copper on FR4 or metallic substrates can be as high as 5 pm in 30 minutes,

significantly higher than the rates observed here [21]. Some simple experimental trials
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were done to find out the different deposition rates by plating onto polyimide and FR4
substrates using the same process conditions. The copper thickness was built up to
1.67 um and 1.7 pm on the polyimide and FR4 substrates respectively using 40°C for
30 min. Compared with these substrates, the deposition rate on the glass substrate was
fairly slow, which is believed to be due to different surface microstructure and

roughness.

While the higher deposition rates at high temperature are attractive for manufacturing,
it was found that there was a negative effect on adhesion due to too rapid a reaction.
For this reason, accurate temperature control of the electroless copper bath was
essential. To balance thickness and adhesion parameters, 40-45°C was mainly chosen
for further research using glass substrates. Figure 2-6 presents the copper growth as a
function of plating time in the electroless copper solution at 40°C. From the data it
can be seen that the copper thickness almost linearly increased along with the plating
time from 10 min to 30 min. The average growth rate of the electroless copper plating
was about 6 nm per min. However, for the first 10 min, the copper film growth rate

was also approximately constant and was higher at around 10 nm per min.
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Figure 2-6 Cu thickness as a function of deposition time at 40°C
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Effect of aging of solution

When preparing the electroless copper solution, three separate parts composed of
different components were mixed to the suggested concentration. Through thickness
measurements, it was found that there was a small difference in plating rate between a
fresh bath and an aged electroless bath, especially with longer immersion times. In
this case, the aged electroless bath means a freshly prepared bath that was kept at
room temperature for a specific period until it was used. In the experiments presented
here, only a small amount of solution was used, so to avoid further ageing effects the
solution was only used for one or two days of experiments with a total plated area of
20 pieces of 20mmx40mm in size. From an approximate calculation based on 32 full
size (70mmx70mm) samples plated to 150 nm thickness, the concentration of cupric
ions is expected to decrease by 18% when deposited in this bath. Based on the
literature, this is expected to reduce the deposition rate as the cupric ion concentration

decreases.
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Figure 2-7 Cu thickness change with different bath aging time

Figure 2-7 shows that the copper thickness deposited changed with different bath
aging time. It was observed that for both the aged solutions during the first 3 min
there was no easily measurable coating on the glass. After 5 min of deposition, a
slight variation in thickness could be measured. It was found that the deposition speed

of the fresh bath was higher than the aged baths. Moreover, this situation was more
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obvious for longer deposition times. In general, with the increase in bath aging time,

the deposition rate decreased.
Effect of other parameters

Apart from the above factors, the bath loading, pH value and agitation are also
expected to affect the deposition speed in the electroless copper bath. The bath
loading is used to define the ratio of the superficial area of work immersed to the
volume of solution in the tank. To avoid complex changeable parameters, these three
factors were always kept stable. The bath load was set at 0.75+0.05 dm’ of substrate

per litre of bath and the pH value was kept at 11.3-11.5.

Although agitation of the bath is not absolutely necessary for electroless copper
deposition, it is usually advisable [56]. The basis for this is the higher rate of diffusion
where the reactants are transported more effectively to the surface of the work to be
plated and the spent reaction products are better removed. Magnetic stirring was
adopted in the first phase of the experiments. According to Gawrilov [91], the
deposition rate in an acid nickel bath is raised by work movement, other conditions
remaining constant. This was explained in terms of a raising of pH within the
diffusion layer. It appears that this does not apply to the alkaline copper bath used
here. Due to the small dimensions of the substrate and low deposition rate, there was
no obvious increase in deposit thickness with magnetic stirring. In addition, this
required a hot plate to be used as a heating source, for which the fluctuation of
temperature was bigger than in a water bath. Consequently, no stirring was used for
the electroless copper deposition process and the solution was heated by placing the

beaker in a water bath.

2.4.2 Appearance of electroless Cu deposits

In terms of the colour of the deposits, appreciable differences were observed between
the different electroless deposition temperatures. Table 2-5 lists the dependence of
copper brightness and appearance for different deposition temperatures for which the
plating time was kept constant at 10 min. At the lowest temperature, the copper was

very dull. When the temperature was above 50°C, the copper colour was brown.
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Table 2-5 Cu brightness and appearance for different deposition temperatures

Temperature (°C) | Thickness (nm) Quality Electroless Cu
30 Very thin Dull n
33 52 Slightly dull zones -
40 91 Lustrous -
45 140 Lustrous -
50 181 Lustrous -
55 249 Brown and bright -

2.4.3 Crystal structure and microstructure

Crystal structure and microstructure of electroless coatings have a significant effect

on their physical properties, such as conductivity, hardness and elastic modulus [37].

Crystal structure

400
350
300

250

Counts(a.u)

200

150

100

50

™

Cu(111)

Cu (200)

Cu (220)

2 Theta(deg)

Figure 2-8 XRD of the electroless deposited Cu on glass substrate

The electroless copper deposits were found to be polycrystalline in nature and their

crystal orientation was characterised by X-ray diffraction (XRD). The XRD patterns
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were collected from 20° to 90° at a scan step of 0.02°. Figure 2-8 shows an XRD

spectrum of the electroless deposited copper on a glass substrate.

The copper thickness was less than 100 nm, so the baseline was not flat due to a
strong effect from the glass substrate. Comparison of the main diffraction peaks (111),
(200), (220) and (311) of the deposited copper with the standard International Centre
for Diffraction Data (ICDD) JCPDS card [92] for powdered copper (Table 2-6),
showed that the strong preferred orientation of the electroless copper grains was (111).
There was no indication of oxidation of the film. The peak intensity ratio of
I(111)/1(200) of 2.3 and the full width at half maximum (FWHM) of 0.20° was
obtained from the XRD. The (111) diffraction peak (111) of the copper film was at
43.48° which is a shift of about 0.2° from the JCPDS card value and indicates internal
stress occurring in the copper layer [93]. Five samples with different Cu thickness
were analysed by XPS, and for all, the preferred orientation was (111) in comparison
with the preferred orientation of (220) observed in previously reported cases using

similar preparation methods [55].

Table 2-6 Joint Committee Powder Diffraction Standards (JCPDS) card for Cu [92]

20 (°) Intensity (hkl)
433 100 (111)
50.4 46 (200)
74.1 20 (220)
89.9 17 (311)

Microstructure

More detailed investigations of the copper plating by SEM were carried out to
characterise how the coating developed with deposition time. Figure 2-9 shows SEM
and corresponding AFM images of electroless copper deposits on glass for different
plating times. For very short plating times (e.g. 0.5 min), the surface was found to be

smooth and there were no obvious copper particles, which was also confirmed later
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from XPS results that showed no evidence of copper. More particles appeared on the
surface when the plating time was increased to 1 min, for which the average copper
grain size was 48 nm with a narrow size distribution. The grain size gradually
increased with the plating time such that after 3 min, copper particles were found to
be in the range of 70-80 nm. At this stage the film appeared to be uniform and
continuous across the surface. After 5 min deposition, the copper particles had grown
larger and become polygonal in shape. After 25 min, the copper particles appeared to

have merged into a layer and there were no clear particles observed.
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Figure 2-9 SEM and AFM images of electroless Cu deposits on glass for different plating
times: (A) 0.5 min, (B) 1 min, (C) 3 min, (D) 5 min, (E) 25 min.
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The deposited copper roughness was determined directly from the AFM images.
Table 2-7 lists the roughness, Ra, for different thickness films formed at 40°C. As the
copper thickness increased from 46 nm to 150 nm, the roughness increased from 5 nm
to 12 nm. Meanwhile, there was an overall increase of the grain size with increasing
thickness. It is expected that the roughness of the deposit surfaces would increase
along with the plating time, except for discontinuous ultra-thin films, which is
attributed to grain growth and is in good agreement with that of many other

measurements [94].

Table 2-7 The roughness of different thickness Cu coatings

Deposition time (min) Film thickness (nm) Roughness, Ra (nm)
4 46 48+0.7

6 69 94+1.9

10 92 106 +1.7

12 104 10.3+£2.0

14 122 1134 1.5

16 145 119%23

The coating roughness also varied with deposition temperature. Figure 2-10 presents
the relationship between deposition temperature and AFM measurements for a fixed
thickness. The measurements revealed that the roughness of the copper coating
increased when the bath temperature increased. The copper particle size steadily
increased from 50 nm at 30°C to 90 nm at 60°C, while the maximum roughness was

still less than 35 nm.
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Figure 2-10 The relationship between Cu particle size and film roughness as a function

of deposition temperature

2.4.4 Electrical properties

The electrical properties such as resistivity of the Cu interconnects are fundamental
properties for PCBs, therefore, experiments were carried out to measure these
important parameters. The Four-Point Probe or Kelvin, probe method is the most
common way to measure the sheet resistance of shallow layers (as a result of epitaxy,
ion-implant, diffusion or sputtering). The schematic representation of the Four-Point
Probe is shown in Figure 2-11. This technique involves bringing four equally spaced
probes into contact with the material of unknown resistance. The probe array is
usually placed in the centre of the material. The theory behind this is that a fixed
current is injected into the substrate through the two outer probes, and a voltage is
measured between the two inner probes. Using four probes eliminates measurement
errors due to the probe resistance, the spreading resistance under each probe, and the
contact resistance between each metal probe and the upper material. In this work, the
resistivity of the electroless films was measured using a Keithley 580 micro-

ohmmeter, and the spacing between the Au probes was 2mm.
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Figure 2-11 Schematic diagram of Four-Point Probe measurement method

If d represents the thickness of the thin film and if probes with uniform spacing s are

placed on an infinite slab of material, then the resistivity, p, is given by the following

equation [10, 34].

If s>>d, then

ad V

V

p=—-><—-=4.53d7 (6)

nz2 I

p = volume resistivity (u2em)
V = the measured voltage (volts)
[ = the source current (amperes)

d = the sample thickness (cm)

=il =
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Figure 2-12 Cu resistivity as a function of film thickness, d

To examine the thickness dependence of the Cu film resistivity, the electrical
resistivity of the Cu films was measured. For each thickness, at least 10 points from
different areas of the sample were measured to get an average value. Figure 2-12
shows the resistivity of the Cu films as a function of the film thickness. The resistivity
of the Cu films was found to decrease noticeably with increasing film thickness, with
the resistivity dropping from 14.7 pQ cm to 3.21 pQ cm as the thickness increased
from 17 to 209 nm. All values were higher than that of high purity bulk copper for
which the resistivity is 1.67 p€ cm.
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2.5 Discussion
Deposition rate

It is evident that the deposition on the glass substrate measured here is fairly slow,
approximately two hundred nanometers thick in 30 min, which is consistent with the
deposition rate reported in [20]. Ref. [71] showed that the deposition rate can be 3.9
um/h if proper plasma treatments are used on polymer surfaces before electroless
deposition. In order to find out the reason for this low rate, polyimide and FR4
materials were also plated using the same conditions and the deposit thickness built to
around 1.7 pum in 30 min. Clearly, the deposition rate varied greatly with different
substrates, not just because of different temperature, pH value and bath recipes. This
assumption can be partly supported by Donahue’s [64] kinetics research on
electroless copper plating, which showed that the substrate plays a role in affecting
the nucleus formation during electroless copper deposition. This is because of the
different catalytic properties of the substrate surface on which the deposition occurs.
It is more difficult to create effective nucleation sites on glass compared with the
porous surface of FR4 or other polymer materials. Many researchers have measured
the plating rate on different classes of substrates, including metals and sensitised non-
conductors with different catalytic (or electrocatalytic) properties. In these studies
large differences in plating rates have also been reported from similar baths, e.g.
compare Shippey [95] with Goldie [96] and this could be explained by differences in
the catalytic activity. However, no method of defining the catalytic properties of the

surface was found and the suggestion that differences exist is postulated.

As for Figure 2-6, it was noted that the copper deposition rate was not constant at
40°C. The deposition rate decreased after about 10 min. This phenomenon was also
observed in the different aged baths as shown in Figure 2-7. It was clearly seen that
the deposition rates of the first 10 min in the aged baths were similar, while
deposition rates after 10 min were lower. This could be because of varied catalytic
effects along with the plating time. When the reaction started, the catalytic surface
could offer enough nucleation sites for cupric ions to react. Later, the nucleation sites
became insufficient to maintain this reaction so the deposition rate went down. Once
the surface was fully covered with copper, this deposition rate remained stable.

Another possible reason is that the deposits may have different initial morphologies
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compared to later on, and could have changed during the plating process leading to
different plating rates. These were called the "initial" and "final" rates by Dumesic

and co-workers [97].

For aged baths, the deposition rate was not the same as that of a fresh bath. One
possible reason for this phenomenon is that electroless copper baths are not as
intrinsically stable as electroless nickel baths. One of the principal problems in the
development of electroless copper plating was spontaneous deposition, and many of
the baths had a rather short operating life [98]. The decomposition probably arises
from a competing reaction, which is non-catalytic and takes place in the bulk of the

solution:
2Cu™ + HCHO+20H™ — Cu, O+ HCOO™ +3H,0 (7)
The cuprous oxide (Cu;O) particles can then disproportionate:
Cu,0 — Cu’ + CuO (8)

Therefore, after one or two weeks’ aging storage prior to use, the concentration of
components may change, resulting in the reaction speed decreasing and a lower
deposition rate. In addition, loss of formaldehyde during storage may also occur
leading to a lower concentration and deposition rate. In general, electroless Cu
deposition rates are determined by the bath composition, the plated substrate and the

temperature of the bath.
Microstructure

Numerous experimental studies of the mechanism for copper film structure
development, such as those of Abermann and Koch [99-101] have shown that the film
growth mechanism follows the Volmer-Weber mode, which is defined as the
formation of 3-dimensional crystallites of the deposit metal on the substrate which
merge together to form a complete layer. The Volmer-Weber mode is popularly
accepted for metallic films deposited on substrates by electrochemical methods.
Figure 2-13 shows a schematic diagram of the copper film growth from an electroless

copper bath.
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Figure 2-13 Schematic diagram of the Volmer-Weber mode film growth

According to the proposed Volmer-Weber mode, the basic assumption is that the
deposited copper agglomerates around catalyst particles, forming clusters on the glass
substrate surface, then the clusters increase in size until they impinge on each other to
form a continuous film. After the glass substrate is completely covered with clusters,
they will grow by further incorporation of Cu atoms. When the islands grow together,
strong capillary forces appear so that the islands minimize their surface energy by
changing their shape. Finally many islands grow together giving a dense coverage of
the substrate which changes to a continuous film by taking up further atoms [102].
This model is consistent with the SEM image results of electroless copper deposits for
different plating time as shown in Figure 2-9. Some copper particles appeared on the
glass surface when the plating time was 1 min (Figure 2-13 Step 1), then the grain
size gradually increased as the plating time increased to 3 min (Figure 2-13 Step 2).
The copper particles grew larger and became a continuous film in 5 min (Figure 2-13
Step 3), finally the copper thickness was built up by continuous plating (Figure 2-13
Step 4). The deposition rate change observed at 10 min, is likely to correspond to the
critical point that the individual copper clusters started to grow and merge into one

continuous film.
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From the XRD results, the copper film is obviously a polycrystalline structure with a
strong (111) peak. Initial crystallographic orientations of the copper film that
minimise surface and interface energies are favoured over others, and the nucleation
rates for clusters with lower energy orientations are greater than those for others.
Eventually, this leads to a strong texture in the microstructure of the film [22]. In
face-centred-cubic (fce) metals, such as Al, Ag and Cu, the higher surface mobility of
the adatoms facilitates continued structure evolution during film thickening resulting
in most grains being oriented so that the crystallographic direction of the surface is
the (111) direction [33].

Electromigration strongly relates to the crystallographic texture in metal interconnects.
It has been shown that (111) texture significantly inhibits stress-induced voiding in
aluminium interconnects. The (111)-textured copper has higher resistance to
electromigration, because highly textured microstructures suppress grain boundary
and interfacial diffusion of metal atoms. A lower oxidation rate has also been
observed in the (111)-textured copper layer, which implies that a highly textured (111)
copper is favourable for interconnect technology in high current density applications
[103, 104].

Electrical properties

Because each of the studies presented in the literature used different substrates and
bath components, the reported electrical properties of electroless copper films varies
greatly. The 150 nm copper films obtained in Ref. [105] had a resistivity, p, of about
300 pQem and the authors speculated that such a high p can result from “poor
conductivity between Cu particles”, an explanation that was not corroborated by their
AFM observations. The 100 nm copper films obtained in Ref. [90] had a resistivity of
12 pQcem, and comparison of these two observations demonstrates high promise in
improvement of the quality of Cu films by optimising the experimental parameters.
Aithal [19] showed using electroless deposition that the electrical resistivity of the as-
plated copper on a Ti seed layer was 6.23 puQcem, which is still significantly higher
than that of bulk copper, which is 1.67 p cm.

Figure 2-12 presents the effect of thickness on electrical resistivity of Cu films in the

current experiments. From it, it is clearly seen that the resistivity of Cu thinner than
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23 nm was very high and it decreased sharply with increasing thickness. When the
copper film was very thin, e.g. 17 nm, it was discontinuous and consisted of small
islands [106]. As a consequence, the island boundaries serve as infinite potential
barriers resulting in infinite resistance arising from the separation between very small
clusters during the early stages of film growth. As the film grows, the Cu islands
begin to grow and coalesce, reducing the separation between islands. As a result,
there is a rapid increase in the electron mobility from one island to another, thereby,
decreasing film resistivity. The resistivity was almost constant if the Cu thickness was
over 100 nm, which is because all of the islands had merged into an interconnected

network.

For thicknesses greater than 100 nm the resistivity was constant at about 3.5 pQcm
and comparing this resistivity with much larger values reported in the literature for
150 nm [105] and 100 nm [90] electroless Cu, it can be concluded that the electroless
Cu film deposited here had a better microstructure, such as the particle size, growth
mode and crystallographic direction. This resistivity is still two times that of pure
bulk Cu. The reason for this lower conductivity is the fact that the Cu film is
polycrystalline with small grains and therefore many grain boundaries that scatter
electrons, thus reducing the conductivity. Polycrystalline films show a higher
resistivity than epitaxial single crystal films and the resistivity of thin films increases
with a decrease of the film thickness [107]. Accordingly, to improve conductivity it is
necessary to suppress the rate of crystal nucleation and enhance the crystal growth to
accelerate grain growth and hence decrease the number of grain boundaries. Aithal
[19] also reported the electrical resistivity of copper films decreased from 6.23 pQcem
to 3.3 puC2em with increasing annealing time up to 90 min at 200°C. The decrease in
resistivity resulting from the increased annealing time is attributed to the reduction in
defects and the number of grain boundaries in the film. In the present study, resistivity
measurements were carried out on a few samples annealed in a vacuum oven at 180
°C for 1 hour, however no decrease of resistivity was observed. The resistivity levels
obtained here are very close to Cu films deposited by ion beam deposition in Ref.

[108], which is often considered to provide one of the best film conductivities.
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2.6 Conclusion

A literature survey and experimental studies were performed to investigate the
feasibility of electroless copper deposition on a glass surface. Homogenous copper
films were deposited on a self-assembled monolayer treated glass substrate by means
of electroless plating, but the thickness was very limited. Meanwhile, it was revealed
that the deposition rate on the glass substrate is much lower than that on two polymer
based substrates. Metallographic studies of the electroless copper deposits reveal that
their topographic structures showed uniform and fine particle distribution.
Furthermore, it was determined from XRD that the primary crystal orientation of the
electroless copper grains is (111) which implies this copper is favourable for

interconnect technology in high current density applications.
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Chapter 3 Electroless NiP Deposition

Characterisation

3.1 Introduction

Compared to electroless copper, electroless nickel has several advantages: its
corrosion resistance is greater, its thickness distribution is more uniform leading to
lower surface roughness and it has a higher deposition rate [23]. As a result of this it
has been widely used in electronics packaging applications, for example as an under
bump metallisation (UBM) [7]. However, in electroless nickel plating the deposit is
not pure nickel, but contains a small amount of another element that forms part of the
reducing agent. The most commonly used reducing agent in industrial applications is
hypophosphite resulting in a nickel phosphorous deposit [109]. The hardness,
corrosion resistance and morphology of the nickel phosphorous deposit varies with
the phosphorous content which can be used to control the properties [27]. In this work
electroless nickel deposition was carried out to investigate its feasibility for the
metallisation of the glass substrate. The evolution of the deposit morphology such as
roughness, alloy microstructure and growth rate of electroless nickel deposited on

glass are presented.

3.2 Literature survey

3.2.1 Electroless Nickel (EN) plating mechanism

Electroless NiP deposits are produced by the autocatalytic electrochemical reduction

of nickel ions from the plating solution by means of a chemical redox reaction [23].
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The progress of the electroless nickel plating reaction is depicted in Figure 3-1. In the
reaction the deposited nickel is not provided by an anode but by a nickel salt. The salt
is dissolved in the aqueous solution resulting in nickel ions. The nickel ions are then
reduced by the electrons, not provided by an external current source but by a reducing

agent also dissolved into the solution.

For the hypophosphite based EN baths, the overall reaction can be written as:
2H,PO; + Ni** +2H,0 —» 2H,PO; + H, +2H* +Ni  (9)

From an electrochemical point of view, the reaction above can be further divided into
an anodic reaction and a cathodic reaction, as below:

Anodic reaction:
H,PO, +H,O0—> H,PO; +H+H" +e (10)
Cathodic reaction:

Ni** +2e — Ni (11)

Figure 3-1 Schematic diagram of the nickel (II) reduction and hypophosphite oxidation

process
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The process includes three main steps: A) the reducing agent ( /,P0O; ) and the nickel

source (Ni*") are dissolved in the plating bath; B) the reduction reaction occurs on an
active surface where hypophosphite oxidizes into orthophosphate, reducing the nickel
ions into atomic nickel; C) during the reaction some reducing agent is also reduced so

that the plated nickel film contains some phosphorous.

As the anodic partial reaction is the electron source for the cathodic one, it is the
driving force for the whole deposition process. The Ni deposition includes the
diffusion towards and adsorption on the catalytic surfaces, the de-adsorption and
diffusion of products away from the surface, and the electrochemical reactions on the
surface. The nickel deposition rate is mainly decided by the electrode potential and

catalytic activity .

3.2.2 Deposition rate and phosphorous content

Most of the properties of the coating are structure-dependent and the structure
depends on phosphorous content [110]. Phosphorous in the deposit is a result of the

reaction between the hypophosphorous acid with a hydrogen radical

H,PO; +H" = H PO, (12)
H.PO; +H 4 —>P+H,0 (13)
NH; &= NH,+H" (14)

Equation (12) and (13) explains the decrease of phosphorous content in the deposit
with increasing alkalinity of the bath by means of the equilibrium displacement of the
reaction to the left side. In many baths ammonia is added to adjust the pH and the
presence of ammonium ions determines the amount of available species to the
reduction process according to reaction (14) [27]. pH is one of the most dominant
factors, which controls phosphorous content in the deposits. The dependence of the
phosphorous content on the pH when adjusted by the ammonia concentration in the
solution from literature is shown in Figure 3-2. Typically the amount of non-metallic
P in the alloy can vary between 3 and 35 atom percent depending on the experimental
conditions [111]. This quantity is strongly dependent on the solution pH, and it is
usually reported as increasing with acidity. At low pH values, there is a significant

concentration of hypophosphorous acid and a low concentration of NH;. Obviously,
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the nickel reduction is not favoured by the low pH due to the high concentration of
free nickel ions in solution. At medium pH values, the hypophosphorous acid
concentration is relatively low and a medium concentration of free nickel ions is
present. As a result, the ratio of phosphorous to nickel in the deposit is very low. On
the other hand, for strongly alkaline solutions, the concentration of both
hypophosphorous acid and free nickel is very low. Due to the lack of both oxidant
species, the ratio of phosphorous to nickel in the deposit is significantly low. Kar et al.
[112] also reported that the phosphorous content of the deposit decreased, whereas the

deposition rate of nickel increased by increasing the pH of the plating bath.

Yeat P
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-

Figure 3-2 Phosphorus content in the NiP electroless film obtained in a wide range of
pH adjusted with NH,OH [111]

Temperature is the most important factor to affect the deposition rate [91]. Below
60°C, the reaction takes considerably more time to start and the coating rate is also
very slow. As the temperature increases the deposition rate increases, but at high
temperatures the bath can decompose. According to Schlesinger when the
temperature of the bath is increased to 90°C, it becomes very difficult to maintain the
pH and the quality of the coating decreases [40], so temperatures over 90°C are not

recommended in the literature.
As with the electroless copper process, the reaction requires a catalytic surface to be

present. The adsorption of the reducing agent on the substrate surface must occur in

order to promote its oxidation. Palladium based catalysts are the most widely used for
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electroless nickel deposition. Nevertheless, the NiP electroless process may occur on
other substrate materials under given conditions, for example, stainless steel [113] can
become active at suitable temperatures. For metals such as Al, Fe, and Zn, the nickel
deposition is initiated by galvanic displacement giving rise to a catalytic surface [28].
The nickel deposition reaction could happen on the surface of particles present in the
solution when there are little or no stabilisers. As the formation of these colloid
particles is uncontrollable and the nickel deposition process is autocatalytic, the
electroless nickel bath can decompose spontaneously, especially in acid baths, so
different stabilisers are added to prevent this. However, the mechanism of stabiliser
control is also complex, therefore, alkaline hypophosphite baths are often used
because a stabiliser is not essential. However, Riedel [23] has reported that the
deposition rate is slower in alkaline solutions and the deposits formed are more

porous and less corrosion resistant.

Apart from hypophosphite, boron compounds and hydrazine are candidates as
reducing species for electroless nickel [23]. Suitable boron compounds include
borohydride, diethylamineborane, monomethylamineborane, dimethylamineborane
and trimethylamineborane and the deposits formed consist of NiB in this case.
Hydrazine acts as a strong reducing agent for electroless nickel, but unfortunately the
deposits formed lack many of the attributes of those based on NiP or NiB formed

from hypophosphite or boron-containing reducing agents respectively.

Stress in the electroless nickel coating comes from two sources: the mismatch of the
coefficient of thermal expansion between the substrate and the EN coating and the
coating growth [37]. The stress is connected to many factors during deposition, such
as phosphorous content, bath pH value, working life of the solution, and heat
treatment. When the P content is reduced or the pH value increases, the intrinsic stress
in the coating will change from compressive stress to tensile stress [114, 115].
Compressive stress can benefit the adhesion of the EN coating to the substrate;
however, a high level of tensile stress will induce cracks and lead to adhesion failure

[114, 116]. With the aging of the plating solution, the intrinsic stress will increase,

which is related to the concentration increase of H,PO; during the working life of

the plating solution. Stress will also increase with the thickness of an EN coating.
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3.3 Experimental

3.3.1 Material

A list of materials used for the electroless nickel process is summarised in Table 3-1

with manufacturers name and application specified for each material. The deposition

route was very similar to that for electroless copper deposition except that for the final

step electroless nickel was used instead.

Table 3-1 List of materials and suppliers

Product Supplier Process Step/Application
CMZ glass Qioptiq Glass substrate

Decon 90 Fisher scientific, UK Glass cleaning

Methanol Fisher scientific, UK Solvent

3-Aminopropyltrimethoxy

Aldrich Surface treatment
silane
Circuposit 3340 Rohm and Haas Pre-dip
Circuposit 3344 Rohm and Haas Catalyst

Sodium hydroxide

ACROS ORGANICS

Accelerator

Nickel (II) sulphate
hexahydrate

Fisher scientific, UK

Electroless Nickel

Sodium hypophosphite

monohydrate

ACROS ORGANICS

Electroless Nickel

Tri-sodium citrate

dihydrate

Sigma-Aldrich

Electroless Nickel

Ammonium sulphate

Sigma-Aldrich

Electroless Nickel

Ammonium hydroxide

water solution

Fisher scientific, UK

Electroless Nickel
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Chapter 3 Electroless NiP deposition characterisation

3.3.2 Electroless NiP process

Experimental pre-treatment details were similar to those for electroless copper, which
can be found in Table 3-2. An acceleration step was added after the catalyst step as
the EN bath was not self-accelerated. An aqueous 10% sodium hydroxide solution
was used as an accelerator for 3 min at room temperature. The compositions and
operating conditions of the electroless nickel bath are also shown in Table 3-2, which

is a popularly used composition [72, 91]. The NH;OH was used to adjust the pH

value to 9.
Table 3-2 Electroless NiP process route
1-7 Same procedure as the electroless copper deposition R.T.
8 Accelerator sodium hydroxide 3 min R L.
9 Rinse DI water 3-5 min R.T.
NiSO4-6H,0 (26 g/l)
45-90°C
Na:,CﬁHsO?szO (60 g/])
Electroless controlled
10 NaH,PO,-H,0 (16 g/l) 0-30 min
Nickel in  water
(NH4)2S04 (30 g/1)
i bath
NH4OH (Adjust pH value to 9)
11 Rinse and dry | DI water 10 min RUEL,

3.4 Results and discussion

3.4.1 Deposition rate and alloy composition

Temperature is one of the most important parameters affecting the electroless nickel
deposition rate since many of the individual reactions only take place significantly
above 60°C. Figure 3-3 shows the thickness of deposited nickel as a function of the
plating temperature at a fixed plating time of 30 min at a bath pH value of 9. Each
point was collected from 3 samples with a total of at least 10 measurements. It can be
seen that the deposition rate increased with increasing temperature from 45°C to 90°C,

and that there was an approximately parabolic relationship between deposition rate
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and temperature above 60°C. It is necessary to point out that the electroless nickel
film was not continuous at lower temperatures, such as 45°C and 50°C - these
operating temperatures were used only for investigation of the deposition rate. At
90°C it can be seen that a deposition rate of over 2.5 um/30 min was achieved. While
the higher deposition rate makes this region attractive, there is a danger of instability
of the bath at this high temperature. Balancing the deposition rate and adhesion
strength, a bath temperature of 70°C was mainly used for further electroless nickel

research.

Deposition thickness (um/30min)

i/

1 i 1 " 1 " | 1 1

50 60 70 80 90

i/

Temperature °C

Figure 3-3 Dependence of deposition rate on bath temperature

Figure 3-4 presents the nickel growth as a function of plating time in the electroless
nickel solution at 70°C. It can be seen that the nickel thickness was 1.25 um after 30
min. Compared with electroless Cu deposition, the EN deposition rate was about three
times higher. From the data it can be seen that the nickel deposit thickness linearly

increased along with the plating time. The deposition rate was around 40 nm/min.
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Figure 3-4 NiP thickness as a function of deposition time at 70°C

3.4.2 Microstructure of NiP deposits

Electroless deposited NiP coatings were found to be amorphous in terms of X-ray
structure determination, which is consistent with the results in the literature [23, 24].
Matsuoka [117] showed that electroless nickel deposits which have not been heat-
treated, can have structures ranging from extremely small crystallites (ca 5 nm) to
those which are fully amorphous. In the current electroless plating process, the
phosphorous content of the deposits was found to be about 8.7 at.%. Figure 3-5 shows
the SEM and the corresponding AFM images of electroless nickel deposits for

different immersion times. The deposition temperature was kept constant at 70°C.

SEM AFM

— 0.5 min
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Figure 3-5 SEM and AFM images of electroless NiP deposits on glass with different
plating time: (A) 30 sec, (B) 3 min, (C) 5 min, (D) 25 min
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The surfaces of the samples for the first 3 min were very similar and there were few
differences in the SEM images. Figure 3-5A and B show that the deposit surfaces
were very smooth, without any observable voids or breaks on the outer surface of the
nickel coating. From Figure 3-5D it was found that, if the plating time was 25 min,
the number of voids increased, which was thought to be due to stress in the nickel
coatings. The coating roughness was measured over a 1 pm x 1 pum area after the
AFM examination: the average roughness Ra of these samples prepared at 70°C are
listed in Table 3-3. The AFM measurements reveal that the roughness of the nickel
coating was very small when the coating thickness was less than 300 nm. The coating
roughness increased with increasing coating thickness. As the nickel thickness
increased from 72 nm to 1130 nm, the surface roughness increased from 0.36 nm to
11.7 nm. In the electroless NiP plating process, many factors affect the relationship
between the surface roughness and coating thickness such as plating temperature,
plating time, bath constituents, etc. It is difficult to establish the specific reason for
the relation between roughness and thickness revealed in this experiment, but it is in

good agreement with that observed for many plating methods [94, 118].

Table 3-3 The roughness of different thickness NiP coatings

Deposition time (min) Film thickness (nm) Roughness, Ra (nm)
1 72 0.36+0.05

3 154 0.64 £0.09

5 219 1.2+£0.2

8 365 2.7+03

10 486 32403

12 573 6.7+0.8

15 770 9.5+ 1.3

25 1130 11.7+£ 1.6
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3.4.3 Electrical properties

The electrical property of the NiP is an important parameter for further application,
therefore, experiments were carried out to measure resistivity. As for the electroless

Cu coating, a 4—point probe was used for this measurement.
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Figure 3-6 NiP film resistivity as a function of thickness

As shown in Figure 3-6 the resistivity of the NiP films decreased rapidly with
increasing film thickness, with the resistivity dropping from 260 pQcm to 80 pQcm
as the thickness increased from 30 to 1130 nm. The final value of 80 uQcm is slightly
smaller than that of Murarka’s value [18], 110 nQcm for an amorphous NiP film, but

is larger than the reported resistivity of evaporated Ni on glass substrates that ranged
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from 46 pQlem at 31 nm down to 18.3 pQem at 115nm [119]. Yoon [120] reported
that the electrical resistivity of the layer increased with increasing P content for which
the measured resistivity for Ni-7wt.%P and Ni-10wt.%P were 16.8 and 18.1 pQ cm,
respectively. The value of NiP resistivity obtained here is much higher than these
values and is possibly related to the extent of the tensile strain, which can give rise to
an increased resistivity within the film [31] and may also be due to the amorphous

structure. However, this value is consistent with that from Riedel [23].

3.5 Conclusion

Compared with electroless Cu, electroless NiP shows some obvious advantages for
glass metallisation for high density interconnection. Firstly, the deposition rate is
much faster than that of the electroless Cu process, the nickel thickness could be 1.25
um when the plating time was 30 min in the electroless nickel bath at 70°C, while the
electroless Cu film was only about 150 nm. However, as will be seen later, good
adhesion can only be obtained if the thickness is below 740 nm. Secondly, the
extremely smooth surface is suitable to reflect the optical signals for use in optical
interconnection. It can be seen that the roughness was less than 3 nm when the
electroless NiP film was built up to 400 nm. However, electroless NiP also contains
some apparent disadvantages, such as low conductivity and poor solder wettability
[110], which affects the electrical signal transmission speed and subsequent reflow
processes, respectively. So in order to fulfil the aims of this project, further study of

electroless deposition of both Cu and NiP was necessary.
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Chapter 4 Interfacial Adhesion of Electroless

Cu and NiP to Glass

4.1 Introduction

The microelectronics industry requires continuous advances due to ever-evolving
technology and the corresponding need for higher density substrates with smaller
features. New dielectric materials with smoother surfaces (to avoid signal scattering)
and enhanced electrical properties (to minimize signal RC delay and loss) are used [1].
At the same time, adhesion between the electrical tracks and substrate must be
maintained in order to preserve package reliability and mechanical performance [7].
Although glass exhibits excellent optical and thermophysical properties, the smooth
surface and low surface energy results in quite weak metal/glass interfacial adhesion.

This has been a dominant problem that has limited the more widespread use of glass.

In order to enable the use of glass materials instead of traditional substrates, two main
advances must be made: increased catalyst adsorption and increased adhesion of the
catalyst to electroless copper/nickel plating. Some widely used methods to improve
surface activation to achieve sufficient catalyst adhesion were briefly reviewed in
chapter 2. Among them, SAM formation was considered to be a suitable technique for
glass surface modification. This chapter focuses on understanding the SAM modified
glass surface and the influence of process parameters on the adhesion of electroless

coatings.
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4.2 Literature review of thin film adhesion

4.2.1 Introduction

Adhesion is a complex phenomenon relating to the physical effects and chemical
reactions at the interface. Mittal [121] defines adhesion in three different forms:(T)
Fundamental adhesion, (I} Thermodynamic adhesion and (III) Practical adhesion,
Fundamental adhesion is defined as the summation of all interfacial intermolecular
interactions between the contacting materials. The thermodynamic adhesion signifies
the change in free energy when an interface is formed. The practical adhesion
signifies the force required to remove a film from the substrate. The adhesion of a
film to the substrate is strongly dependent on the chemical nature, cleanlineés, and the
microscopic topography of the substrate surface. The adhesion is better for higher
values of (1) kinetic energy of the incident species, (2) adsorption energy of the
deposit, and (3) initial nucleation density. The presence of contaminants on the
substrate surface may increase or decrease the adhesion depending on whether the
adsorption energy is increased or decreased, respectively, Also, the adhesion of a film
can be improved by providing more nucleation centres on the substrate, for instance,

by using a fine-grained substrate or a substrate pre-treated with suitable materials [76].

Based on the above considerations, adhesion of the metal/glass system can be
assumed to be enhanced by the following mechanisms; (1) increased interlocking
between the metal layer and modified glass surface [122], (2) formation of chemical -
bonding or adsorption between electropositive metal and electronegative hydrophilic
groups on the modified glass surface, (3) removal of any weak boundary layers. This
literature review considers the different ways in which the adhesion of electroless
coatings can be improved by covering a range of substrates including polymers, glass

and silicon.

4.2.2 Adhesion improvement
Electroless coating on polymers

From the literature, advanced epoxies, polyimides and other high performance -
materials have been shown to have poor adhesion to electroless copper with

traditional pre-treatment steps, mainly because much less surface roughness is created
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[84, 87, 123]. In order to increase adhesion between these materials and electroless
copper, techniques such as plasma surface treatments for chemical and physical
modifications of the polymer surface, graft polymerisation to insert adhesion
improving groups in the polymer structure, coupling agents, and adhesive metal
layers have been widely investigated [85, 124, 125]. These have been applied with

varying levels of success, and each approach has advantages and limitations.

One approach is the addition of functional groups onto the surface of polymers
through wet-chemical synthesis as well as ultraviolet, thermal, and plasma grafting
processes. Wet-chemical synthesis processes have been used to add organosilanes
such as 2-(trimethoxysilyl)ethyl-2-pyridine and 2-(diphenylphosphino)ethyltriethoxy
silane, which contain nitrogen groups, to polymer surfaces in order to enable
‘electroless nickel deposition [89, 126]. These treatments have the advantage of being
more cost effective than plasma treatments, but have not been demonstrated to have
the same efficacy. Grafting processes have similarly been used to add nitrogen
containing groups to a variety of surfaces, including silicon, glass, polytetrafluoro-

ethylene, polyimide and polyethylene [88, 90].

A common link in many of the plasma and wet-chemical investigations is the addition
of nitrogen-containing functional groups on the surface. These groups have been
shown to enhance catalyst adsorption and adhesion with electroless copper. In many
cases these nitrogen groups are thought to interact with the palladium catalyst used
for electroless copper deposition and also with the copper layer itself [88, 126, 127].
Details of the interaction between the modified surface and either palladium catalyst
particles or electrolessly deposited copper have not been determined. Previous work
[128] indicates that wet-chemically treated or oxygen etched polyimide surfaces react
with SnCl; in the bath to produce C-O-Sn linkages. These Sn groups then aid the
reduction of PdCl; to Pd(0) on the surface. This surface coverage of catalyst is
important for the electroless copper deposition since the Pd on the surface initiates the
copper deposition reaction. With sputtered or evaporated metals, however, it is
oxygen containing groups that have been found to be more effective in enhancing
adhesion [44].
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Electroless coating on glass and silicon

As mentioned before, the self-assembled monolayer is a potential approach to modify
the glass surface to improve adhesion [129]. Self-assembled monolayers are ordered
molecular assemblies that are formed by the adsorption of a surfactant with a specific
affinity of its headgroup to a substrate. The adsorption of the headgroup on the
substrate combined with the interactions between the chains from adjacent molecules
favour spontaneous formation of a SAM having order and defined chemical
composition. The endgroup can be chosen from a variety of chemical functionalities

[130]. Figure 4-1 shows a schematic, including the constituents of a SAM.

7/—> substrate

Figure 4-1 Schematic constituents of a SAM-molecule

Self-assembled monolayers have been fabricated on substrates and modified into
hydrophilic/ hydrophobic surfaces to act as templates [131]. Metallic patterning can
thus be achieved on glass substrates on which patterned SAM are formed. The driving
force of the site-selective growth is the difference in wettability of the hydrophilic/
hydrophobic surface. The monolayer is deformable and can relieve internal stresses
[132]. Interfacial bonds are broken by hydrolysis, but many then reform, making the
bond ductile and permitting stress relaxation. Table 4-1 shows the evolution of
several different silanes coupled onto glass substrates. Among the most studied
systems of SAM formation, APTS and MPTS are most useful on different
hydroxylated surfaces such as oxidized silicon, mica or glass. Ramanath et al. [851
reported that the use of 0.7 nm thick SAMs comprising mercaptopropyl trimethoxy
silane molecules inhibited Cu diffusion and enhanced adhesion at the Cu/SiO;

interface.
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Table 4-1 Evolution of some typical silanes coupled onto glass substrates

Materi
I Structure Solution composition | Reaction Ref.
als
1ml GPS, 99ml acetic
||-{'m-/i\lzng . . weadon. wgndtm,
4 acid/ sodium acetate { ' ”t
GPS U\C'!!:C'H. H: . ‘"1(;"'-: ':'_;“- L= ()= .i-()-- [88]
neo—fi—ocit buffer solution (pH = -
{ICH, 5)
WNH,
NH, (
NH
EDA- NH
s { 1% EDA-Si in water [132]
i .
T/ \
Si
neo”” | ~Socw, ?
OCH,
SiO;
SH H
(CHy); MPTS:H,0: isopropyl e
MPTS L 7 OPIORY , [90]
/f “ alcohol = 1:1:40 (v/v)
CH,0 oy, OCH;
S0,
solution containing
NH, NI,
( methanol, water and
NH PEDA in the volume
ratio 95:4:1 that was
PEDA [133]
slightly acidified with
aceticacidto a
S
1n,c0”” tl ~oci, concentration of 107 s
H, 10;
M.
1)1 vol.% APTS added
NH, to the solvent acetone, NH, NH, NH, NH
é ethanol and toluene ; g [46,
APTS i 3 S| § Si Sia
/f\ 2) 510 mol/l of APTS | = FNo -0~ 1™o ~17 76]
CH,;04 0y, OCH, _
3 mixed with 95% Glass

methanol, 5% water
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Siloxane-type SAMs can be formed on substrates having OH groups such as glass,
silicon, metal oxides, or metals having a thin natural oxide surface | layer.
Organosiloxane SAMs of alkylalkoxysilanes are chemisorbed on a Si substrate that
has silanol groups (-SiOH) via Si-O-Si bonds. Figure 4-2 shows the reaction of (3-
aminopropyl)-trimethoxysilane, APTS (NH;-(CH;);-Si(OCH3)3) with the surface of
glass. When glass samples are immersed into a dilute APTS solution, there are two
major steps to form the self-assembled layer. Firstly, the hydrolysis of —Si{(OCHj); to
trisilanol- Si(OH)s, which is fast. Secondly, condensation polymerisation of trisilanol
and surface —OH groups to produce a polysiloxane network that is covalently bonded
to the surface, which is a slower reaction. The NH, groups exposed at the surface are

free to interact with other materials,

NH, ‘ NH,
2 Hzo 2
Si _— Si

S S

s

OH  OH fjj\o/?')\o/
|

Glass

+H20

Figure 4-2 The reaction of APTS with the surface of glass

Comyn [76] reported pH 8 is the optimum for APTS formation., Under this condition,
glass and silanes bond well, Xu [46] and Chen [88] used XPS to investigate the
attachment of Pd catalyst to an APTS SAM. The results indicated that the formation
of coordination bonds between Pd ions and nitrogen atoms of APTS SAMs serves as
an important binding mechanism. As is well known, the amine group is a strong

electron donor and possesses great ligand capability to transition metal ions due to the
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lone pair electrons of the nitrogen atom, On the other hand, Pd(II), as a soft metal ion,
whose outermost electron is configured as 4d®5s°5p°, possesses empty lower energy

orbitals for accepting electrons [46].

Investigations of the reaction of amine-terminated silanes with silica have shown that
the hydroxyl groups deriving from hydrolysis of the alkoxy groups in silanes can
form hydrogen bonds with the surface hydroxyl groups of silica, and then a siloxane
forms via the condensation between the hydroxyl groups. All of the literature
reviewed indicated that APTS is suitable for modifying glass surfaces for the process
of electroless deposition [76, 135].

4.2.3 Adhesion measurement techniques

Techniques to measure the practical adhesion of thin films have been reviewed
extensively elsewhere [121, 136, 137]. Table 4-2 lists a number of methods for
measuring the adhesion of thin films which have appeared in the literature. Due to the
different measurement conditions, the results obtained from the different types of tests
are not. comparable. Each method has its advantages and disadvantages. The
theoretical background for the electromagnetic tensile test, laser spalation test and
ultracentrifuge test are quite complex and the interpretation of results difficult. Bend
tests and peel tests have been widely used in defining adhesion, but are only
applicable to thick films rather than ultrathin films. Tape tests and scratch tests were

used for qualitative and quantitative adhesion measurements respectively in this study.
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Table 4-2 Methods to determine adhesion

Qualitative Quantitative
Tape test Direct pull off method
Abrasion test Tangential-shear test
Bend and stretch test Electromagnetic tensile test
Shearing stress test Laser spalation test
X-ray diffraction test Ultracentrifuge test
Ultrasonic test
Thermal method
Scratch test

Tape test

Possibly the most widely used and, certainly the simplest and quickest method of
adhesion assessment, is the tape test, shown schematically in Figure 4-3. An adhesive -
tape is stuck to the film and then removed, a check being made to see if the film
adheres to the substrate or is torn off together with the tape. This method gives only
qualitative results. The tape test is simple to execute, but peel-strength values are
affected by a number of experimental parameters, e.g. angle, rate and width of peel.
In practice, the peel test can be applied when the adhesion force is below 2000 Nmm™
[121, 137]. 3M Scotch 600 and 3M-56 Tape were used in the tape tests presented

here.
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Adhesive tape

Electroless coating

Glass substrate

Figure 4-3 Schematic representation of the tape test

Scratch test

The scratch test has been used to assess the adhesion of thin coatings for some time
and is a useful tool for coating development or quality assurance. However, the test is
influenced by a number of intrinsic and extrinsic factors which are not adhesion-
related and the results of the test are usually regarded as only semi-quantitative. In the
test process, a diamond tip is driven over a coated surface to produce a scratch. The
load on the diamond tip is increased linearly to induce a shear force in the nearby film
that is proportional to the applied load. As the mechanical properties of the film and
the substrate are different, there is a discontinuity in the shear stress at the interface
which, when sufficiently high, induces adhesive failure at a critical load [138, 139].
This may be identified by an abrupt change in either the depth and /or the friction
signal or by identifying the failure point under the microscope. The indenter load at

this failure point is then determined and is recorded as a critical load,

4.3 Methodology and experimental procedure

Based on the literature review, there are several possible approaches that can be taken
to prepare a glass surface for plating with electroless coppetr/nickel. Adhesion can be
increased through traditional means (surface roughening) or more advanced
techniques that take advantage of chemical bonding, The purpose of each of these

treatments is to prepare the substrate surface for electroless copper deposition by
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creating a surface that is more suitable for catalyst adsorption and adhesion. The
literature points to the efficacy of nitrogen-containing functional groups for chemical
bonding improvements in terms of both catalyst adsorption and adhesion with
electroless copper — for this reason APTS was used to form a SAM prior to catalyst

adsorption in this study.

The adhesion of the copper and nickel films to glass was determined using tape tests
and scratch tests and the influence of process parameters on adhesion identified. Due
to the importance of surface composition and surface energy, X-ray photoelectron
spectroscopy (XPS) and contact angle analysis (together with SEM) were used to
characterise the glass surface at each stage of the plating process and subsequently the
location of the failure interface was determined in order to understand which area of

the process required further improvement.

X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis is a surface sensitive technique that can be used to measure chemical
compositions and bonding states in the top 5-10 nm of a sample. XPS measurements
were carried out on a VG ESCALAB spectrometer equipped with a hemispherical
electron analyser and Al Ka X-ray source (1486.6 eV photons). The X-ray source
was run at a power of 160 W (20 kV and 8 mA). The samples were mounted on the
sample stubs by means of double-sided adhesive tape. The core-level spectra were
obtained at the photoelectron takeoff angle, with respect to the sample surface of 90°,
The pressure in the analysis chamber was maintained at 5x10”7 Torr or lower during
each measurement. To compensate for surface charging effects, the binding energies
(B.E.) were referenced to the internal C 1s (284.9 ¢V) standard. The survey scan
spectra shown here were collected from 0 eV to 1100 eV using a pass energy of 85
eV, A4 slit size and dwell time of 20 ms, and the core scan spectra were done using a
pass energy of 25 eV and dwell time of 50 ms. Surface composition was obtained
from survey scans using the instrument software. For more detailed analysis of
individual peaks, both B.E. values and peak areas were computed by fitting the curves
using XPSPEAK4! software, the line width (full width at half-maximum, FWHM)

and Lorentzian-Gaussian ratio of peaks was maintained constant for all components
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in a particular spectrum. Surface atomic ratios were calculated from the peak areas

normalised by relative atomic sensitivity factors.

Contact Angle Measurement

Contact angle (CA) measurement is useful for determining wetting behaviour and
surface free energy estimation, which is an important parameter for the solution based
deposition process. The degree to which a liquid coating wets a solid surface is
measured by the contact angle 0. Low values of 0 indicate that the liquid spreads, or
wets well, while high values indicate poor wetting, Contact angle measurements were
made using a DataPhysics Instruments (Germany) contact angle goniometer.
Diiodomethane (obtained from Sigma-Aldrich) and water were used as measurement
liquids to define the contact angle. The dosing rate was 2 pl/s, and dosing volume was
1.0 pl. The surface energy was determined from the StrOm equation by using the
Owen-Wendt-Kaeble method [140].

4.4 Results and discussion

4.4.1 Surface analysis of electroless deposition on glass

4.4.1.1 Contact angle measurements

Table 4-3 shows the contact angle and surface energy results for glass treated using
different solutions including DI water, Decon and APTS silane. The results showed
that Decon 90 was more suitable to clean the glass surface than DI water. When glass
was immersed in DI water for 16 hours, the contact angle was about 71°, indicating
poor wettability, and even if immersed for over 48 hours, the contact angle was still
70° which indicated that DI water alone was not effective as a cleaning agent. On the
other hand, the contact angle of glass which was immersed in Decon 90 for 8 hours
decreased to 42°, while the surface energy increased greatly. It can be seen that as a
result of cleaning, the dispersive component was stable, but the polar component
increased. The key dominating factor in the surface wettability modification is the

polar component, which could be increased from 9 mN/m to 30 mN/m.
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Table 4-3 Contact angle measurement results

CA() CA(°) Dispersive | Polar ISg:xlgace
Process Diiodometh | Component | Component gy
Water ane {mN/m) (mN/m) Total
: (mN/m)
?;hwate"‘ 711427 |sa9+15 {3129 9.57 40.86
4Dglhwa‘°" 200+23 |553£15 |31.93 10.58 42.51
?}f""“ N- | 4rse31 |550+26 |2957 27.74 57.31
APTS-2h | 38.6+3.0 |57.8+32 |2985 30.32 60.17

To obtain good conditions for the growth of the self assembled monolayer, the
relationship between contact angle and immersion time was investigated for the
APTS treatment. Figure 4-4 shows the water contact angle as a function of immersion
time in the APTS solution at a concentration of 5x10” mol/l at room temperature. All
the samples were dipped into Decon solution for cleaning before APTS formation.
The water contact angle was greatly reduced after the first hour, following which, the

contact angle decreased only slightly.
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Figure 4-4 Water contact angle as a function of immenrsion time in the APTS solutien
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4.4.1.2 XPS analysis

Figure 4-5 presents XPS survey scans of the glass surface after cleaning in Decon 90
for 8 hours and without cleaning. Each scan clearly shows the presence of oxygen,

silicon and carbon, with the latter due to contamination adsorbed from the air.
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Figure 4-5 XPS spectra of glass surface (A) as-received, (B) after cleaning with
Decon 90 for 8 hours

The presence of Ce, B, Sb, Na and K shown in Figure 4-5A was attributed to the

chemical content of the glass substrate. After cleaning with Decon solution, the
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spectrum reveals strong peaks due to Si and O with additional features associated
with other elements present in the original material, The sodium signal at 1071.9 eV
increased substantially and was probably left behind by the cleaning process as well

as being part of the glass composition.

The XPS spectra of samples immersed in APTS solution for different times are shown
in Figure 4-6. The main elements present in the surfaces were N, O, Si and C. The N
peak (at 399.0 eV) originates from the amine groups of the APTS silane molecules,
indicating their coupling to the glass surface and the formation of a self-assembled
monolayer. This is further supported by the disappearance of many of the signals
from the lower concentration elements visible in the earlier spectrum, due to their
coverage by the silane which attenuates their photoelectron emission. Meanwhile, the
C 1s signal intensity in the wide scan spectrum of the glass surface increasés
substantially after APTS silanisation for an extended immersion time. The O 1s (at
532.3 eV,), Si 2s (at 151.3 ¢V), and Si 2p (at 101.0 ¢V) signals originate primarily

from the glass and to a lesser extent from the grafted silane.
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Figure 4-6 XPS spectra of the glass surface after immersion in APTS solution for (A)
0.5 hour (B) 1 hour (C) 24 hours

The quantitative results from all the XPS spectra of APTS modified glass with

varying immersion time treatments are presented graphically in Figure 4-7.

-76-



Chapter 4 Interfacial adhesion of electroless Cu and NiP to glass

8 40l
a5 -
6L A B
- | | -
kA - =
g 5wl
3 g/
g 21 =
3 & 15}
=
z 8
ofn TR
L 1 1 1 " 1 " 1 5 1 " ) 1 H 1 1 " 1
0 5 10 15 2 2 0 5 10 15 20
Immersion time (Houn) Immersion time (Hour)
€0 40
.. [ ]
ko) Bl
S .1 S r-
S as5b ®
iy b=
c WO 5
S &)
3 o
@ ot
O 4l \. 20
m 1 L 1 n 1 L 1 1 ] 1 1 15 1 i 1 i 1 n 1 . 1
0 5 10 15 20 25 0 5 10 15 20
Irmrmersion time {Hour) Immersion time (Hour)

Figure 4-7 Variation in the surface concentration with APTS treatment

With increasing immersion time the nitrogen content on the glass surface increased
(Figure 4-7A). The 0.5 hour APTS-treated surface contained only 2.5 at.% nitrogen,
while a 1 hour treatment increased the concentration to 4.2 at.%. This is due to more
silane molecules reacting with the surface. As the immersion time increased to 24
hours, only a small further increase of nitrogen concentration, to 4.9 at.%, was
observed. The treatment also showed a strong tendency to increase the carbon
concentration on the surface (Figure 4-7B), with a 24 hour immersion increasing the
carbon concentration to 37 at.%. The oxygen concentration at the surface decreased to
37 at.% after the 1 hour treatment (Figure 4-7C), after which it decreased only slightly
more. The Si concentration changed with the immersion time as the glass substrate
and the head group (-Si{OCHj3);) from the APTS molecule both contribute to it. AFM

measurements of surface roughness were made, for which there was a relatively small

-77 -



Chapter 4 Interfacial adhesion of electroless Cu and NiP to glass

change (0.9 nm — 2.1 nm) resulting from long SAM formation times. The APTS
treatment, thus, has been shown to chemically modify the surface, without significant

roughness generation.

The use of XPS allows the detailed chemical states of the elements on the surface to
be analysed. Figure 4-8 shows the C 1s spectra of the cleaned CMZ glass and the
glass surface after APTS silanisation for 0.5 hour, 1 hour and 24 hours. On the clean
glass, carbon can be found in one bonding state, which is attributed to the adventitious
contamination of the surface. The C 1s spectrum of the silanised glass (B) and (C)
exhibits two well-defined components revealing the various types of carbon
environments: methylene groups in the propyl chain (C1-285.0 eV, NHy«(CH,);—
Si(OMe)s) and a shoulder at higher binding energy that can be fitted by a second
component centred at 286.8eV. This second peak matches the position of methoxy
groups (C2-286.8 €V, NH>-(CH,);—Si(OMe)s) [135, 141] which is attributed to the
remnant APTS on the surface. It was seen that peak C2 decreased with increasing
immersion time and there was no methoxy group after 24 hours of silane treatment,
indicating that the reaction was completed by this extended immersion time. The
corresponding C:N atomic ratios for 0.5 hour, 2 hour, 24 hour treatments were 7.4:1,
8.2:1, 7.7:1, respectively. The theoretical ratio for C:N is 3:1 when all three methoxy
groups are totally replaced by siloxane linkages, The obtained values are much higher
than this theoretical ratio, which may be due to adsorption of adventitious carbon
from the air. The results indicate that at least one of the three methoxy groups (-
Si(OMe)s) reacted with the glass surface, which agrees with that previously proposed
[135].
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Figure 4-8 XPS C 1s peak for (A) clean glass, and clean glass modified by APTS
immersion for (B) 0.5 h, (C) 1 h, (D) 24 h

The corresponding O 1s levels are displayed in Figure 4-9. The oxygen spectrum for
clean glass only presents one peak at 532.4 eV which can be attributed to the SiO;
from the glass substrate. All three silanisation spectra exhibit a main peak signal
around 532.3 eV which is still due to the oxygen atoms from the glass substrate, and a
weak peak at low B.E. 531.1eV that is due to Si-O-Si that arises from the APTS

coupled with the glass surface.
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Figure 4-9 XPS O 1s peak for (A) clean glass, and clean glass modified by APTS
immersion for (B) 0.5 h, (C) 1 h,(D)24 h
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Figure 4-10 presents the XPS silicon core level spectra of clean glass and clean glass
modified by APTS. For clean glass, there is one peak at 103.3 eV attributed to the Si
in the bulk glass. All APTS treated samples show a peak essentially composed of a
large signal around 103-103.2 eV assigned to the glass substrate accompanied by one
additional lower binding energy peak assigned to the Si-ethoxy structure( -Si(OMe)s)

bonded to the surface to form O-Si-O.
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Figure 4-10 XPS Si 2p peak for (A) clean glass, and clean glass modified by APTS
immersion for (B) 0.5 h, (C) 1 h,(D)24 h

A pre-dip is an essential step prior to the catalyst. It improves the ability of the
catalyst to adhere to the substrate and also prevents dilution of the catalyst from drag-
in, so the XPS spectrum (Figure 4-11) shows the surface chemical elements after 1
hour SAM formation and 1 min pre-dip treatment. The main component of the pre-dip
solution is sodium hydrogen sulphate. It can be seen that the N Is peak remained

stable after the pre-dip, indicating that this was unaffected. Compared with the SAM

treated glass, the elements were almost the same.
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Figure 4-11 XPS spectrum of glass surface after pre-dip
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After undergoing the APTS and pre-dip treatment described above, glass samples
were immersed in a SnCl,-PdCl; catalyst bath in order to activate the surface for
electroless copper plating. A spectrum of the glass surface after exposure to the
catalyst solution for 2 min is shown in Figure 4-12. XPS readily detected Pd 3d (325-
345 eV), Sn 3d (475-497 eV), Sn 3p32 (710-720 eV) and 3p;» (750-765 eV) owing to
the high sensitivity of this technique to these elements and their position at the surface
of the sample. Meanwhile, O 1s, C s and Si were also detected, however N could not
be easily seen presumably due to the coverage of Pd/Sn, but still could be detected as

shown in the inset.
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Figure 4-12 XPS spectrum of catalytic glass surface

The surface concentrations for each step in the pre-treatment process, are presented in
Table 4-4. The concentrations of carbon, nitrogen and silicon decrease following
Sn/Pd treatment while the concentration of oxygen increases from 32.6 at.% to 45.1
at.%. The reduction of carbon, nitrogen and silicon concentrations observed following
Sn/Pd treatment is likely due to coverage of the surface by the tin and palladium. The
oxygen increase is caused by bonding of atmospheric oxygen to tin and oxidation of
the tin to higher order oxides. This theory was supported by the oxygen core level

spectra, which consistently showed an increase in O-metal bonding.

<84 <



Chapter 4 Interfacial adhesion of electroless Cu and NiP to glass

Table 4-4 Surface chemical compositions (at.%) of glass samples following each pre-

treatment step

SUTINCE C 0 Si N Sn Pd Cu
treatment

Asreceived | g 4 572|242

glass

After 9.6 569 | 15.7

cleaning

APTS 1hour [22.0 [326 380 |44

Pre-dip 18.9  |381  |[40.1 42

Catalyst 2 155 |45 9.7 176 | 2.1

min

Figure 4-13 shows the oxygen spectra for a sample before and after catalyst treatment.

The level of O-metal bonding (peak 2 at 531.1 eV) (which was also attributed to

silane coupled on glass earlier), increased from 15.1 % to 63 % of the total peak area

due to the increase in Sn-O interactions. A decrease in Si-O from the bonding from

the glass substrate (peak 1) from 84.9 % to 37 % was also apparent following the

Sn/Pd treatment. This indicates that the catalyst layer with some thickness covered the

surface of the treated glass so that the signal from the substrate decreased. The

concentration of Pd following the Sn/Pd treatment was much smaller than that of Sn,

as expected based on other studies in the literature [128, 129].
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Figure 4-13 O 1s level XPS spectra for (A) glass surface before Sn/Pd treatment (B)
after 2 min Sn/Pd treatment (C) after 8 min Sn/Pd treatment

The core-level spectrum for Sn following a 2 min catalyst treatment, presented in
Figure 4-14, shows two main doublet peaks at 486.5 eV and 495.1 eV with a binding
energy difference of 8.6 eV. These peak positions support the conclusion that Sn is
reacting with atmospheric oxygen and is present on the surface mainly in the Sn**
oxidation state, which corresponds to SnO; bonding. The sample also shows a second

smaller bonding state for metallic Sn at 484.6 eV.
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Figure 4-14 Sn core level XPS spectrum on glass after 2 min catalyst treatment

Following Sn/Pd activation, samples were immersed in an electroless Cu bath for 5
minutes, which was sufficient time to initiate plating resulting in the formation of a
continuous copper layer. The sample was then analysed using XPS to produce the
survey scan shown in Figure 4-15A. In this spectrum the Cu’ peak is located at 932.8
eV. Cu 2p peaks and Cu(LMM) Auger signals were the dominant features. The tiny
amount of carbon is believed to be due to contamination from the environment during
storage prior to analysis, while the appearance of the O 1s signal indicates some

oxidation of the copper coating.

7500

Cu2p
6000 |-
4500 |-
Cu LMM
3000 |-
w &
1500 0 1s e I
A 30
Cis O
- A A__gkhﬁhh
1 i 1 L 1 n 1 i 1 "
1000 800 600 400 200

Binding Energy (eV)

BT =



Chapter 4 Interfacial adhesion of electroless Cu and NiP to glass

10000

9000

8000

7000

6000

5000

4000

T

o\

W,

B

(-

960

950 l 940
Binding Energy (eV)

930

Figure 4-15 General scan (A) and core level scan (B) of electroless Cu

The core-level XPS spectrum for Cu is shown in Figure 4-15B. The Cu 2p;35 peak is

located at 932.8 eV and Cu 2p;; peak is at 952.7 eV. By applying deconvolution

procedures, the most prevalent bonding state was identified as Cu’ bonding or Cu(I)

located at 932.8 eV and a minor peak of Cu(ll) located at 934.8 eV. The Cu(ll)

assigned to Cu-O bonding is likely due to Cu surface oxidation from atmospheric

oxygen.

Table 4-5 Surface compositions (at.%) after different electroless Cu deposition times

Electroless

plating C O Si (S;of;]l)’d Cu
time (min)

0.5 47.9 34.4 14.8 2.8

1 423 353 19 0.7 2.7
5 54.5 32 15.6
10 38.9 40.4 20.7
15 22.4 40.1 38.5

The detailed surface composition data on the glass surface after 2 min catalyst

treatment followed by different electroless Cu plating times is shown in Table 4-5.
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The data (at.%) in this table indicates that Cu coverage is dependent on the electroless
plating time. When the plating time is less than 1 min, there was a tiny amount of

catalyst detectable in the spectra.

4.4.2 Tape test results

Tape peel tests (mainly according to the ASTM D3359-02 standard test method [142])
were used to qualitatively determine the influence of the deposition process
parameters on the adhesion of the films. Quality rating of the adhesion was
determined from the fractional area in which a part or the whole coating layer was
removed from the substrate. In general, it was found that the APTS pre-treatment step
was necessary to enable the coating of the glass - without it, the catalyst could be
easily washed from the surface prior to copper plating and almost no deposit was
formed. Therefore, APTS immersion time, catalyst immersion time and electroless
copper bath temperature were all investigated for their effect on the uniformity and
adhesion of copper. Table 4-6 lists qualitative tape test results: “Good” indicates zero
or almost no copper removal from the surface, “Average” means approx. 10%-15%

copper removal, “Bad” indicates no less than 20% removal of copper.

Table 4-6 Tape peel test results for Cu films on glass substrate

APTS '

Solution fl;el::alfsion ?nii?lleﬁtion Electroless

Immersion | .. ) Cu Bath Adhesion (Thickness: nm)

3 Time Time o

Time (i) (miin) Temp. (°C)

(hour)

- 1 0.5-10 20-55 No film

1 1 0.5-10 5543 Bad
< 100 > 120

+

0.5 1 1 402 Good Bad

l | ) 4042 <160 170-210 | > 220
Good Average | Bad
Very thin

1 1 2 54’;" (- layer <80
Average | Bad I

Copper films were easily peeled off if the electroless bath temperature was 55°C or

over, while a short immersion time in the catalyst also resulted in weak adhesion of
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very thin coatings. The optimum conditions were found to be: 2 min in catalyst
solution and 40°C for the electroless copper bath. However, even with these
conditions, the coating adhesion varied with thickness: below 160 nm the coatings
showed good adhesion with no material removed during the tape test, while above

220 nm they could be easily peeled off.

4.4.3 Adhesion failure analysis

To investigate the nature of the linkages among the various layers on the glass surface,
an analysis of the failure surfaces was conducted after the tape peeling test using XPS

and SEM to investigate the surface chemistry and morphology of the fracture surfaces.

4.4.3.1 XPS of delaminated surfaces

Figure 4-16 shows a wide scan spectrum obtained from the glass surface after
delamination of the electroless copper coating. The spectrum showed features due to
Si and O as expected from the underlying substrate, but also showed clear peaks
attributed to Pd and Sn, similar to those observed from the catalyst treated surface
shown earlier. However, compared to the original catalytic surface, for the
delaminated glass, the Sn 3d and 3p signal decreased dramatically, while the Si signal
intensity increased. The atomic percentage of Pd was 2.4 at%, while Sn was only 1.8
at%. No Cu signal could be seen. The amount of Sn is much less than that observed
after the catalyst solution which indicates that much of the Sn was removed in the

electroless plating bath.

Analysis of the copper surface adhered to the tape indicated only the presence of
copper. No Pd or Sn could be observed even when detailed scans of the expected peak
positions were carried out. Some oxygen was seen, which was associated with
oxidation of the exposed copper surface. The extent of oxidation was much less than
that seen for the original top copper surface which is consistent with the buried nature

of this interface that was only exposed to air for a short period after peeling.
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Figure 4-16 XPS wide scans of the delaminated surfaces (A) delaminated glass surface
(B) Cu on adhesive tape
Comparison of the spectra from the delaminated surfaces with the database of spectra
gathered for the deposition process enables some insight into the failure mechanism to
be gained. The presence of obvious Si, Sn and Pd 3d signals on the delaminated glass
surface, together with the absence of any copper signal, suggests that the failure did
not occur in the copper layer as it was cleanly peeled away without any transfer to the
glass. However, the presence of a strong copper peak without Pd or Sn signals on the
delaminated Cu surface shows that failure occurred at the interface between Cu and
catalyst. All of these assumptions were further confirmed by the narrow scan spectra

of elements on the delaminated surfaces as shown in Figure 4-17 and Figure 4-18.
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Figure 4-17 XPS core level scans of the delaminated glass surface (A) Cu, (B) Pd, (C) Sn
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Figure 4-18 XPS core level scans of the delaminated Cu on adhesive tape (A) Pd, (B) Sn

From the tape test results, it is easily seen that the adhesion decreased with increasing
electroless plating thickness. The tape peel test and XPS results show that the failure
location was between the catalyst and electroless Cu (Figure 4-19), which is in
contrast to some other observations in the literature where failure appears at the
interface between substrate and catalyst [88, 143, 144]. One possible reason is
thought to be due to stress developed in the coating which increases with increasing
deposition time. In addition, it has been reported that hydrogen and water may be
occluded in the deposits with increasing time, degrading the anchoring effect between
the substrate and electroless copper [16]. Another possible reason is residual tin ions
reacted with copper in the initial period to form an ultrathin brittle layer which is

harmful to the interfacial adhesion [85].
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Figure 4-19 Diagram of locus of failure of electroless Cu on glass substrate

In order to know more details of the weak interface, more XPS core-level scans were
performed. Comparing the XPS general scan of electroless copper on glass and
copper on the adhesive tape, there was no obvious difference. Therefore, narrow
scans of copper, oxygen and carbon were performed to find out the possible reasons
for the weak adhesion between copper and catalyst. The corresponding Cu 2p and Cu
2psn core-levels from copper deposits and copper on the adhesive tape are displayed
in Figure 4-20. From the Cu 2p peak, a clear feature due to oxidation can be seen for
the electroless Cu at about 945.2 ¢V, while on the adhesive tape there was no obvious
oxidation. This result means that the electroless plating can form a dense film on the
catalyst surface and there is no air penetration to the interlayer during storage. By
applying deconvolution procedures both spectra exhibit a main peak signal around
932.8 eV, which is indicative of Cu(0) formed from the electroless process, although
Cu(l) has a similar B.E. There is a small peak signal about 935.2 eV for the
electroless copper on glass, which is indicative of Cu(ll) from oxidation, while only

metallic copper (or Cu(l)) was observed on the adhesive.
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Figure 4-20 Corresponding Cu 2p, Cu 2p;; core-levels for (A) original,

(B) delaminated Cu surfaces

Core-level scans of C 1s and O 1s were also investigated for the two different Cu
surfaces. Figure 4-21 (A and B) show the respective C 1s core-level spectra of the
electroless Cu surface and the delaminated surface. By applying deconvolution
procedures both spectra show a major peak at 285.0 eV. There is also another weak
peak at 288.7 eV in the C Is spectrum of electroless Cu on glass, while it was seen
that C 1s contains three main peaks for the Cu on the adhesive tape, 285.0 eV (C-C),
288.7 eV (C=0) and 283.6 eV. The peak at 283.6 ¢V is shifted in an unusual direction
and could be due to charging from the adhesive tape or some signal from the tape

layer.
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Figure 4-21 C 1s and O 1s core-level spectra of two Cu coatings

The XPS oxygen spectrum of the electroless deposit, as shown in Figure 4-21C
presents two peaks that correspond to these bonding states: O-Cu found at 530.3 eV
and O=C at 531.9 eV. The oxygen spectrum of copper on the adhesive tape shows an
added peak at 535 eV, most likely coming from some exposure of the adhesive tape

or charging effects.

4.4.3.2 Microstructure of the failure interface

The adhesion failure position was determined by XPS, moreover, SEM was also used
to investigate the morphology of delaminated surfaces. Figure 4-22 shows typical
SEM images of delaminated surfaces (both were coated with gold to prevent
charging). As can be seen, the glass surface is quite smooth except for little remnant
deposits, which are thought to be copper particles. Due to the strength of the peeled
adhesive tape applied, many cracks were formed on the delaminated copper layer, as

shown in Figure 4-22B.
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A: Delaminated
glass surface

B: Delaminated
copper surface

Figure 4-22 SEM images of (A) delaminated glass surface, (B) delaminated Cu surface

The electroless Cu layer and delaminated Cu layer were chemically different, as
shown by XPS. The morphological images of electroless Cu deposits on glass have
been shown in chapter two, the following part emphasises the microstructure of the
delaminated Cu layer. Figure 4-23 presents SEM images of peeled off Cu which was
deposited using different conditions, specifically 2 minutes and 8 minutes immersion
in the catalyst bath. From low magnification images, e.g. Figure 4-22, the
delaminated Cu layer looks smooth which indicates homogeneous deposition on the
glass surface when the electroless Cu plating started.
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Cu on adhesive (Cu
thickness about 194 nm,

electroless Cu bath temp.
40°C, catalyst 2 min).

Cu on adhesive (Cu
thickness about 140 nm,

electroless Cu bath temp.
40°C, catalyst 8 min).

Figure 4-23 SEM images of Cu deposited following different catalyst immersion

times after peeling off on adhesive tape

Many circular shaped copper deposits are visible in Figure 4-23A, while in Figure
4-23B there was no obvious shape to the copper particles. Moreover, when using high

magnification, many voids were found on both delaminated copper layers. According
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to Kim et al. [145] there were two types of stress—induced damage observed from
images of peeled copper. One type of damage consisted of severe grooves along the
grain boundaries, similar to those shown in Figure 4-23A, which was attributed to
high stress formed along the surface leading to breaking of the film in weak locations,
such as at grain boundaries and contamination remnants. The other type of damage
consisted of isolated large voids as presented in Figure 4-23B. The dimension of
voids shown above increased with the catalyst immersion time from less than 10 nm
at 2 min to about 25 nm at 8 min. These voids probably occurred because of bubbles
in the electroless copper plating. With increasing immersion time in the catalyst, this
phenomena happened even more as all the metallic Pd served as deposition spots for

the electroless copper.

4.4.4 Adhesion between electroless NiP and glass substrate

So far, all the results focused on the electroless copper coating. Tape peel testing was
also used to determine the influence of the deposition process parameters on the
adhesion of the electroless nickel coating. The APTS pre-treatment step was still
necessary to enable coating of the glass. Table 4-7 lists qualitative tape test results of
electroless NiP coatings. The quality rating grades are the same as those used for the

electroless copper film.

Table 4-7 Tape test results of electroless NiP on glass substrate

APTS .

Solution | Fre-dip | Catalyst |\ 1 ator | Electroless ‘

— Immersion | Immersion NifsaBision Nickel Adhesion

. Time Time " ; Bath (Thickness: nm)

Time (min) i) Time (min) Temp.(°C)

(hour) p.

i 1 0.5-10 5 70 <140 >235
average | weak
Good average
<550 > 642

l 1 i : e Good weak
<417 > 530

” 1 i g 70 Good weak
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It can be seen that thin NiP films were easily peeled off without the APTS treatment.
The NiP thickness could be built up to 740 nm with good adhesion under proper
preparation conditions. However, even with these conditions, the coating adhesion

became bad when the thickness was over | micron.

As for the electroless copper film, the delaminated NiP film and the glass surface
after the tape peel test were analysed by XPS and SEM to reveal the surface
chemistry and microstructure of the fracture surfaces. Figure 4-24 shows the wide
scan spectrum obtained from the glass surface after delamination of the electroless
NiP coating. The spectrum is very similar to that of the glass surface after the coating
was removed, except for an obvious nitrogen peak at 402 eV. Analysis of the nickel
surface adhered to the tape indicated the presence of Ni, C, P and O, but with no
evidence of Pd or Sn. These results also show that failure occurred at the interface
between the electroless nickel coating and catalyst, which is consistent with the

failure locus of the electroless copper coating.
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Figure 4-24 XPS general scans of (A) delaminated glass surface and (B) NiP film on

adhesive

Figure 4-25 shows an SEM image of the delaminated NiP surface. The delaminated
NiP surface microstructure looks like fish scales, and there were no obvious cracks
formed in the peeled off coating layer, which is different to that seen for the peeled

copper coating, under the same magnification.

Figure 4-25 SEM image of NiP film on adhesive tape
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4.5 Conclusion

The work presented in this chapter has focused on the use of APTS treatment to
enhance catalyst adsorption and adhesion between a smooth glass surface and
electroless copper and nickel. It has been found that APTS increases nitrogen content
on the surface, which is thought to increase the catalyst adsorption during the Sn/Pd

activation step and improves the electroless deposition uniformity.

Good adhesion was obtained on a 2 min catalyst treated surface, although this was
only possible for copper coatings less than 160 nm thick. The failure locus was
revealed by XPS, and it was found that the failure was between the catalyst and the
electroless copper or nickel layers. The possible reason for this is remnants of tin ions
and some voids resulting from bubbles during the electroless copper reaction, which
will be investigated in later chapters of this thesis. Overall, the APTS treatments on
glass have been shown to be effective in chemically modifying the surface for catalyst
adsorption and electroless plating, but the adhesion has not been adequately enhanced

for practical application in industry.
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Chapter 5 Internal Stresses and Mechanical

Properties of Cu and NiP Films

5.1 Introduction

As shown in the previous chapter, adhesion between glass and a metallic coating is a
major issue for electroless deposition. Thus, it is necessary to assess the adhesion of
an electroless Cu or NiP film quantitatively to help understand the mechanism for the
interfacial failure. Of all the properties of a thin-film system, adhesion is one of the
most important, but one of the most difficult to measure. Practical adhesion refers to
the ability of a thin film to resist delamination in a practical setting, under stresses

appropriate to the application.

There are many factors that affect the practical thin-film system adhesion, such as
film stress, adhesion type and substrate structure. For example, NiP and Cu thin films
and glass substrate have different thermal expansion coefficients, so internal stress is
produced after deposition. Stress in thin films is known to cause yield and reliability
problems in microelectronic devices [146]. Thus, in this chapter, the equipment and
experimental procedures for the measurement of the stress of electroless thin films are
presented. This is followed by an explanation of the experimental methodologies and
some discussion of the nature of stress and adhesion in thin films. Attention is
devoted to the effects of processing on the adhesion and application field of thin films
on substrates, the evolution of film microstructure in polycrystalline films, and the

generation of internal stresses through processing
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5.2 Literature survey

5.2.1 Thin film stress measurement

Several methods have been used for mechanical properties measurement on thin
metallic films. Reed and Dally [147] used the uniaxial tensile testing method for free
standing films. These films were removed from the substrate prior to testing. In this
case the effect of the substrate was not included and the removed films were
vulnerable, thus the tested mechanical properties may differ from those of the
attached films. X-ray diffraction measurements performed on electrochemically
grown Cu films on silicon substrate revealed high tensile stress [104]. Yu et al. [93]
focused on the internal stress between a Si substrate and Cu film prepared by both
metal vapour vacuum arc ion implantation and ion beam assisted deposition. The
internal stresses in the Cu films were analysed by X-ray diffraction, which showed
that all the Cu films possessed compressive stress, which increased as the film
thickness increased. In addition, due to the difference in the thermal expansion
coefficients between film and substrate, Shute and Cohen [148] used the X-ray
diffraction method to examine the yield strength of Al films on silicon through
cooling. Chuang and Kim et al. [145, 149] used the curvature technique to study the
stresses in Al and electroplated Cu films. Pienkos et al. [41] studied the stress in thin
Ag and Cu films on sapphire by means of curvature measurement. It was revealed
that once the film thickness was above 30 nm, the stress changed to compressive for

Ag films, but to tensile for Cu films.

In general, almost all of the thin films prepared by different methods possess internal
stress. The stress level in microelectronic devices such as integrated circuits is
generally recognized as an important issue [93]. Excessive residual stresses in thin
films may cause defect formation and delamination at the film—substrate interface.
Consequently, the adhesion between the film and substrate will be affected by the
stress in the film, leading to a decrease in the stability and reliability of the
components and devices. Therefore, it is important to understand the origins of the

stresses in the films.

The substrate curvature method is the most commonly used technique for

determination of thin film stress, due to its simplicity and non-destructive nature. In
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this method, the internal stresses are determined by measuring the change of substrate
curvature radius before and after deposition. The deflection measurement can be

converted into an internal film stress using Stoney’s formula [150]:

PR A
/- 6t,(1-v,) R R, (19)

where oy is the internal stress in the thin film, £, and v, are Young’s modulus and
Poisson’s ratio of the substrate. #; and # indicate the film and substrate thicknesses. R
is the radius of curvature of the specimen after deposition, and R, is the radius of
curvature before deposition. Positive values of oy indicate tensile and negative values

compressive film stress.

In general, the internal stress in a thin film can be simply divided into two
components: an intrinsic stress due to the film growth process and a thermal stress
due to the difference in coefficient of thermal expansion between substrate and film
material. The thermal stress, oy, is directly related to the thermal strain, &y, in the

film through Hooke's law [151]:

E
_ Silm _ Silm
O = Ey = (aﬁim i .mb )AT

(16)
~V fitm

where Ep, and vy, are Young’s modulus and Poisson’s ratio of the film. o, and
oim indicate thermal expansion coefficient of the substrate and film, respectively.
There are two assumptions in the use of this equation. First, the substrate should be a
stiff material, that is, the stress in films on flexible substrates could not be calculated
by this law. Secondly, the film is much thinner than the substrate. AT is the
temperature drop from the deposition temperature to room temperature. Gunnars et al.
[152] found that the thermal stresses become tensile if the thermal expansion

coefficient of the thin film is greater than the value of the substrate.
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5.2.2 Nanoindentation testing

Due to the importance of mechanical properties as a measure of the quality of thin
films, mechanical properties including hardness and elastic modulus are often
measured. Mechanical properties of thin films are usually affected by the internal
stresses that are induced from the different deposition processes. In the literature,
significant research had been focused on the characterisation of thin metallic film
properties for which the majority of thicknesses of film are greater than one micron
and prepared by a CVD or PVD method [101, 153, 154]. However there has been
little systematic research into the electroless NiP or Cu films. Due to the very thin
nature of electroless coatings, extreme accuracy is required to measure their

mechanical properties, for which nanoindentation is a useful tool.

The nanoindentation method has been developed to evaluate the mechanical
properties of metal films, for which the indentation loading curve (Figure 5-1) is
employed to determine the yield strength and hardness of a thin film on a substrate
[155]. In nanoindentation, the depth of penetration together with the known geometry
of the indenter provide an indirect measure of the area of contact at full load and thus
hardness is obtained by dividing the maximum applied load by that contact area. In
the nanoindentation technique, hardness and Young's modulus can be determined by
the Oliver and Pharr method [156].
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1 Perfect plastic
1 / material
Loading k.
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I Viscoelastic
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Figure 5-1 Load-displacement curve after Briscoe [155]
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Figure 5-1 shows the typical load-displacement curve, showing the values used in the
Oliver and Pharr method. In nanoindentation testing, as the indenter presses into the
sample, both elastic and plastic deformation occurs, resulting in an imprint that
conforms to the indenter shape. During the indenter withdrawal, only the elastic
portion of the deformation is recovered. Oliver [156] suggested a method based on the
measured indentation load-displacement curves to determine the indenter area
function (the cross-sectional area of the indenter as a function of the distance from its
tip) . The method is based on the idea that, at peak load, the material conforms to the
shape of the indenter to some depth, then hardness and modulus were obtained based
on the observation that during the initial stages of unloading, the area of contact
remains constant as the indenter is unloaded. Therefore, nanoindentation hardness, /

can be defined as:

(17)

where P, represents the peak load and A4 is the contact area. The hardness is the
mean pressure that a material can support under load. The relation between the load

(P) and the depth (/) can be represented as:

P:a(h—/?f)m (18)

where a is an indent constant, m depends on the geometry of the indenter, and Ay
indicates the final depth. The elastic modulus of the indented sample can be inferred
from the initial unloading contact stiffness. The relation between the contact stiffness,

contact area, and elastic modulus can be derived as:

A
e Qﬂ\/;Er (19)

where [3 is a constant that depends on the geometry of the indenter, 3 = 1.034 for the
commonly used Berkovich indenter, and £, is the reduced elastic modulus, which
accounts for the elastic deformation that occurs in both the sample and the indenter.

Hence, E is given by equation:
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I 1=y 1=y}
I e

E E E,

' (]

(20)

where £ and v are the elastic modulus and Poisson’s ratio for the sample, respectively,

and E; and v; are the elastic modulus and Poisson’s ratio for the indenter.

5.2.3 Scratch testing

Scratch testing is widely used to evaluate film adhesion. The test consists of drawing
a stylus (e.g. Rockwell ball or diamond tip) of known radius of curvature over a film
under increasing normal loads. The value of the load at which adhesion failure occurs
(delamination between the film and the substrate) is known as the critical load, L. If
the failure mode is the same, as the adhesion increases, so the value of L. increases.
Failure may be identified by an abrupt change in either the depth and /or the friction
signal, or by identifying the failure point under the microscope. Scratch lines are also
investigated by means of optical microscopy and AFM to determine the critical load.
For very thin films, the test can be performed using a nanoindentor to carefully

control the load and depth.

Many different failures modes can be observed, including coating detachment,
through-thickness cracking and plastic deformation or cracking in the coating or
substrate [157]. The failure modes observed in the scratch test depend on many
factors and are most easily characterised in terms of the hardness of both substrate
and coating (Figure 5-2) [136]. For hard coatings on soft substrates deformation of the
substrate is predominantly plastic whilst the coating may plastically deform or
fracture as it is bent into the track created by plastic deformation of the substrate. Soft
coatings on a harder substrate tend to deform by plastic deformation and some
extrusion of the coating from between the stylus and the substrate may occur.
Considerable thinning of the coating by plastic deformation will occur before plastic
deformation and fracture of the substrate becomes significant. For hard coatings on
hard substrates plastic deformation is minimal and fracture dominates the scratch

response [136].
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Figure 5-2 Schematic diagram of the various scratch test failure modes as a function of

coating and substrate hardness (H. and H,, respectively) [136]

Using this technique Prikryl reported that the critical load is extremely dependent on
the loading rate for plasma deposited polymer films of vinyltriethoxysilane (VTES)
on planar glass substrates [158]. It was found that the critical load corresponding to
the film with a thickness of 190 nm was much higher than that for both thicker or
thinner coatings. Ottermann et al. [159] revealed that increasing the film stress
decreased the critical load. Tusi et al. [160] have demonstrated that the hardness of
sputter deposited aluminum films on silicon or soda-lime glass substrates is constant

for indentation depths within the film thickness.

5.3 Methodology and experimental

Although there is no way of measuring the fundamental adhesion directly, there are a
number of tests that characterise adhesion practically. Three basic types of
quantitative tests can be distinguished: tensile-type adhesion tests, shear-type tests
and scratch tests [161]. However for thin films, compared to the other measurement
tools, the scratch test provides a useful measure of adhesion [136, 138]. Therefore, in
this study scratch tests were performed using a nanoindentor to characterise the

adhesion of the electroless coating on glass.

Nanoindentation testing and scratch tests were performed by using a Micro Materials
Nanotest™ machine, which is normally used to measure micro materials properties,

hardness and nanotribometry. There were several initial test parameters for the
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Nanotest”™ machine that affected the final experiment results, including load rate,
maximum load and dwell time, initial force and depth gain. Load rate is the amount
the load force increases in each second, which remains constant during the test. Dwell
time is the time for which the load is kept constant after the maximum load is reached
and the initial force is the load force at which the machine starts to record the
experimental data. The depth gain is set to 75% to obtain the best performance in
scratch tests. The machine stops increasing load force when either the load force
reaches the maximum load or the deformation exceeds the depth gain. It was found
that mechanical deformation at the same load rate was not affected by the other test

parameters.

In this work, a Berkovich diamond indenter with angle of 142.3° was used for
mechanical measurements, and scratch tests were performed with a Rockwell indenter
(120° cone with 200 pum hemispherical tip). Scratch tests involved moving the
indenter across the surface with a steadily increasing load applied. The total scratch
length was 250 pm or 500 um and along the length of the scratch the load was
ramped to a maximum of 100 mN. Tests were conducted at a temperature of 22 +
0.3°C with the samples directly mounted onto a metal stub using cyanoacrylate

adhesive. Scratch lines were observed using an optical microscope and AFM.

In addition to scratch tests, substrate curvature was also measured to examine the state
of stress in the coatings. Due to the brittle material of the glass substrate, the tensile
testing method was not suitable in this work, therefore, an optical system for
measuring the sample’s curvature was used. A surface profiler (Talysurf CLI 2000)
was used to measure the substrate radius of curvature at room temperature. The scan
distance was about 23 + | mm and multiple passes were used. The machine resolution
was 0.5 nm and the radius of curvature was calculated using the Talymap analysis
software. All the samples were prepared by the same procedure as in chapters 2 and 3
described with only one side of the glass coated with Cu or NiP. Samples were placed

on the machine bed with the coated surface uppermost.
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5.4 Results

5.4.1 Internal stress measurement

Figure 5-3 shows the results of curvature measurements for different thickness
electroless Cu films. The x axis represents the measurement distance along the sample,
while the y axis shows the displacement from the horizontal. Positive curvature
implies that the substrate is concave on the surface on which the film is deposited,

which is consistent with a state of residual tension in the film.
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Figure 5-3 Curvature measurement of different thickness Cu films deposited on glass

Figure 5-4 Radius calculation from curvature measurement
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Figure 5-4 defines the parameters D and L that were obtained from the software

directly, and then R was calculated using equation (21):

(R-D)+L*=R? Q1)

For CMZ glass, values of £;and v, were not available, so values based on borosilicate
glass were used with £, = 70.5 GPa [12]. Poisson’s ratio varies for different types of
glass, but for borosilicate glass v, = 0.2 [12] which was used here. The glass thickness,
t;, was 100 um. According to equation (15) and substituting the curvatures measured
before and after deposition, the internal stress in the thin films was calculated. Figure
5-5 shows the internal stresses for different thickness films, in which the plotted stress
values are the average of three experimental data points collected from samples

prepared under the same conditions.
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Figure 5-5 Internal stress as a function of electroless Cu thickness

In Cu films with 127-300 nm thickness, the internal stress increased with increasing
thickness. The internal stress was 350 MPa at 127 nm and increased to 430 MPa at
250 nm. However, the highest stresses, of up to 450 MPa, were found in films less
than 100 nm thickness. This indicates the film deposition induces higher internal

stress early in the process, which is consistent with other reports [153].

Figure 5-6 shows the variation of internal stress with thickness for electroless nickel

coatings and demonstrates that the internal stress decreased with increasing NiP film
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thickness from 110-1120 nm. The internal stress was 770 MPa at 110 nm and
decreased to 513 MPa at 1120 nm. The highest internal stress level of 770 MPa was

again found in the thinner films.
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Figure 5-6 Internal stress as a function of electroless NiP thickness

The above results describe the total internal stress experienced by the coating which,
consists of the intrinsic and thermal component. The thermal residual stress comes
from differences in CTE as the sample cools from the deposition temperature and is
particularly important in CVD and PVD deposited films because of the high
temperatures involved. For electroless methods the thermal residual stress is not as

important as the intrinsic stress, due to the low deposition temperature.

The thermal contribution to the total stress was estimated based on equation (15) for
which the constants for the Cu film were Ep,, = 120 GPa, vj, = 0.34. The thermal
expansion coefficient of the Cu thin film (16.5x107°/°C) is larger than that of a
borosilicate glass substrate (3.5%107%°C) [12]. The thermal stress was therefore
evaluated to be 52 MPa of tension, which is only 15% of the internal stress measured
using the curvature technique. It was the same value for all the samples. The thermal
expansion coefficient of the electroless nickel thin film is 13.6x107°/°C, and applying
this equation to the NiP film, the thermal stress was around 149 MPa. Again, it
appears that the thermal stresses are only expected to be a small part of the internal

stress. Using electroless methods due to the relatively low plating bath operation
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temperature, it seems that intrinsic stress due to the film growth during deposition is

the main source of residual stress.

5.4.2 Mechanical properties

The mechanical properties of the Cu and NiP deposits were measured through
nanoindentation tests. The hardness of the films was calculated using the Oliver and
Pharr method described earlier. The small thickness of the deposit was considered as
an important factor in the nanoindentation measurements as too high an indentation
may be influenced by the substrate. To avoid influencing the results, the indentation
should be designed purposely to minimise the influence of the glass substrate and
therefore indentation must be deep enough to prevent errors from thermal drift, but
should not exceed 20% of the deposit thickness. The thicknesses of the NiP deposits
were 300-1600 nm and control of the indentation depth was relatively straightforward.
The Cu films were thinner and in this case the indentation depths were not easy to

control within these limits.

Figure 5-7 presents the force—displacement curves of nanoindentation for different
thickness NiP coatings on CMZ glass. Since the peak indentation depths for all the
coatings were about 20% of the coating thickness, the effect of the substrate could be
ignored. When the initial loading was applied to the samples, the depth control mode
was used to precisely control the penetration depth. The indentation load sequence
was 20 s loading and 5 s hold, where the peak load was 20 mN. For the NiP film with
790 nm thickness, the maximum displacement was 179.8 nm and the final
displacement after removal of the load was 82.2 nm. For the NiP film with 1080 nm
thickness, the maximum displacement was 210.8 nm and the final displacement was
112.7 nm. The film plasticity was obtained from the maximum and final displacement,

and was found to be 46% and 53% for the 790 nm and 1080 nm films, respectively.
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Figure 5-7 The force—displacement curves for different thickness NiP films

Typical hardness data for a 1.2 pm thick NiP film as a function of indentation depth
are shown in Figure 5-8. It can be seen that there was a decrease in the hardness
measured as the load was increased which may be because of the influence of the
substrate. In general, there are two different levels in the hardness distribution as
shown in Figure 5-8. The highest hardness was 15 GPa at an indentation depth of 36
nm. The hardness of the glass substrate is 10 GPa, so with the increasing indentation

depth, the apparent NiP hardness decreased to that of the glass substrate.
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Figure 5-8 Hardness distribution as a function of the indentation depth into electroless

NiP coatings
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The hardness and elastic modulus of different thickness NiP films measured at a load
of 5 mN are plotted in Figure 5-9. It shows that the elastic modulus increased linearly
from 133 GPa to 185 GPa with coating thickness. The experimental modulus is
expected to be in good agreement with the literature value for indentation depths of
250 nm or more, but is significantly lower for shallow indentations. This may be
because of the co-deposited P that affected the structure of the NiP [158]. In addition,
it may be related to stress in the NiP deposits. To support this, the relation between
the elastic modulus, hardness and internal stress are shown in Figure 5-10. It shows
that both elastic modulus and hardness decrease approximately linearly with internal
stress increase. The elastic modulus decreases by 40 GPa and hardness decreases by

3.6 GPa when the internal stress increases by 200 MPa.
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Figure 5-10 Correlation between elastic modulus, hardness and internal stresses for

NiP film

Testing of the Cu coatings was also carried out, however, due to the limited thickness
of the electroless Cu coating, it was difficult to keep the contact depths within 20%
using this nanoindentor. Therefore, a maximum 1 mN force was applied to get the
lowest indentation depth. Figure 5-11 presents two load-displacement curves obtained
for a 168 nm thick Cu film at a maximum load of 0.8 mN. The load-displacement
behaviour is typical of that for a soft metal and it is seen that there is very little elastic

recovery, indicating that the deformation occurs mainly by plastic processes.
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Figure 5-11 The force—displacement curves for electroless Cu films

For a 168 nm thick Cu film, the hardness and elastic modulus were 5.69 GPa and 110
GPa respectively. The elastic modulus was very close to that of bulk Cu rather than
glass, for which the elastic modulus is only 70.5 GPa. This indicates that the substrate
effect did not have a large influence on the measured film elastic modulus for this Cu
thickness when a small loading force was applied to the surface. However, for the
thinnest film of 70 nm, at the 1 mN applied load, the hardness was equal to the
substrate hardness, indicating that the substrate was dominating the hardness

behaviour for the ultra thin film system.

5.4.3 Scratch test

Scratch tests were carried out on all samples using different loads and loading rates.
The surface profile as a function of scratch travel distance for a 138 nm thick Cu film
at a maximum 5 mN ramped load is shown in Figure 5-12. The linear trace (black)
shows the pre-scratch curve result and the red trace shows the scratch curve. The
scratch test was performed using the multiple scan mode. First, a pre-scratch curve
was recorded by drawing the indentor across the surface with a continuously
increasing load. A scratch curve was then recorded by repeating the test, but adding a
side to side oscillation perpendicular to the indentor motion. The critical position
indicated in the figure is characterised by an abrupt increase in the post-scratch

displacement. The increased displacement is directly associated with significant
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damage to the Cu film. The corresponding applied normal load is called the critical
load, meaning the minimum load for scratch damage with material removal, film
fracture and interface delamination. The critical load is approximately 1.7 mN for this

sample and the indentation depth is around 75 nm.
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Figure 5-12 Scratch test curves for electroless Cu film

The scratch damage grooves made at different loading rates in a 138 nm Cu film were

investigated by optical microscopy, as shown in Figure 5-13.
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Figure 5-13 Optical microscopy images of scratched grooves with different loading rates
on electroless Cu film (A) 0.5 mN/s, (B) 1 mN/s

The optical microscope could only show obvious morphology differences in each
groove, so AFM was used to obtain valuable information such as the scratch track
width and depth. Figure 5-14 shows AFM section analysis for sample A in Figure
5-13. The scratch depth is 80.4 nm and the track width is around 10 pm.
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Figure 5-14 AFM section analysis on scratched groove

Figure 5-15 shows the relationship between critical load and Cu thickness performed
under the same scratch test conditions of loading rate 0.5 mN/s, scan length 250 pm.

In this case the Cu was deposited following 1 hour in the APTS solution and 2 min
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immersion in the Pd catalyst. The critical load decreased from 2.8 mN to 1.3 mN with
increased film thickness. It illustrates that larger critical loads were observed for the

thinner film, which is in good agreement with the peel test result.
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Figure 5-15 Critical load as a function of electroless Cu thickness

The electroless NiP film was also scratch tested. The surface profile as a function of
scratch travel distance for 970 nm thick Ni at a maximum 20 mN ramped load are
shown in Figure 5-16. Sometimes some fluctuations were observed in the scratch at
the start of a test as indicated in the figure. This is associated with the initiation of
contact between the indenter and the sample surface and some contamination adhered
to the surface, but is not thought to be critical damage of the film. The critical load is

approximately 14 mN for this sample.
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Figure 5-16 Scratch test curves for electroless NiP film

-122 -



Chapter 5 Internal stresses and mechanical properties of Cu and NiP films

The surface of the NiP after the scratch test was examined in an optical microscope to
identify the location where failure occurred, as shown in Figure 5-17. It can be clearly
seen, the NiP film delaminated from the glass substrate and some films piled up in the

track, which indicates the bad wear behaviour of this coating.

Figure 5-17 Optical micrograph of scratch groove on NiP film

The critical load as a function of NiP thickness is displayed in Figure 5-18. All the
measurements were done at the same test conditions: 0.5 mN/s loading rate, 20 mN
maximum loading force and 500 um scratch length. The critical load is in the range
from 7 mN to 17 mN and varies a little with thickness.
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Figure 5-18 Critical load as a function of NiP thickness
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5.5 Discussion

The experimental conditions used in this work made all the Cu and NiP films with a
high internal stress. It has been reported by other researchers that films can possess
different internal stresses, of different magnitude, when the Cu films are produced by
different methods. Electroless Cu films showed internal stresses ranging from 300 to
450 MPa, which is consistent with the reported internal stresses of from 200-500 MPa
observed in Cu films prepared by DC magnetron sputtering with thickness from 80-
530 nm [153]. In the same work, high tensile stresses of 500-530 MPa were observed
in 17-80 nm thick films. In contrast, Okolo et al. [162] showed that compressive
stresses from 165 to 223 MPa were induced in 500 nm thick Cu films on amorphous
SiO; by magnetron sputter deposition. This was explained by relief of the coalescence
stress and the atomic peening effect during sputter deposition. Choi [163] showed that
internal stresses from 0 to 500 MPa were induced into 1 pum thick Cu films on Si (100)
by bias sputtering, which he suggested was due to collapse of pores and thermal
effects. From the thermal stress values obtained here, it was elaborated that the films
prepared by electroless plating possessed a low thermal stress compared with those
reported for PVD and CVD methods.

The hardness of Cu films was also measured by Beegan and Chowdhury et al. [164]
by combining the nanoindentation and AFM residual area analysis. It was found that
the measured hardness was determined by applied load and thickness of the coating,
meanwhile, hardness varied strongly between different measurement methods. Ma et
al. indicated that the strength of Cu films is strongly dependent on the deposition
technology of the film and that the measured strengths for Cu films are all higher than
that of the bulk material [165]. From the measurement results presented here, it can be
seen that NiP coatings have higher hardness values than the Cu coatings, which is
consistent with that of the bulk material. It was seen that the film shows a high
hardness value for low indentation depth and this is because atoms can easily occupy
a relatively stress-free configuration with fewer structural defects for short plating
times [165].

The results shown in Figure 5-10 illustrate that the increasing internal stress will

decrease the measured mechanical properties of thin films, including elastic modulus

- 124 -



Chapter 5 Internal stresses and mechanical properties of Cu and NiP films

and hardness. This phenomenon can be interpreted by the fundamental theory of
nanoindentation based on the Oliver-Pharr method. Consider a conical indenter with a
angle ¢ pressing against the film surface, then the elastic relation between the

indentation force (P) and depth (/) can be written as [166]:

2 E

P=[(>—

Tl-v

where o; denotes the internal stress and p is a constant. From equation (22), it is clear

tan @) — 7o, (1 sin ¢ — tan* g cos @)k (22)

that the internal stress will increase the indentation depth for constant force. As a
result, the hardness and elastic modulus obtained from the load-displacement curve
decreased. Therefore, the stress has a strong influence on the film hardness and elastic

modulus.

The critical load in the nanoscratch test was measured to define the film adhesion in
this work. It was found that the critical load for the Cu film was low. This low value
may be due to two reasons, one is the limited thickness of the deposited Cu film and
another possible reason is the limitations of the instrument used. The electroless NiP
film showed a higher critical load than a Cu film of the same thickness, which is
consistent with the qualitative tape testing results. It was also seen that the loading
rate had a strong effect on the scratch result. The scratch groove made at the higher
loading rate was more prone to failure as shown in Figure 5-13. Steinmanan et al.
[167] also showed convincingly that critical load values were sensitive to some
instrumental factors, such as loading rate, scan speed and film thickness. Beake et al.
[168] pointed out that using different radius probes also altered the critical
deformation, leading to different facture modes. Therefore, all the data collected
under the same test conditions can be comparable, and the electroless NiP film shows
better adhesion strength than electroless Cu of the same thickness even though it

possesses higher tensile stress.

5.6 Conclusion

The internal stresses in electroless deposited Cu and NiP films were measured for
various thicknesses. All of the Cu and NiP films were found to possess a high internal
stress, which could be the main reason for weak adhesion. Moreover, the scratch tests
showed that the critical load for NiP film on glass is much higher than that of copper.

The scratch test on thin films is dependent on many parameters such as loading rate
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and scratch speed, which make it very difficult to compare these results with those

reported in the literature.
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Chapter 6 Catalytic Surface Structure Effects

on Electroless Cu plating

6.1 Introduction

The electroless Cu or nickel deposition on glass requires a suitable surface on which
to deposit. The important issue is that the surface must catalyse the oxidation of the
reducing agent and then transfer the electrons to the Cu®" ions in solution as described
in chapter 2. Based on the results of the earlier chapters, it appeared that the adhesion
failure of the coating occurred at the interface between the catalyst layer and the
electroless plating. In order to investigate the reason for this, further experiments were
conducted to study the effect of processing on the catalyst surface structure and its
effect on the electroless plating. This section focuses on the Pd/Sn catalysts for

electroless deposition.

6.2 Literature review

The technology of catalysing electroless deposition has evolved over the years with
the aim to achieve uniform catalysis of a range of substrates with good adhesion.
Previous studies have involved many different processes which are used to activate
different substrates, but largely fall into the categories of Pd based catalyst and non-

Pd catalyst.

6.2.1 Pd based catalysts

Commercial Pd based catalysts have been especially formulated to provide consistent,

reliable activation prior to electroless deposition. Pd based catalysts are of
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considerable importance for the electroless metallisation of dielectric substrates such
as plastic and ceramics as this produces a seed layer of palladium on the surface that
activates the electroless deposition quickly. Table 6-1 shows a survey of some of the

Pd catalysts that are used for electroless coating with examples of their applications.

A widely used Pd catalyst is based on a combination of Sn and Pd for which there are
two main process routes: a two-step process which uses dilute solutions of first SnClp
then PdCl;; and a one-step process which uses a mixed SnCl,—PdCl; solution. The
most extensively used system is the so-called SnPd mixed catalyst (also called SnPd
or Sn/Pd). The catalysts are prepared by mixing PdCl,, with a large excess of SnCly,

in HCI solution. Pd particles are obtained by the following redox reaction:

Pd* + Sn** — Pd + Sn** (23)

The surface to be activated, i.e. catalysed, is immersed in the catalyst, depositing
metallic Pd as well as Sn(IV). It is assumed that the metallic Pd acts as the catalyst for
the subsequent electroless plating. In this system, tin not only acts as the reducing
agent for Pd ions, it is also claimed to stabilize the small Pd nuclei (on the order of
some nanometers in size) once they form, via strong Sn*' adsorption [71]. The
resulting high positive charge density on the particles should, through electrostatic
repulsion, prevent them from aggregating. Indeed, excess ionic tin on the surface can
be detrimental and is usually removed. To do this, a solution known as an accelerator
is used to remove the tin species from the surface before initiation of the plating
reaction. However, if a self-accelerating electroless solution is employed, this is not

required, as the tin species can be removed in the electroless bath..
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Table 6-1 Examples of Pd based catalysts in electroless deposition

Catalyst Application Reference

Synthesis of hydrogen peroxide with catalysts
Pd-Me (Me = Ag, Pt) [167]
prepared by depositing metals by ELD

The fabrication process of Cu nanowires by

Na,PdCly [168]
ELD
Nickel coating on activated mesoporous

SnPd mixed catalyst alumina membrane [64, 132,

(two-step and one step) | Cu or nickel coating on activated insulating 169]
material

PdCl, (tin—free) Electroless metallisation of carbon substrates [170]

" Microcontact printing to form micron-scale ,
Pd/ [CgH37]4N"Br . [171]
pattern by electroless deposition of Cu

An important aspect of the process is the catalytic activity of the PdSn catalyst, which
can be estimated by measuring its activity for the electro-oxidation of formaldehyde
or by the cyclic voltammetric response of a seeded electrode in an inert electrolyte
[171, 174]. Formaldehyde oxidation is the reaction that is kinetically limited and
strongly influenced by the catalyst. The cyclic voltammetric technique combined with
transmission electron microscopy examination has been used to evaluate various
accelerating solutions used to increase the activity as it is a useful and straightforward
method for the direct evaluation of the catalytic activity of the PdSn colloids [174].
Osaka et al. [175] adsorbed the colloid on a Au electrode, then stripped it from the
surface with a positive-going potential sweep. The charges under the stripping peaks

could be taken as a measure of the quantity of Pd and Sn at the surface.

Although the SnPd mixed catalyst is widely used in the PCB industry, the use of Sn**
has some drawbacks with respect to the electrocatalytic activity of the Pd nuclei in the
subsequent electroless plating sequence. So some articles reported the use of PdCl, to
activate the surface by forming solid complexes between palladium ions and amine

groups. Charbonnier et al. [176] have developed a Sn-free process where the surface
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is only activated in a PdCl, solution after plasma pre-treatment. Moreover, van der
Putten et al. [172] have reported a Sn-free process for use with polymer films
modified by plasma treatment and graft copolymerisation with aniline followed by
activation in a Pd-containing solution. The grafted polyaniline reduced Pd ions to

metallic Pd, therefore avoiding the use of the SnCls solution.

In general, all kinds of Pd based catalyst have been especially formulated to provide
consistent, reliable activation prior to electroless deposition. A large difference in the
morphologies of these different types of Pd catalysts is expected because of their
different reduction mechanisms [177]. Moreover, the crystallisation processes of
these Pd catalysts and Cu films significantly affect the surface morphologies that are
obtained, the microstructures and crystal structures influence the resultant properties
of the Cu films including electrical conductivity and electron/stress migration
behaviours. Therefore, many mechanisms for Pd/Cu crystallisation have been
proposed. It was found that growth and formation of the Cu clusters composed of
smaller particles led to a better electroless Cu film [177], but there was no related
experimental observation provided for the deposit adhesion and the effect of the
catalytic structure. Therefore, the research herein focuses on the microstructural
observation and characterisation of the interface crystallography of Pd catalysts

combined with electroless deposited Cu films.

6.2.2 Non-Pd catalysts

As well as Pd based catalysts noble metals, such as Ag, Au and Pt, have been used as
alternative catalysts in electroless deposition. They can be either colloidal or in the
form of nanoparticles. Due to the high cost of palladium, Shukla et al. [178]
developed colloidal Ag as a catalyst to form a Cu mirror through pre-treatment with
Ag slurry, without affecting the properties of the electroless Cu coating. Liu et al.
[179] also reported that a thin layer of Ag colloids was anchored onto a glass surface
through S-Ag bonds, resulting in a quicker deposition of Cu metal and a stronger
adherence. Au nanoparticles were confined onto patterned films as a catalyst for the

succeeding Cu electroless deposition [180].
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6.3 Methodology and experimental procedures

In order to understand the chemical composition that was formed during the initial
deposition stage of different catalyst procedures, chemical analysis was carried out
using XPS and static secondary ion mass spectrometry (SSIMS). Meanwhile,
microstructure observation of the different morphologies caused by varied Pd/Sn
treatments and Cu deposition were investigated using SEM and transmission electron

microscopy (TEM) combined with energy dispersive x-ray (EDX).

XPS spectra were recorded using the same ESCALAB instrument and procedure
described in chapter 4. Core level spectra were fitted by using XPSPEAK41 software;
as part of this, the line width (full width at half-maximum, FWHM) and Lorentzian-
Gaussian ratio of peaks was maintained constant for all components in a particular
spectrum. Surface atomic ratios were calculated from the fitted peak areas normalised

by relative atomic sensitivity factors.

Secondary ion mass spectrometry (SIMS) is a technique used to analyse the
composition of solid surfaces and thin films by sputtering the surface of the specimen
with a focused primary ion beam and collecting and analysing ejected secondary ions.
While only charged secondary ions emitted from the material surface through the
sputtering process are used to analyse the chemical composition of the material, these
represent a small fraction of the particles emitted from the sample. These secondary
ions are measured with a mass spectrometer to determine the elemental, isotopic, or
molecular composition of the surface. SIMS is the most sensitive surface analysis

technique, being able to detect elements present in the parts per billion range.

A time of flight SIMS (ToF-SIMS) IV instrument (ION-TOF GmbH, Miinster,
Germany) based at Nottingham University and fitted with a Cs" primary ion beam
source was used to investigate the surface chemistry of the electroless process at an
ion beam energy of 25 keV. Samples were prepared not more than 24h before
measurement. Pulsed low energy electrons (20 eV) were used to negate any charging

effects due to the primary ion beam. The ion dose was maintained below 1.0x10"

ions/cm” and the primary ion beam was scanned over an area of 200x200 um®. The
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spectra were fine-calibrated with the lonSpec (version 4.0) software using the exact

masses of a standard set of small ions.

The microstructure of the deposits on glass substrates were examined using a Philips
FEI Tecnai F20 Transmission Electron Microscope (TEM) operated at 5 kV and 1
mA. The Tecnai F20 was also used for direct higher resolution observation of the
microstructural evolution of the different catalyst treated Cu coating on the glass
surface. EDX analysis was carried out using an Oxford Instruments ISIS300 fitted to
the Tecnai F20 and was used to define the distribution of catalyst within the metallic
layer to provide quantification of the major elements at the interface and, where
possible, the inclusions. TEM samples were prepared using a dual beam FIB
instrument. The surface was cut using the ion beam at a high current (20 nA and 30
kV). A thin lamella was then prepared by rough milling, followed by additional
milling at a lower current of 50 pA to clean the surface of the cross-section of any
redeposited material from rough milling. The lamella was then attached to a tungsten

needle by platinum deposition.

6.4 Results

6.4.1 XPS of catalytic surfaces

As the adhesion failure appeared to occur at the interface between the catalyst and Cu
layers as shown in chapter 4, more dedicated experiments were carried out to examine
the effect of immersion time in the catalyst. In this experiment, all of the glass sheets
were pre-treated in APTS solution for 1 hour and then immersed in the pre-dip
solution for 1 min. After that, the glass was activated by dipping in the Pd/Sn catalyst
for different times to coat the surface. Figure 6-1 shows Pd 3d and Sn 3d XPS spectra

of the activated substrate for (A) 30 sec, (B) 2 min (C) 8 min in catalyst solution.
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Figure 6-1 Pd 3d and Sn 3d XPS core-level spectra of the activated substrate for (A) 30 sec

(B) 2 min (C) 8 min exposure to the catalyst solution
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The Pd spectra present a doublet corresponding to Pd 3ds;; and Pd 3d;, with a binding
energy difference of about 5.3 eV. Each Pd spectrum ((A) and (B)) can be fitted with
two spin-orbit-split doublets, while Pd spectrum (C) only presents one doublet. The
main doublet with the Pd 3ds» peak in (A) lying at 337.5 eV (green line) is attributed
to Pd(Il) and another peak at 335.4 ¢V (pink line) is attributed to Pd(0). The blue line
shows the background of the spectrum and the orange line indicates the summation of

the fitted peaks.

The corresponding Sn 3d XPS spectra shown on the right side of Figure 6-1 present a
doublet corresponding to Sn 3ds; and Sn 3ds» with a binding energy difference of
about 8.5 eV or 8.6 eV [71]. Each Sn spectrum can be fitted with two spin-orbit split
doublets. The main doublet with the Sn 3ds, peak lying at 486.5 eV (or 486.4 eV) is
attributed to Sn(II) or Sn(IV) as the binding energy is very close to both of these
species. The doublet where the Sn 3ds/; peak lies at 484.6 eV is assigned to metallic

tin.

Table 6-2 lists the elemental ratios obtained from the areas of the XPS spectra, which
allow the determination of the relative quantity of total Pd and Sn when the substrate
was immersed for different time in solution. The ratio of Sn/Pd increased with
increasing immersion time as did the amount of Pd metallic form compared to the

Pd(II) state, while the metallic Sn / Sn(IV) ratio increased only slightly.

Table 6-2 Ratios of elemental compositions for different catalyst immersion times

(mmersion | pd(oyPd(i1) | Sn(@)/Sn(1V) | Sn/Pd
30sec 0.7 0.10 4.6

2 min 3.3 0.12 8.43
4o All Pd(0) 0.13 10.7

Following the catalyst process, it was necessary to find out the nucleation and activity
of the catalytic layer in the initial (0 to 1 min) immersion period in the electroless Cu
solution. Therefore, XPS was employed to show the catalytic surface changes once it

was immersed in the electroless Cu bath. Figure 6-2 shows Pd 3d and Sn 3d XPS
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core-level spectra for (A) 15 sec, and (B) 1 min, in the electroless Cu solution. Before
deposition of Cu, the glass was pre-treated with APTS solution for 1 hour, pre-dip for

1 min and catalyst for 2 min.
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Figure 6-2 Pd 3d, Sn 3d XPS core-level spectra after electroless Cu solution exposure for
(A) 15 sec (B) 1 min

The shape of the Pd spectrum after 15 seconds in the electroless Cu solution (Figure
6-2A) was very similar to the catalyst one shown in Figure 6-1B. The Pd spectrum
still presented a doublet corresponding to Pd 3ds, and Pd 3d;» with a binding energy
difference of about 5.3 eV. The Pd spectrum was also composed of two spin-orbit
split doublets. The main doublet with the Pd 3ds peak at 335.4 eV is attributed to
Pd(0), while another peak is located at 337.3 eV. When the catalytic glass was
immersed in the electroless Cu bath for 1 min (Figure 6-2B), the Sn signal decreased

sharply compared to the value before plating. In addition, due to the low Pd signal,
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the Pd spectrum could not be fitted easily with two spin-orbit split doublets as the

background noise level was fairly high.

With increasing immersion time in the electroless Cu bath, the size of the Sn peaks
decreased, but could still be seen. The spectra of Sn after a short time (15 sec/ 1 min)
in the electroless Cu bath can be fitted with one strong peak lying at 497.4 eV and one
spin-orbit-split doublet located in 486.5 which is attributed to Sn(II) or Sn(IV). The
peak at 497.4 eV is thought to be a sodium Auger peak presumably due to some

contamination from the bath.

6.4.2 SEM of catalytic surfaces

SEM was used to investigate the surface morphology for different catalytic surfaces.
Figure 6-3 shows the absorbed catalyst particles for different immersion times in the
catalyst solution. The deposition temperature was kept constant at a room temperature
of 20-24 °C. Figure 6-3A shows the surface morphology of catalyst deposited after 30
sec. Since the deposition during the initial period is slow, limited catalyst particles
were absorbed on the surface. The surface after catalyst deposition for 2 min is
presented in Figure 6-3B. Obviously, the amount of the absorbed particles increases
as the immersion time increases, leading to a uniform distribution of particles. In
order to emphasise different morphologies between catalyst treated and non-catalyst
treated surfaces, the interface was observed as shown in Figure 6-3C. To obtain this, a
part of the glass was immersed into the catalyst solution, while another area did not
contact the solution. As can be seen the untouched area, is almost smooth, while in
the catalytic area, many particles can be found. After immersion in the catalyst
solution for 8 min, the distribution of particles was not even over the surface,
resulting in a patchy surface (Figure 6-3D). Figure E shows different morphologies of
catalyst and non-catalyst treated areas. Some catalyst particles were found on the non-
catalyst area presumably due to the rinsing process, however there was still an

obvious boundary between the two sides.
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Figure 6-3 SEM images of the catalytic surface with different immersion time (A) 30 sec (B,C)
2 min (D,E) 8 min in the catalyst solution

SEM was also used to observe the surface morphology of electroless Cu deposits
prepared with different catalyst immersion times. The samples were prepared in the
electroless Cu bath for 5 min at 40°C. Figure 6-4 depicts the morphologies of the
cross—section (left) and plan view (right) of electroless Cu deposited on glass with
different catalyst immersion times: 0.5 min, 2 min and 8 min. It was found that, if the
immersion time in the catalyst was short (e.g. 0.5 min), the Cu film was continuous

and small Cu particles were observed as shown in Figure 6-4A, however, some voids
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also appeared on the surface as are highlighted by the arrows. After increasing the
catalyst immersion time to 2 min, the particle size of the Cu deposits became bigger
and there were no black voids on the surface. Figure 6-4C shows when the catalyst
time was as long as 8 minutes, in which case the Cu film had obvious breaks and
voids. The surface morphology was further revealed by plan view images. All the
glass surfaces were fully covered by Cu particles after 2mins (Figure 6-4B), while

there were some voids and breaks visible after 8 mins (Figure 6-4C), consistent with

the presented cross-sections.
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Figure 6-4 SEM images of the cross—section (left) and plan view (right) of electroless Cu deposited

on glass with different catalyst immersion time: (A) 0.5 min (B) 2 min (C) 8 min.

In order to estimate the effect of catalyst immersion time on the Cu deposition
thickness, the thicknesses of deposits were measured by the software fitted on the
FIBSEM. At least 6 different points were collected for each coating layer. The breaks
and voiding regions of the electroless Cu with 8 min catalyst were not included in the
thickness measurement. It was found that longer catalyst immersion times led to a

thicker coating.
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Figure 6-5 Catalyst immersion time effect on Cu deposition thickness
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6.4.3 TEM observations

Based on the SEM results showing the effect of catalyst treatment time on the
morphology of the electroless Cu, TEM was used to obtain more detailed information
on the microstructure between the glass and electroless deposits. The preparation of
TEM samples was carried out in the FIB instrument. Once the area of interest was
selected, it was coated with a Pt film about 1 pum thick in order to protect the surface
during ion milling. The width and depth of these trenches are generally in the 10 pm
to 20 um range. A thin slice 500 nm thick is routinely obtained. Several areas of
interest may be thinned on the same specimen. Figure 6-6 shows a typical process for
TEM sample fabrication of a thin film on glass substrate that was machined and
thinned. First, the machined rectangle film sample was attached to a grid for TEM
observation. Secondly, the thin film sample was thinned using ion milling. Finally, Ar

gas was used to clear all the remnants on the sample.
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Figure 6-6 SEM images of FIB machined TEM sample (A) FIB machined TEM sample
adhered to grid, (B) Final thinning of the TEM sample,(C) Finished TEM sample

In Figure 6-7 are TEM cross-section images of electroless Cu deposited on a glass
substrate, which were catalysed for 0.5 min, 2 min and 8 min. Due to the basic
mechanism of TEM, an ultrathin layer was needed for TEM observation, so all the
coatings were prepared with 5 min electroless Cu deposition. As seen in Figure 6-7,
the samples consist of the Pt coating at the top, glass at the bottom and the electroless
Cu layer in the middle, which appears to be made of grains. The deposits in A and B
consist of small and even grains and form a continuous film. The deposit in Figure
6-7C exhibits an uneven grain size distribution and small voids can be seen. The

dimension of the voids and breaks are not as big as those seen in the SEM images
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(Figure 6-4C), but this is probably because in the SEM images it was not easy to
observe small amounts of Cu at the bottom. The grains on the substrate which had
been catalysed for 8 min generally show a larger size than those on the substrates

catalysed for only 0.5 or 2 min.

glass
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void

Figure 6-7 TEM micrographs of electroless Cu deposited on glass with different catalyst

immersion times: (A) 0.5 min, (B) 2 min, (C) 8 min

The interface of different deposits prepared using different catalyst exposure times
was also observed by high resolution TEM. Figure 6-8 shows TEM micrographs and
corresponding EDX spectra of electroless Cu deposited on glass with catalyst
immersion times: (A) 2 min and (B) 8 min. A continuous layer was seen between the
Cu coating and glass, as shown with the red cross symbols in Figure 6-8A. After EDX
analysis on several spots along this layer, it was concluded that this was the catalyst
layer as there was an obvious Pd peak in the EDX spectrum (Figure 6-8A-1). For
comparison, Figure 6-8A-2 presents the EDX result for a corresponding Cu area in
Figure 6-8A, for which no Pd was observed. The thickness of the Pd layer was in the

range of 2 nm to 8 nm.

EDX was also used to reveal the composition of the samples catalysed for 8 min.
Figure 6-8B shows a number of areas that were analysed. The signal of Sb and Ce
comes from the glass substrate. Due to the ultrathin layer of Pd, signals from both Cu
and glass were also detected in the EDX spectra. Area 1 in the bright region is a void
as there was no strong Cu peak or Pd peak in the spectrum. The EDX result collected

from area 3 is presented in Figure 6-8B-1, and shows obvious Pd together with Cu
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and Si. The spectrum obtained from area 4 is very similar to that of area 3. It was
revealed that Cu particles were located at the bright areas, such as 2 and 5 as shown in
Figure 6-8B-2. Based on this analysis, it was seen that there was a thin layer between
the glass and Cu coating which was thought to be Pd, but with some voids such that it

appeared discontinuous.
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Figure 6-8 TEM micrographs and EDX spectra for electroless Cu deposited on glass

with different catalyst exposure times: (A) 2 min and (B) 8 min
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6.4.4 SIMS analysis

In order to learn more about the composition of the electroless deposition layers, ToF-
SIMS measurements were performed on the SAM surface, catalytic surfaces and
electroless Cu deposits. The primary ion source was operated with an average current
of 0.36 pA, a pulse width of 19.5 ns, and a repetition rate of 5 kHz. Negative spectra
and positive spectra were acquired for three areas of 500pum=500um on every sample,
keeping the primary ion dose of 10'* jons cm . Negative ion spectra were calibrated
by using H>O and OH peaks. Positive ion spectra were calibrated by using H, CH and
CHj peaks.

Figure 6-9 shows positive and negative ion SIMS spectra for glass surfaces before (A
and B), and after (C and D), catalyst exposure for 2 min. In the positive spectrum
before catalyst exposure (Figure 6-9A), peaks at mass-to-charge ratios (m/z) of 15, 18,
26/27/28 /29, 30, 39/40/41/42/43/44, 52/53/5455/56/57, 63/64/65/66/67/68/69/70 and
77/78/79 were assigned to CH3', NH,", C;H,'/C;H;3'/C,H, " /CoHs", CHoNH,', C3H;'/
C3Hs"/C3Hs"/C3Hg'/C3H7"/C3Hs",  C4Ha'/C4Hs'/C4Hg /C4H7 ' /C4Hg /C4Hy", CsHj'/
CsH4'/CsHs'/CsHg /CsH7"/CsHg'/CsHg'/CsH o™ and CgHs'/CeHs /CeH,' respectively.
In the negative spectrum of APTS (Figure 6-9B), peaks at m/z of 41/42/43 and 60/61
came from the glass composition for BO,” and SiO,” species. It was confirmed that

APTS coupled on the glass surface because a fragment of CH,NH," was detected. For

both positive and negative spectra, the peak intensity was low for m/z over 100.

After the catalyst step, the spectra were significantly different. In the positive
spectrum after catalyst exposure (Figure 6-9C) most of the peaks at m/z <100
corresponded to the hydrocarbon fragments C,H, identified earlier, so this range is
not discussed here. Above m/z =100, peaks at m/z 104/105/106/108 and 116/117/118
/119/120/122/124 correspond to Pd" and Sn" according to the table of standard isotope
peaks attached in Table 6-3. A few peaks appeared at m/z of 121/123/125, which

were attributed to PANH ™. There are two possible reasons for this assignment: there is
no Sn" peak at m/z 121/123/125, meanwhile, if the isotopic abundance of Pd is
considered, it is found that the intensity of peaks at m/z 121/123/125 fits well with the

presence of PdNH™. New peaks at m/z 131/132/133/134/135/137/139/141 probably
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correspond to a mixture of SnOH' and SnNH' species. Comparing the negative

spectrum before the catalyst step (spectrum B) with that after catalyst (spectrum D)
shows strong peaks at m/z 35/37 and 148/149/150/151/152 corresponding to C/™ and

SnO,” species.

Table 6-3 Isotope cluster of Pd and Sn

Pd m/z Abundance Sn m/z Abundance
101.9056 1.020% 115.9017 14.538%
103.9040 11.140% 116.9030 7.672%
104.9051 22.330% 117.9016 24.217%
105.9035 27.330% 118.9033 8.587%
107.9039 26.460% 119.9022 32.596%
109.9052 11.720% 121.9034 4.632
123.9053 5.787%
Isotope Cluster Izotope Cluster
04 i0¢ 10§ i19 L1S 120
-;_;.;;_:,:::»7- ;-:.:-e:- - ‘24_2”_‘32.55-“
11, ‘- “ . 1 __.._-;. 14.5:?;72T.53M .
| f 4.632% 7
wihooo I || 10 el 10t
1.0204 : /1 h.973% .
| | ‘ | 0.659%
‘ I‘ b [ 1 ‘1 . 3394
! ' f ‘
| | ‘
| ) |
IJC v J_ | | | 19 I.Cln | . ].Oc
102 193 Mass 115 120 Mass

Sn

Sources: lonSpec (version 4.0) software
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Figure 6-9 SIMS spectra of glass surfaces before (A,B) and after (C,D) catalyst steps

As the catalyst determined the adhesion and success of the following electroless
deposition process, more SIMS analysis was done on the different catalytic samples
to understand the effect of immersion time in the catalyst. Figure 6-10 shows the
negative ion SIMS spectra for catalytic surfaces subjected to increasing immersion

times from 0.5 min to 8 min. Obviously, the intensity of m/z at 148/149/150/151/152/

154 corresponding to Sn0O, increased with the immersion time, which is consistent
with the XPS results that the amount of adsorbed Sn increased. The m/z peak at 153
probably corresponded to '** SnO,H™ . Some peaks at m/z 131/132/133/134/135/137/

139/141 were thought to be due to a mixture of ShOH"™ and SnNH" species. Apart
from this, peaks of m/z at 117/118/119/120/121 were evident, which were thought to

be Sn~ and its isotope cluster.
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Figure 6-10 Negative ion SIMS spectra of glass surfaces following catalytic step
durations of (A) 0.5 min, (B) 2 min, (C) 8 min

Figure 6-11 shows the corresponding positive ion SIMS spectra for catalytic surfaces.
In all the spectra, peaks at m/z 105/106/107 and 116/117/118/119/120 correspond to

Pd*, Sn" and their isotopic peaks respectively. With increasing catalyst immersion

time, the intensity of Pd'remained stable. Peaks appeared at m/z 121/122/123 and

124/125 that were attributed to PdNH' and PdO’ respectively. It was seen that

PdNH" and PdO" were reduced to a low intensity near the background level when the
immersion time was up to 8 min. The peaks at m/z 131/132/133/134/135/137/139/141

represented mixture fragments of ShOH"* and SnNH", and the intensity increased with

increasing immersion t

ime.
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Figure 6-11 Positive ion SIMS of glass surfaces following catalytic step durations of (A)
0.5 min, (B) 2 min, (C) 8 min

Figure 6-12 presents the relationship between the intensity of PdANH" and SnNH™ as

a function of the catalyst immersion time obtained from the positive ion spectra in

Figure 6-11. PANH" and SnNH" were calibrated by the IonSpec software and the
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strongest peak was selected for comparison, such as the peak at m/z 121 for PdNH"
and peak at m/z 135 for SnNH" . It can be seen that PdNH" decreased with increasing
immersion time from 0.5 min to 8 min, while SsNH" increased greatly. In the
negative ion SIMS, both SnO,” and SnNH" also increased greatly with increased

catalyst immersion time.

3 7
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Figure 6-12 The PdNH" and SnNH" intensity as a function of catalyst immersion time

SIMS was also used to investigate the surface chemical changes once samples were
immersed in the electroless Cu bath. The samples were treated with APTS for 1 hour
and pre-dip for 1 min, catalyst for 2 min and electroless Cu bath for 15 sec. Figure
6-13 shows both negative and positive ion SIMS spectra for short time immersion in

the electroless Cu bath. Comparing these with the catalyst samples, it is clear to see
that all the fragments which included Sn greatly decreased, such as SnO,” at m/z 148-
154 and Sn" at m/z 116-124. While the peaks for Pd" (m/z 105/106/108/110) became
stronger than on any catalyst samples, indicating that some Sn ions were dissolved in
the electroless Cu bath. The relative amount of detected Sn fragments decreased by

approximately 10 times, compared with a catalytic surface.
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Figure 6-13 Negative and positive ion SIMS spectra of the surface after electroless Cu

solution exposure for 15 sec

The delaminated surfaces of Cu peeled from the glass using tape were analysed by
SIMS. Figure 6-14 shows both positive and negative spectra for the delaminated glass
surface. Peaks of Pd" at m/z 104/105/106/108 and peaks of Sn" at m/z 116/117/118/
119/120/122/124 can be seen. Compared with the catalytic surfaces, the intensity of
all the Sn fragments decreased sharply. SIMS spectra for the delaminated Cu film
showed only Cu' and CuO" fragments, and no interesting fragments came from Sn

and Pd, so the spectra are not presented here.

-153 -



Chapter 6 Catalytic surface structure effects on electroless Cu plating

1.0x10°

8.0x10° 1 -SIMS

6.0x10" 1
4.0x10" 4
2.0x10" 4

0.0 - :
100 110 120 miz 130 140 150

6.0x10° |-
+SIMS

5.0x10° |
4.0x10°
3.0x10° |

2.0x10° |

1.0x10° |

0_0. AAhn hnA AAHAAAAAKAA nAﬁAAAAhAnAA, AAANS

100 110 120 130 140 150
m/z

Figure 6-14 Positive ion and negative ion spectra for the delaminated glass surface

In general, due to the high sensitivity of the static-SIMS technique, many peaks are
measured of which only the most intense ones are listed in Table 6-4. The observed
fragments may either originate directly from the surface, or be formed during the ion
formation process. After immersion of the sample in a Pd/Sn solution the signals from

both Si+ and Na+ decreased considerably in intensity. The presence of Sn was

revealed by Sn0,”, SnNH" and SnOH". Table 6-4 summarises the surface fragments

obtained from the glass surface treated under different conditions.
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Table 6-4 Surface analysis results obtained from SIMS spectra

Process Negative Positive
CI(35), Si0,(60), Pd(104/105/106/108), | Na(23), Pd(104/105/106/108), Sn (116/117/118/119/120/122/124),
Catalyst 30 sec Sn(116/117 /118/119/120/122/124), PANH, PdN(121/122 /123/124/125), SnNH, SnOH(131/132/133/134

SnO,(148/149/150/151/152 /154)

/135/137/139/141), PdCI12(176/177/179), SnCl,(189/190/191),

Catalyst 2 min

CI(35), SiO2(60), Pd(104/105/106/108),
Sn(116/117 /118/119/120/122/124),
Sn0O,(148/149/150/151/152 /154)

Na(23), Pd(104/105/106/108), Sn(116/117/ 118/119/120/122/124),
PdNH, PdN(121/122 /123/124/125),
SnNH,SnOH(131/132/133/134/135/137/139/141),SnCl»(189/190/191)

3

Catalyst 8 min

CI1(35), S10,(60), Pd(104/105/106/108),
Sn(116/117 /118/119 /120/122/124),
SnO,(148/149/150/151/152 /154)

Na(23), Pd(104/105/106/108), Sn(116/117/ 118/119/120/122/124),
PdANH, PAN(121/122 /123/124/125), SnNH, SnOH(131/132/133/134/
135/137/139/141), SnCl»(189 /190/191)

Electroless Cu for 15
sec

CI(35), Cu(65/66), SiO(60),
Sn(116/117/118/119/ 120/122/ 124),
Sn0,(148/149/150/151/152/ 154)

Pd(104/105/106/108), Sn (116/117/118/119/ 120/122/124), SnNH,
SnOH(131/132/133/ 134/135/137/139/141)

Delaminated glass

surface

Si02(60), Sn(116/117/118/119
/120/122/124)

Na(23), Pd(104/105/106/108), Sn(116/117/118/119 /120/122/124),
SnNH, SnOH (131/132/133/ 134/135/137/139/141)

Delaminated Cu film

Cu(65/66), CuO(81/82)

Note: some elements attributed to the glass substrate are not presented in this table.
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6.5 Discussion

Catalytic surface

As seen in the XPS results in Figure 6-1A and B, the Pd in these systems was found
in two bonding environments, Pd* located at 337.5 eV and Pd’ located at 335.4 eV
depending on the catalyst immersion time. For short times the surface showed high
level of Pd(II) which reduced as the exposure time increased. With increasing
immersion time to 2 min, Pd(0) became stronger than Pd(1I) although the presence of
Pd(II) as a residual species indicated that some unreduced Pd was still on the surface.
All the Pd(Il) was transferred to Pd(0) after 8 minutes immersion in the catalyst
solution, as shown in Figure 6-1C. The Pd*" peak, located at 337.5 eV, is not thought
to be due to Pd-0O, since this bonding state occurs at 338.5 eV. It is believed then, that
some of this Pd** could be caused by Pd-N bonding [46, 181]: since nitrogen has
lower electro-negativity than oxygen, the binding energy shift should be smaller. The
SIMS results also revealed either PANH" or PAN" species on the 30 s and 2 min
catalyst immersion samples, but only relatively low levels of these species were

observed on the catalysed sample for 8 min.

The increasing immersion time in the catalyst induced a slight increase in the Sn
metallic form compared to the Sn(IV), but a much more obvious increase in the total
adsorbed Sn was observed. The presence of some Sn in the metallic form implies that
the core of the catalyst colloid particles contain some Pd-Sn metallic alloy, in
agreement with other studies [71, 182] due to the following reaction that occurred

within the catalyst [182]:

28n** — Sn+ Sn** (24)
Due to the close B.E. values for Sn*" and Sn®", it was not possible to say from the
XPS which form of tin was present, however it is most likely to be Sn(IV) based on
the expected mechanism of catalyst formation described earlier. It was shown from
SIMS that the Sn was largely present as SnO,, rather than the SnCl, that was detected

in Shukla’s experiment [125].

It is interesting to note that, using the same colloidal solution, the composition of the

surface differed according to the treatment period. The accepted model of the SnPd
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colloids is of a core of metallic Pd (with a little Sn, as mentioned above) with a shell
of Sn*". If the colloids were stable in solution and simply adsorbed at the surface, then
no change in oxidation state of the Pd with immersion time would be expected, in
contrast to the observations here. However, according to the data in Table 6-2, the
ratios of Pd(0):Sn(IV) remained approximately the same for different catalyst
immersion times (0.090, 0.091, 0.093), which is consistent with a model of Pd(0)
surrounded by the same amount of Sn(IV). The calculation method for the ratio of
Pd(0): Sn(IV) is listed below. If the ratio of Pd(0):Pd(II) is 0.7, then

Pd = Pd(0)+ Pd(II) = Pd(0)+ % =2.43Pd(0)

and if Sn(0):Sn(IV) = 0.1, then
Sn=8Sn(0)+ Sn(1V)=0.1Sn(IV )+ Sn(1V) =1.1Sn(1V)
Based on the ratio of total Sn:Pd = 4.6, the ratio of Pd(0): Sn(IV) can be readily

obtained.

Based on the above observations, the schematic model of catalyst surface structure

shown in Figure 6-15 is proposed.

’ Pd(II) or Sn(Il)

@ rdo)
surrounded by
Sn(lV)

2 min

8 min

Figure 6-15 Schematic diagram of different catalytic structure surfaces
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In the catalyst surface with 30 sec treatment, the surface is only partially covered with
catalyst particles where the Pd(0) atoms in the colloid are surrounded by Sn(IV).
According to Lai’s investigation [177], these are constructed of Pd nanocrystallites of
only about 2-5 nm. In the model, the rest of the surface is covered with Pd ions from
the catalyst solution that are attached to the amine groups of the SAM. This structure
is expected to show both Pd(0) and Pd(II) in XPS as observed and also PANH" and
SnNH" in SIMS. When the catalyst immersion time increased to 2 min, the Pd(0)
form increases, but there is still Pd(1l) and a high concentration of Sn(1V) which can
be explained by a higher coverage of catalyst particles. The surface is fully covered
with catalyst particles, even multilayers at 8 min treatment. This structure is likely to
show only Pd(0) and Sn(IV) in XPS, as found in the results. In addition, the amount
of Pd-NH bonding will be negligible and the dominant attachment will be through Sn-
NH bonding in agreement with the SIMS data.

This model is also consistent with the SEM and TEM micrographs that showed the
Cu deposit morphology and coverage varied greatly because of different catalyst
activities, which is also consistent with the observation of Horkans et al. [183]. At
short catalyst immersion time (e.g. 30sec), some voids in the copper surface appeared
which indicated insufficient activation sites for further electroless deposition due to
the short catalytic period. With increasing catalyst immersion time to 2 min, there
were no voids and electroless Cu deposited evenly on the catalytic surface. In the
TEM Figure 6-8A (2 mins catalyst), it was clearly seen that a continuous Pd layer
occurred between the glass and Cu layer. The appearance of this layer was probably
because the number of well activated Pd grains was enough to construct a continuous
layer, which was thought to offer effective bonding sites. The Cu film had obvious
breaks and voids when the catalyst time was as long as 8 minutes, which showed that
the structure of the Cu deposits was not benefitted by dense or multiple layers of
catalyst. It was further confirmed from the TEM micrographs that more Pd particles
were absorbed on the surface with increasing immersion time, resulting in an uneven

distribution and aggregation of Pd particles on the surface (Figure 6-8).
Activation of the catalyst surface

As described earlier, the Sn(IV) coating of the catalyst particles is not able to initiate

electroless plating and an activation step is therefore required to remove some of this
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shell, exposing the metallic Pd core. The electroless copper bath was self-accelerating
and contained a component that dissolved some of the Sn(IV). This was seen clearly
in the XPS spectra of the samples that were immersed for a short time in the
electroless bath — in this case the Sn(IV) XPS peak decreased significantly, while the
Pd(0) signal became much clearer. In addition, in the SIMS data the Pd peaks were
slightly increased, while the Sn peaks decreased in both negative and positive spectra.
Figure 6-16 shows schematically how the deposited catalyst layer behaved. It shows
how some Sn(IV) on the top layer was removed to expose the Pd for electroless Cu. A
separate acceleration step was used for the electroless nickel process and it is

anticipated that a similar mechanism was followed.

Figure 6-16 Schematic diagram showing different catalytic surface structures after

activation in the electroless Cu bath for a short time (e.g. 15 sec)

Adhesion of the electroless films

From tape test results, it was shown that the catalytic surfaces affected the Cu film
adhesion. Analysis of the fracture surfaces showed that the failure occurred at the
interface between the Cu or Ni coating and the catalyst. It was therefore apparent that
the surface nitrogen groups from the SAM layer are effective bonding sites for the
catalyst particles on the surface, presumably via Sn(IV)-N bonding. Elongating the

immersion time to 24 hours in silane solution was not beneficial in this work. In this
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work, it appears that the catalyst — Cu/Ni bond was weaker than the catalyst/SAM
bond. The Cu film adhesion was weak for both 30 sec and 8 min catalyst treatments.
For short period (30 sec) catalyst treatment, the Pd was not adequately deposited on
the glass surface so that Cu particles were not able to adhere across all areas,
providing limited points of contact. It might be expected that the 8 min catalyst
treated surface is more suitable to copper deposition, due to greater coverage of
catalyst particles. However, for a long time catalyst treatment, the higher
concentration of Pd is thought to result in more rapid reaction in the initial period in
the electroless Cu bath, leading to high levels of hydrogen bubbles and internal stress.
This can explain why Cu deposits with some voids were observed in the 8 min
catalyst treated samples. Meanwhile, it was reported that if tin existed on the surface
and electroless Cu plating follows, an intermediate layer of Sn-Cu may be formed
[184]. This layer may be brittle and weaken the bond between the glass and the Cu
deposit. This is another possible interpretation of the failure location between Cu and
catalyst. It is possible that with excess catalyst present that the Sn could not be as

effectively removed before Cu plating started.

6.6 Conclusion

The different catalyst structure effects on electroless Cu deposition were investigated
and it was found that a catalytic surface with an excess or small number of activation
sites was not beneficial for achieving electroless Cu deposits with good surface
morphology and adhesion. A surface covered with a more uniform layer of catalyst
particles, largely consisting of Pd(0) would be expected to provide good adhesion of

the Cu coating.
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Chapter 7 Metallisation of Laser Machined

Glass

7.1 Introduction

As discussed in chapter 4 following peel tests, the glass side of the samples showed
no trace of Cu metal, while the stripped Cu side showed only evidence of Cu, with no
Pd or Sn. This indicated that failure occurred at the Cu-catalyst interface. These
results revealed that improvement of catalyst adsorption and plating on smooth
surfaces is unlikely to enable the formation of strong mechanical or chemical bonding
between the glass surface and electroless Cu. It was therefore proposed that if the
substrate surface was not as smooth (Ra = 0.7 nm) as the CMZ glass discussed here,
the adhesion between interfaces could be improved. This theory was tested by plating

experiments onto laser machined glass.

As part of the overall investigation of glass as a substrate material, excimer laser
machining was used to create tracks in the glass with roughened surfaces and
microvias. Subsequently, it was found that by combining laser machining with
electroless deposition that circuit patterns could be readily created. In this section, the
results of electroless Cu deposition on excimer laser machined glass tracks and vias
will be presented. In addition, work to investigate the electroplating of Cu onto the

electroless Cu layer to build up the thickness will be shown.
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7.2 Literature review

In order to meet the requirements for substrate manufacturing, the thickness of the Cu
pads and tracks on the glass surface should be in the range of 5 to 35 microns
depending on the final application. Using electroless deposition it is only possible
practically to deposit about two microns thick Cu films due to the low deposition rate.
Therefore, a further deposition step is essential to complete the glass substrate circuit
board. Electroplating is a potential method to build up the thickness and fill the vias in
various applications in the PCB industry [10, 185]. The requirement for
miniaturization of printed circuit boards has increased with the continuing downsizing
of electronic devices. However, conventional multi-layered PCBs have limitations for
higher packaging densities. In order to improve this, a build-up process rather than the
traditional subtractive etching process has been adopted as a new multi-layered PCB
manufacturing process. The build-up process consists of metallisation of via-holes to
connect conductive layers and the plating of Cu into gaps in a photoresist to create
tracks and pads. The traditional process is complicated because planarization must be
accomplished by polishing after the formation of the insulation layer. Accordingly,

the layer-to-layer connection with via-holes or fine bumps has been developed.

Available techniques for filling micro-vias are electroplating deposition, conductive
paste and high pressure injection of a molten material [3]. Compared to the other
techniques, electrochemical deposition is more suitable to create wires of high aspect
ratio (length to diameter). As the conductor patterns become finer, filling of via-holes
by Cu electroplating has become an effective method because of its low cost and high
accuracy. Many research articles have confirmed that via-filling can be achieved by
Cu electroplating [185, 186]. In this section, Cu electroplating is mainly reviewed in
relation to via filling, especially focusing on some new improvements to

electroplating baths.

The properties of electroplated Cu depend on a number of parameters, namely: ionic
concentrations, pH value, temperature and the deposition voltage [98, 111]. Speed of
deposition is related to the concentration of the solution and the voltage applied

between cathode and anode, i.e. current density through the solution. Therefore, the
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optimisation of these parameters can lead to metallic layers with the desired structural,

electronic, and optical properties.

Unfortunately, voids are often formed in the trenches of microvias plated with
additive-free baths, since the electric current lines are concentrated on the surface and
in the corner of the wafer patterns [187, 188]. Because of the bigger size of trenches
and via-holes used in conventional PCBs rather than via-holes for ULSI, void-free
filling in sub-micron trenches and via-holes is difficult to accomplish by additive-free

electroplating of Cu [185].

Chloride ions (CI'), polyethylene glycol (PEG), bis (3-sulfopropyl) disulfidedisodium
(SPS), Janus Green B (JGB) and thiourea (TU) are commonly used as additives to
enhance plating performance [187, 189]. Miura [190] reported void-free filling in 40—
180 pum via-holes in epoxy resin using a high throwing power bath with CI-PEG-
SPS-JGB. Cu was deposited to approx. 0.5 um by electroless Cu plating and then this
was electroplated with Cu. Despite the successful use of the process in build up
technology, the behaviour of these additives during the Cu electrodeposition process
is still incompletely understood because of the complexity resulting from interactions
between the effects of the multiple additives. Therefore, investigations for
understanding additive effects on the Cu electrodeposition inside submicrometer
trenches have been carried out by many researchers. Many reports have shown that
the addition of PEG with CI" inhibits Cu deposition, whereas SPS accelerates the
deposition when it is added together with PEG and CI". JGB is recognised as a
levelling agent, flattening the bumps of Cu deposits on the surface, or to influence the
filling properties. Table 7-1 shows a survey of the main additives for Cu
electroplating baths [190, 191].
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Table 7-1 Compositions of typical Cu electroplating baths with various additives [190]

CUSO4'5 PEG

bame | HO(mol | (290, @000) | crppm) |0 |0
L) (ppm)

Additive- 0.26 50

free

PEG 0.26 2.0 100

CI-PEG | 0.26 2.0 100 50

CI-PEG-

SPS 0.26 2.0 100 50 41000

CI-PEG-

sps-igB | 0% 2.0 100 50 125 080

Honma et al. [185, 190, 192] confirmed that the Cu sulphate concentration in a Cu
electroplating bath is one of the key factors affecting filling of the micro vias. The
high Cu concentration bath gave a high deposition rate, while the lower concentration
bath was suitable to form a thick film. In general, the control of Cu plating conditions
including current density, concentration and combination of additives were
considered to be key factors to via filling. The influence of current density on the
filling of vias was also presented by Kobayashi [186]. It was found that the thickness
at the centre of the via-holes decreased under conditions of high current density.

However, the thickness was more uniform with decreasing current density.

7.3 Methodology and Experimental

An excimer laser was used for machining of glass because of its good machined
quality with high accuracy. The preparation of these samples was carried out by
another PhD student working on the glass substrate project [11]. The excimer laser
was employed to form tracks and microvias in 50 and 100 pm thick CMZ glass as it is
effective laser machining for making glass-based microcomponents and devices [193].
The experimental equipment comprised of a KrF excimer laser machine (203 EMG
Lambda Physik model), precision optics and XYZ Motion Master sample table. The
KrF excimer laser machine was used at 248 nm wavelength, 400 mJ maximum pulse
energy and 300 Hz maximum repetition rate. By placing a mask in the optics,

different size and shape features could be machined e.g. circular and square and by
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translating the sample under the laser spot at a fixed stage speed, tracks could be

machined.

Electroless Cu was deposited onto the roughened surface using the procedure
described in chapter two, including cleaning, APTS, pre-dip, catalyst and electroless
deposition. For roughened glass, it was still found that the APTS treatment was
required in order to help initiate the plating process. It was found that by using
electroless deposition it was difficult to get more than two microns thick Cu films on
glass substrates. Therefore, a further electrodeposition step is essential to complete

the glass substrate by building up a much thicker metal layer.

In the present work, electroplating was initially investigated to fill the microvias and
build up the Cu thickness across the surface. Electroplating of Cu requires an
electrolyte containing Cu ions and two electrodes as shown in Figure 7-1. The anode
was a Cu plate and electroless Cu as a conductive seed layer both on the smooth glass

and within microvias was used as the cathode.

Electroless Cu coated

glass

Electrolyte solution: A =
copper sulphate e P B Magnetic flea
stirrer

Magnetic stirrer
hot plate

Figure 7-1 Schematic diagram showing the main parts of a simple Cu electroplating

process

Within the time constraints of the current project it was not possible to investigate the
effect of additives on the plating process. A basic bath was therefore used. The
compositions and operating conditions of the Cu electroplating bath are shown in

Table 7-2, which is a popularly used process.
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Table 7-2 Compositions and operating conditions of Cu electroplating bath

Bath chemicals & operating conditions | Concentration
CuS04+5H,0 0.26 mol/dm’
H,S04 2.0 mol/dm’
Temperature 30°C

Agitation Magnetic stirring

The full electrodeposition procedure for glass is listed in Figure 7-2. The annealing

process in step 3 was used, as many researchers presumed annealing could decrease

the cupric oxidation and improve the conductivity of the cathode material.

machined glass substrate

l 1. Pre-treatment of the laser

SAM layer

2. Electroless copper
process

at 110°C for 30 min

l 3. Annealing in vacuum oven

_ Melic lnyer
SAM laver

4. Electroplating
copper

Metallic layer II

Metallic layer I
AM

Figure 7-2 Process flow diagram of electrodeposition of Cu on laser machined glass
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7.4 Results and Discussion

7.4.1 Electroless Cu on tracks and holes

By varying the laser machining parameters including repetition rate, pulse energy and
ablation time, tracks with different roughness could be obtained and these were used
for subsequent plating experiments. The Zygo white light interferometer was used to
measure thin film thickness together with surface profile and surface structure
analysis, without contacting the surface. The Zygo was also used to determine the
roughness and surface metrology of Cu deposited on tracks. In general, the value of
roughness in the laser machined tracks was in the Ra range of 0.9 pm to 1.8 pm, and it
was found that the roughness slightly decreased after electroless deposition. Figure
7-3 shows a typical surface morphology of a laser machined groove. Clearly, the
surface was roughened by the excimer laser ablation. The width and depth of the laser
machined grooves varied with the laser machining process. The width of the grooves

ranged from about 100 um to 1 mm and depth was in the range of 1-15 pum.

Laser machined
grooves

AR : i=

T

A ? . .
1 CoLN = . ) 1
b i’w-;}““:‘,,',-{_‘:‘;‘h,__ﬂ‘ﬂbdif‘&»\ AN aprionn

Figure 7-3 Diagram of laser machined groove

Figure 7-4 shows an optical micrograph (A) and SEM micrograph (B) of electroless
Cu deposits within laser machined grooves. The Ra of the sample shown in Figure
7-4 was 1.54 pm which was machined at 4.5 J/em® fluence with a 15 Hz repetition
rate, and after deposition the Ra was 1.3 um. The Ra of unprocessed glass was 2 nm.
Unlike for the smooth glass surfaces, the Cu particle shape and size could not be seen

in the images.
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Figure 7-4 Optical microscope image (A) and SEM image (B) of electroless Cu deposited

on a groove machined in glass

SEM inspection of the electroless Cu deposited glass surface (Figure 7-5) showed
clearly the different roughness of the laser machined track compared to the plain glass.
It can be seen that the Cu formed a thin continuous layer over the original smooth
surface of the glass and down the rougher side walls and base of the groove. Due to
the high energy used during the laser machining process, the structure of the glass
surface changed, and the surface of grooves appeared random similar to grain

recrystallisation.
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Copper on the laser
machined track

Copper on wall
of track

. \'— . ; 3 i .,r ond 2 ﬁ
o J 7. . .
Copper on ——===922
smooth glass

Figure 7-5 SEM micrograph of Cu deposited on the laser machined groove and wall (A)

view of side wall (B) plan view

As an important factor for glass substrates, the electroless Cu deposition on laser
machined vias in glass was also investigated using the above procedure. Both
through-holes and partially drilled blind vias were used. Figure 7-6 shows optical and
SEM images of Cu coated apertures with 100 pm diameter entry holes. Figure 7-6 A
shows that the glass surface was fully covered with Cu in the electroless bath for 10
min. With increasing the plating time to 30 min, the Cu film started to peel off the
smooth glass surface areas, as shown before, and finally led to thicker Cu deposited in
the holes with almost no Cu left on the smooth glass as shown in Figure 7-6 B and C.
The thicknesses of the electroless coatings were approximately 1.4-1.6 pum after 35
min. These images highlight the adhesion differences between the roughened and
smooth areas of glass: the high thickness of Cu deposited in this case, led to the film

peeling from the smooth areas, but remained adhered to the apertures.
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L

Figure 7-6 Optical and SEM image of electroless Cu metallised through hole (A)
and (B,C) blind apertures

It is seen that adhesion to the roughened areas was significantly better than across the

smooth glass such that thicker coatings of 1.5 pm could be prepared without peeling
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off the surface during a tape peel test. The surface morphology produced by the laser
machining process was rougher than smooth glass, which enabled strong bonding,
presumably due to increased surface area and mechanical interlocking as shown

schematically in Figure 7-7.

Pristine glass +—Glass substrate

Thickness: 0.1mm

Laser machining

Roughness is created
on glass surface

® pd
Catalyst Particle
Electroless copper il copper

Figure 7-7 Electroless Cu deposition process flow for laser machined glass

7.4.2 Further electroplating of Cu on tracks and holes

The adhesion of the electroless Cu coatings to the smooth glass substrate was the
main problem identified before glass metallisation. For smooth glass, the
electroplated Cu layer was easily peeled off, while the adhesion to the laser

roughened glass area was fairly good.

To increase the Cu thickness on the smooth glass surface, electroplating was tested as
it was thought that this may deposit with less stress leading to better adhesion [111].
However, this was not the case, and as the Cu was electroplated, it began to peel away
as the thickness increased. Electroplating of laser roughened glass was therefore
trialed. Figure 7-8 shows cross-section images of electroplated Cu deposited on
grooves which were machined with an energy of 250 ml, stage speed of 50 pm/sec
and the pulse frequency of 25 Hz. The thickness of electroplated Cu in the track was
around 8-10 um and as presented in Figure 7-8B, the Cu deposit was a continuous

layer with a rough surface.
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Figure 7-8 Optical microscope images of a cross section through electroplated Cu on a

track

The Cu deposit thickness was varied by changing experimental parameters such as
current density, plating time and work area. Table 7-3 lists some electroplated Cu
deposit thicknesses on laser machined holes for which the hole diameters were about
150-170 pum. As is well known the deposition thickness increases with increase of
current density and electroplating time. With a higher current density (1.5-1.7 A/dm?)
applied, the maximum thickness achieved was only 2.4-4.3 um which is far from that

needed to fully fill vias.

In addition to building up Cu on grooves, hole-filling is also important to complete
the glass substrate. Therefore, investigation of the electroplating of Cu into the holes
was carried out. Figure 7-9 shows view of a via metallised in the proposed way and
shows the Cu coating of the via interior walls to a thickness of 3-5 pm. The entry

diameter was about 150 um and exit diameter is about 70-80 pm.
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Table 7-3 Electroplated Cu thickness on laser machined holes

Electroplating time | Current density Cu thickness
1 2 min 0.15 A/dm’ tiny
2 5 min 0.15 A/dm’ 170 nm
3 10 min 0.15 A/dm’ 340-650 nm
4 15 min 0.15 A/dm? 0.8-1.4 pm
5 2 min 0.3 A/dm’ Less than 100 nm
6 5 min 0.3 A/dm’ 260-440 nm
7 10 min 0.37 A/dm* 580-900 nm
8 15 min 0.3 A/dm’ 1.0-1.7um
9 2 min 1.5 A/dm’ 400-530 nm
10 5 min 1.7 A/dm’ 850-1000 nm
1 10 min 1.5 A/dm’ 1.9-2.5 pm
12 15 min 1.5 A/dm’ 2.4-4.3 um

Compared with the image of electroless Cu in the vias, it was confirmed that the
interior surface of the holes was covered with electroplated Cu, but for the
electroplating conditions used, the hole was only partly filled. While this initially
appeared successful, it was found that this process was limited in the thickness that
could be deposited: as Cu was plated within the via, it was also plated onto the seed
layer covering the smooth glass and, as described above, as the thickness increased
this led to a reduction in adhesion to these smooth areas such that the coating
eventually peeled off in the plating bath after only a short period of deposition. This
highlights the need to find methods to improve the adhesion of the electroless coating
to the smooth glass, or to use additional resist layers to restrict the areas to be

electroplated.
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Figure 7-9 Optical microscope images (A,B) and SEM micrographs (C, D) of a via

metallised with electroless and electroplated Cu

7.4.3 Circuit pattern formation

Combining the techniques described above, it was possible to prepare circuit patterns.
The process of fabricating a Cu pattern on glass is shown in Figure 7-10. To begin
with, the glass was initially laminated with a dry film photoresist layer (Ordyl
ALPHA 940). This was then excimer laser machined to remove the photoresist and
ablate the glass underneath to produce a pattern of tracks and pads. The sample was
then prepared for metallisation by immersing it in the APTS solution — in this case the
presence of the photoresist pattern enabled only the laser machined glass to be
functionalised. After rinsing, the photoresist was stripped from the surface and then
the entire sample was exposed to the catalyst solution. As only the laser machined
areas of the surface had been activated with APTS the catalyst only adsorbed on these
regions and was washed cleanly from the smooth glass. Subsequent electroless Cu or
nickel plating was selectively deposited on the activated, laser machined areas and

was well adhered due to the roughened nature of the tracks.
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(a) Glass cleaning by Decon 90 at R.T.

i e

(b) Photoresist applied to both sides of glass

I

(c) Laser machining to create pattern

(d) APTS used to form a SAM layer
I ==}
L

(e) Photo-resist removed
e e

(f) Electroless Cu or Ni deposition

Figure 7-10 Process flow diagram showing the fabrication of a Cu or NiP pattern

Most electroless processes were the same as those described in chapter 2. But some
parameters were modified, the main one being to use 5x10~mol/l APTS solution in
methanol (5%) and water (95%) instead of the usual mixture of methanol (95%) and
water (5%). This was because the high concentration of methanol tended to remove
the photoresist. After the APTS step, 100% methanol was used to remove the
photoresist layer and then samples were immersed in DI water for 3 min followed by

the pre-dip.

Figure 7-11 shows two large single layer patterns that were produced in this way and
corresponding SEM images of two different coatings on the glass surface. The left
side of the figure is electroless Cu coated (approx thickness of 1.9 um) and the right
side is electroless nickel coated (approx thickness of 3.7 um). It is clearly seen that
there are different surface morphologies. The Cu coating looks more uniform, and the

top view of the nickel looks flat due to the thicker coating deposited.
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i

Figure 7-11 Circuit pattern created using proposed technique and surface morphology

Figure 7-12 presents 3D images of one of the tracks and shows clearly the difference
in roughness between the track and the surrounding area. The track had a maximum
depth of 7.8 pm. The Ra of the electroless Cu was approximately 1.02 um. The
thickness of the electroless Cu was around 1.9 pm and a small ridge could be seen at
the edge of the track where the Cu was built up, indicating the selectivity of the

process to the roughened area.

Figure 7-12 Surface profile of electroless Cu deposited on grooves in glass
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7.5 Conclusion

The electroless Cu thickness on roughened grooves prepared using the excimer laser
could be increased to at least 1.5 um with good adhesion. Based on the electroless Cu
layer, electroplating Cu was applied to these surfaces and could be built up to a
thickness of 8-10 pum with strong adhesion, which meets the requirements for
substrate manufacturing, for Cu pads and tracks. Combination of electroless

deposition and laser machining enabled circuit patterns to be created.
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Chapter 8 Conclusion

In this chapter, summaries are drawn from the results and discussion presented in

previous chapters, and potential further research highlighted in order to enable the

realisation of glass substrates.

The contributions of this work to the electrical application are briefly stated here:

Homogenous Cu and NiP films were deposited on glass by electroless plating,
but the thickness was limited due to low plating rate and weak adhesion to the
smooth glass. The electroless NiP deposition rate was almost 8 times higher
than that of electroless Cu on the glass substrate. Thicker layers of Cu could
be built up by further electroplating, although adhesion was still an issue.

A SAM (self-assembled monolayer) of APTS was found to be essential to
enable electroless plating of the glass, and the structure of the SAM is an
important factor for determining the strength of adhesion between the glass
and metal layer. One hour for APTS treatment was optimum, and it was found
that extended immersion time in the silane solution did not improve the
adhesion to the glass surface.

The adhesion of the electroless coatings to glass were determined qualitatively
using tape peel tests and more quantitatively using scratch tests. The effect of
process times and conditions for electroless plating on adhesion were
identified and it was found that with the optimised conditions, electroless Cu
layers up to 160 nm and electroless nickel layers up to 700 nm could be
deposited on smooth glass with good adhesion.

The location of the failure between the metal coating and glass was revealed

by XPS and SIMS and found to be between the catalyst and copper. SEM
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micrographs further showed that there were many nano-scale voids on the
delaminated copper layers. Further study .of the PdSn catalyst structure
enabled a model of the process to be developed and reasons for the weak
adhesion proposed.

The electroless Cu and NiP films were found to possess high internal stress
that contributed to the adhesion of the coating to the glass. Nanoindentation
tests revealed the hardness and elastic modulus of these thin films.

The electroless Cu thickness on roughened grooves was increased to at least
1.5 pm with good adhesion. For electroless NiP, it could be 3.7 um.
Electroplating Cu was applied to electroless Cu deposited surfaces and the
thickness on the roughened area could be built up to 8-10 pm with good
adhesion, which meets the requirements for substrate manufacturing, for Cu
pads and tracks. Combination of electroless deposition and laser machining

enabled circuit patterns to be created.

Further research work has been identified as a result of this study.

Catalyst structure effects on conductive substrates: electroless deposition is
also applied to a wide range of metal substrates, so this experiment could be
used to further understand the Pd/Sn catalytic mechanism and its influence on
electroless deposition.

For the electrical applications, the solderability and reliability of the metallic
layer on glass substrate needs to be investigated in more detail.,

In order to fulfil requirements for double layer or multilayer glass substrates, it
is necessary to find methods to fill up the micro vias and further work using

other materials such as conductive pastes should be investigated.

~ Overall, the research has thoroughly investigated the deposition of electroless

coatings on glass and identified the process limits and reasons for poor adhesion to

the smooth surface. Methods to improve adhesion have been investigated and

combination of the electroless deposition with laser machining to roughen the surface

and define patterns has been shown as a promising way forward. It is hoped that this

work will lead to further development of glass substrates for future applications in

high density electrical interconnect.
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