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Abstract

Both the experimental and the modelling techniques have been investigated and used
to investigate factors that influence the formation, quality and reliability of electronic

packaging interconnections formed using solder alloys and anisotropic conductive

films (ACFs).

The wetting behaviours of new lead-free solders (i.e. Sn-2.8Ag-0.5Cu-1.0Bi and Sn-
0.7Cu-0.3N1) have been evaluated using the wetting balance test. This assessment has
been performed for three soldering temperatures with three different types of fluxes.
The results have been compared with the conventional Sn-Pb, Sn-Ag-Cu and Sn-Cu
solders. It has been found that the wettability of the lead-free solders is not as good as
that of the Sn-Pb solder. The additions of Bi into the Sn-Ag-Cu solder and Ni into the
Sn-Cu solder improve the wettability that is strongly dependent on the type of the flux
and the soldering temperature. In general, NC-flux is suitable for Cu-substrate
whereas WS-flux is suitable for Ni substrate, but for the Sn-2.8 Ag-0.5Cu solder on Ni
substrate, good wettability has been observed with both the NC and the R-type fluxes.
Computational modelling of this test has revealed that the increase in the depth and
the radius of the solder bath has little effect on the wetting force, but the meniscus

height decreases when the bath radius exceeds 14 mm.

Dissolution of solid metals into liquid solders has been investigated through
experiments and computer modelling. Microstructural studies have been carried out
and the growth behaviours of the intermetallic compounds (IMCs) during wetting,
solidification and isothermal ageing have been investigated. It has been found that the
addition of Bi into the Sn-Ag-Cu solder reduces the consumptions of the substrates
and suppresses the growth of IMCs during wetting and ageing. Similarly, the addition

of Ni into the Sn-Cu solder reduces both the consumptions of the substrates and the



growth of IMCs during wetting and short term ageing but enhances the growth of
IMCs during long term ageing.

Experimental and computer modelling techniques have been used to measure the
temperature in the ACF during bonding. The temperature in an ACF joint becomes
very close to the required maximum bonding temperature within the first 1 s of
bonding time. The impact of this temperature on the cure process and on the ACF
physical properties such as loss modulus, storage modulus, and glass transition
temperature has been investigated. It has been found that the higher the bonding
temperature the more the curing degree of ACF is. Rapid changes occur in the
physical properties of ACF at temperatures above the glass transition point. When the
ACF is cured for a long time at a high temperature, the physical properties may
degrade. The adhesion strength of ACF joint increases as the curing degree increases.
However, when the ACF joint undergoes a thermal aging treatment, the adhesion
strength increases for the samples bonded at lower temperatures, but decreases for the
samples bonded at higher temperatures. The rate of increase in the contact resistance
is dramatically higher for the samples bonded at lower temperatures than for those
bonded at higher temperatures. Computer modelling of the isothermal ageing of ACF
joint confirms that the thermal load causes the expansion of the adhesive matrix and
generates high stresses on the conductive particle. This may result in the permanent

damage of the outermost conductive metallic layers as well as electrical failure.

The effect of external bending loads on the electrical reliability of ACF-based
interconnection has also been studied through computer modelling. The analysis
reveals that ACF thickness increases at the corners of the chip-ACF joint more than
that of the middle position. This causes a gap between the chip and the substrate

results in the failure of the electrical interconnections.
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Nomenclature

ECA
EDX
erf
erfc
EU

FC

Nomenclature

Area Array

Anisotropic Conductive Adhesive

Anisotropic Conductive Film

Silver

Aluminum

Ball Grid Array

Bismuth

Instantaneous concentration of the diffusing substance
Chip Carrier

Cadmium

Hexavalent Chromium

Saturation concentration of the diffusing substance
Chip Scale Package

Coefficients of Thermal Expansion

Copper

Initial concentration of the diffusing substance
Constant concentration of the diffusing substance
Concentration distribution of the diffusing substance
Diffusion coefficient

Dual-in-line Package

Dynamic Mechanical Analyzer

Differential Scanning Calorimeter

European Commission

Electrically Conductive Adhesive

Energy Dispersive X-ray spectrometer

Error Function

Complement of Error Function

European Union

Rate of transfer per unit area of the interfacial section
Flip Chip

Wetting force

Aacceleration due to the gravity
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Nomenclature

ICA
IC
IMCs

min

NCA
Ni

Pb
PBB
PBDE
PCB
QFP
Or

Or

RoHS

Sb
SEM
SMT
Sn
SOP

THT
V,v

WLP

Mercury

Isotropically Conductive Adhesive
Integrated Circuits

Intermetallic Compounds

Indium

Input/Output

Integral Substrate Package

Joule

IMC growth rate constant

Kelvin

Killogram

total mass loss of diffusing substance
Mili-meter

Minute

Micro-meter

Milli-Newton

Micro-Newton

Time exponent

Newton

No-Clean

Non Conductive Adhesive

Nickel

Perimeter of the submerged substrate
Lead

Polybrominated Biphenyl
Polybrominated Diphenyl Ether
Printed Circuit Board

Quad Flat Package

Total exothermic heat of the uncured ACF
Residual heat of the cured ACF sample

Non-activated

Restriction of certain Hazardous Substances

Second

Surface area

Antimony

Scanning Electron Microscope
Surface Mount Technology
Tin

Small-out-line Package
Time

Through-Hole Technology
Glass transition temperature
Volume

Watt

Wafer Level Package

Vil



Nomenclature

WS Water Soluble

wt% Weight percentage

X Space coordinate measured normal to the interfacial section
Y Thickness of the IMC layer at time t

Yo Initial thickness of the IMC layer

Zn Zinc

YLE Surface energy of the liquid solder/flux

YSF Surface energy of the substrate/flux

YsL Surface energy of the substrate/liquid solder interfacial area
0. Contact angle

Ah Dissolved thickness

a Degree of curing

P Density
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Chapter 1

Introduction

1.1 Electronic Packaging

In recent years, electronic devices require more and more resistors, transistors or diodes
on a single semiconductor chip or die. All those discrete circuit components are
embedded in or on the chip and need to be connected to the printed circuit board. The
establishment of the interconnections for all these tiny components can be achieved
through various technologies. When the device is in operation, large amount of heat may
be generated in the electric circuit and this heat has to be removed so that the device can
perform its functions. Further more, semiconductor chips are fragile and require a coat of
‘armour’ to protect from mechanical, chemical and other environmental damage. Hence,
the concept of “electronic packaging” has been introduced to describe the manufacturing
process or the hardware that provide the electrical connections, the removal of excessive

heat and the protection from environmental damage [1].
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1.1.2 The Functions

A typical electronic device consists of a few integrated circuits (IC), some discrete
resistors, capacitors and other components. These components are mounted on a printed
circuit board to provide suitable and effective environment for the electronic product. The
main functions of the electronic packaging are [3][4]
e Distribution of signal lines leading to and from the ICs. Topological and
electromagnetic considerations are the major issues for this function.
e Distribution of power lines to the circuits on the chip. This involves
electromagnetic, structural and material issues.
e Dissipation of heats generated by the circuits. Materials and structural
considerations are important.
e Provision of protection to the bare chip, the discrete components and the
interconnections against mechanical, chemical and electromagnetic

damage.

1.1.3 The Applications

The electronic packaging assemblies are broadly used in the following areas [3]:

e Computers and Business Equipment: Calculators, desktop computers, printers,

notebooks, photocopiers, personal digital assistants, workstations, servers, high

performance computers etc.

e Communications: Cellular phones, handsets, line cards, LAN cards and switches,

pagers, modems, fax machines, routers, main switches etc.

e Automotive Electronics: Engine control and management systems, transmission

controllers, cruise controllers, braking controllers, traction controllers, suspension
controllers, steering controllers, lighting, wipers, air conditioning and heating
systems, electronic dashboard and mirrors, safety, convenience and entertainment

systems etc.
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e Consumer Electronics: VCR, compact audio systems, music CD players, game

systems and cartridges, watches, portable audio players, camcorders, smart cards,

microwave ovens, TV sets etc.

e Industrial and Medical Systems: Test and measuring devices and instruments,

calibrators, process control systems, motor controls, uninterruptible power
systems, NC controls, vision systems, robotics, hearing aids, ECGs, implants
medical imaging systems etc.

e Military Electronics: Mobile communications, fire control systems, missiles,

avionics radar, satellite links land-based radar and communication systems etc.

1.2 A History of Electronic Packaging Technology

In order to achieve high /O counts, more reliable and complex functional products, and
miniaturized electronics products, various types of electronic packages have been
developed over the last few decades. In the early 1960s, there were two types of packages
namely the “simple plastic package” and the “metal package”. These packages suffered
from standardization, costs and assembly difficulties. To overcome those difficulties
“Flatpack” and “Dual-in-line Package (DIP)” were developed in the late 1960s. Then,
over time the size of the packages has decreased and “Integral Substrate Package (ISP)”,
“Chip Carrier (CC) Package”, “Small-out-line Package (SOP)”, “Quad Flat Package
(QFP)”, “Area Array (AA) Package” etc. have been developed. Now the size of the
packages has reduced even further but the functions have increased tremendously and the
configurations of the packages have become more and more complex. The modern
complex packages include the “Ball Grid Array (BGA) Package”, the “Chip Scale
Package (CSP)”, the “Wafer Level Package (WLP)”, and the “Flip Chip (FC) Package”

etc.

1.3 Descriptions of Some Electronic Packages

Before getting into the discussions about the electronic packaging interconnection

technologies, the interconnection materials and other issues, it will be useful to get some
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counts, provides fine pitch interconnections and delivers low inductance, capacitance and
resistance. Moreover, this type of package generally doesn’t contain any mould or
encapsulant so that it can dissipate heats very efficiently from the back side of the chip.
Despite of these advantages, FC packages have some disadvantages. For example, it is
difficult to inspect the solder joints in the package and hard to rework. The availability of
the bumped chips is limited and needs extra care to handle the bare chips. The package

can be made reliable in the long term only when an underfill material is used in the gaps

of the solder joints [2][7].

1.4 Interconnect Methods for Electronic Packages

Electronic packages must be interconnected to the circuit boards to realize the
functionalities of electronic products. There are two major types of interconnection
methods, 1.e. the soldering method and the non-soldering method. Details of these two

methods are described below.
1.4.1 Soldering Method

Soldering is a process that uses solder alloys to make permanent physical, metallurgical,
and electrical connections of an electronic package to the PCB. Soldering is performed at
a temperature above the melting point of a solder alloy so that the alloy can melt and wet
the PCB surfaces (details will be discussed in Chapter 2). Both the surface-mount
technology (SMT) and the through-hole technology (THT) generally use soldering
technology because it offers a wide range of advantages such as (1) it requires low energy
to provide a sustainable and reliable joint, (2) it is cost-effective, (3) the joints are easy to
rework, (4) the joints can be formed at various melting temperatures by using a selection
of solder alloys with different melting points. Figure 1-6 shows an FCP where soldering

method has been used to join the chip to the substrate (circuit board).
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1.5 Interconnect Materials for Electronic Packages

Based on the interconnection methods, the interconnect materials can be classified as (a)

soldering materials and (b) non-soldering materials.

1.5.1 Soldering Materials

There are a range of solder alloys that are used for soldering interconnections. These
solders are basically alloys of tin (Sn ) and one or more of the following metallic
elements [2]: lead (Pb), silver (Ag), bismuth (Bi), indium (In), antimony (Sb), cadmium
(Cd), zinc (Zn), copper (Cu), nickel (Ni) etc. If a solder alloy’s solidus and liquidus
temperatures are identical it called a eutectic solder alloy, otherwise it is a non-eutectic
solder alloy. Commercially available solder alloys are in solid form, paste form or

powder form.
1.5.2 Non-soldering Materials

Several types of adhesives are used for non-soldering interconnections. These adhesives
are classified as the anisotropic conductive adhesive (ACA), the isotropically conductive
adhesive (ICA), the electrically conductive adhesive (ECA), and the non-conductive
adhesive (NCA). These are available in the market either as film or as paste. The
processing temperatures of adhesives are low compared to the solder alloys. Therefore,
adhesives can be used to interconnect an electronic package to the substrate when the

assembly is designed to work at low temperatures.

1.6 Pb-based Interconnect Materials

The trend in the miniaturization of consumer electronic products has led to the adoption
of the flip chip technology which ensures a huge number of input/output interconnections

in a small die footprint [11]. Soldering (as discussed above) is one of the effective

11
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methods to interconnect flip chips and organic substrates. This method has been used in
the electronic packaging industries extensively for decades. The soldering alloys include
55n-95Pb, 10Sn-90Pb, 25Sn-75Pb, 30Sn-70Pb, 40Sn-60Pb, S0Sn-50Pb, 60Sn-40Pb,
63Sn-37Pb, and 70Sn-30Pb. The reasons behind this loyalty to Sn-Pb solders in the
electronic packaging industries are these solders’ favourable physical, mechanical and
metallurgical properties that ensure the long-term reliability of flip chip interconnects
[12][13]. However, in spite of the advantages of Sn-Pb solders, environmental concerns
have led the world to restrict the broad usage of these solders because Pb is a toxic

substance [14][15]. The details of this issue are discussed below.

1.6.1 Pb-based Materials-The Issues

Although the excellent performance and reliability of Pb-based electronic packaging
interconnections, the toxicity of Pb has caused some concerns. When a person is

contaminated with Pb, it may cause the following effects [16][17]:

¢ Immediate effects:
o Vomiting, diarrhoea, convulsions etc.
o Appetite loss, abdominal pain, constipation etc.

o Sleeplessness, irritability and headache etc.
e Ultimate effects:

o Continuous exposure to Pb-environment can damage the kidney, liver,
brain

o Pb causes the osteoporosis (a disease that makes the bone brittle)

o Excessive exposure to Pb can cause seizures, mental retardation,
behavioural disorders, anaemia, high blood pressure etc.

o In the last trimester of pregnancy, Pb can cross the placenta and can affect
the unborn child

o Female workers who are in contact with high level Pb can suffer from
miscarriages and stillbirths

o A small amount of Pb can harm the intellectual development, behaviour,

size and hearing of infants

12
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Figure 1-8 demonstrates how a Pb-containing electronic product can cause harm to the
environment and indirectly put the human health in danger. This figure shows that an
electronic product bears Pb when a Pb-containing solder alloy is used to connect
electronic packages to the circuit boards of that product. At the end of the life cycle, that
electronic product is thrown away into the soil. Eventually, the soil absorbs the Pb from
that electronic product and becomes contaminated. This poisonous soil then affects trees,
water, hydras and fish. When people eat those contaminated fish or drink the Pb
contained water, indirectly they take Pb into their bodies and get affected.

1.6.2 Pb-based Materials-The Legislations

Concerned about the long term effects of poisonous elements used in electronic products,
the European Commission (EC) has set up a directive on the Restriction of certain
Hazardous Substances (RoHS) which is implemented in all the 25 European Union (EU)
member states including Iceland, Liechtenstein and Norway since 1% July 2006. The
hazardous substances include lead (Pb), cadmium (Cd), mercury (Hg), hexavalent
chromium (Cr6"), polybrominated biphenyl (PBB), and polybrominated diphenyl ether
(PBDE) flame retardants [18]. The directive bans the supply and the use of the Pb-
containing electronic and electrical products in the European markets. The maximum
concentration value in materials should be less than 0.1wt% for Pb, Hg, Cr6", PBB or
PBDE and less than 0.01wt% for Cd. Although a broad range of electronics products are
under the RoHS directive, there are some exemptions of RoHS for certain products such
as fluorescent lamps and tubes, cathode ray tubes, equipments for switching, signalling,
transmission and telecommunication. The RoHS directive affects the entire world
because of the globalization of the electronics manufacturing industry. Therefore, it is a
great challenge for the electronic industries to find suitable alternatives to Pb-containing

solders.

14
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1.7 Pb-free Interconnect Materials for Electronic Packages

Electronic packages need interconnect materials to provide electrical path to the PCB and
the Pb-based materials have been used for many decades for this purpose. Due to the
implementation of the RoHS directive, electronic industries have to search for
alternatives of Pb-based materials. The interconnect materials that do not contain the

hazardous “Pb” are generally referred to as Pb-free materials.

1.7.1 Pb-free Materials — The Real Definitions

Although a Pb-free material means a material without Pb, a material with a trace of Pb
can also be considered as a Pb-free material. According to the RoHS directive, an
interconnecting material can be treated as “green” or “Pb-free” if it contains less than
0.1wt% lead. Furthermore, ISO 9453 standard allows less than 0.05-0.10 wt% Pb but
ASTM B32-96 standard accepts less than 0.1 wt% Pb generally and 0.2 wt% Pb for

especial cases to define the material as Pb-free [19].

1.7.2 Pb-free Materials — The Problems

Moving from the Pb to the Pb-free technology requires massive changes from the
production lines to the applications. The problems are mainly associated with (1)
manufacturing, (2) application and (3) reliability issues [19][20]. The transition from Pb

containing solder to Pb-free solder may cause the following problems.

1. Increase in Production Costs: It has been stated earlier that the acceptable
amount of Pb in Pb-free solder is 0.1 wt%. It is very difficult to control the Pb-
contamination and to maintain such amount of Pb during manufacturing of Pb-
free materials. The alloy bath can easily be contaminated by the air, the

production floor, the handling or by the equipments. Therefore, Pb-free

15
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production requires special enclosed system/area that increases the production

costs of Pb-free materials.

2. Increase in Process Temperature: Sn-Pb solders consist of Sn and Pb. The
melting points of these two metals are 231 °C and 327 °C respectively. The
elements that replace lead (Pb) are either silver (Ag), aluminium (Al), copper
(Cu), or zinc (Zn). All of them possess higher melting temperatures (961 °C for
Ag, 660 °C for Al, 1083 °C for Cu, 420 °C for Zn) than that of lead (Pb). As a
result Pb-free solder alloys have higher melting points and this means that the
furnace temperature has to be increased. Therefore, when a Pb-free alloy is used,
the assembly process of an electronic package with a PCB is performed at a
relatively high temperature. As a result, the components and the devices used in
the Sn-Pb assembly process may not withstand with the increased processing
temperature. Improvements of all the components and the devices are necessary to

make them compatible with the increased processing temperature.

3. Degradation of Joint Reliability: Apart from the processing temperature,
wetting difficulties, higher consumptions of metallization and formations of thick
intermetallic layer are the well-known problems for Pb-free materials. All these
problems are detrimental to the package lifetime. Because when a Pb-free alloy
consumes all the metallization, spalling of intermetallic layer takes place and the
package interconnection fails. For these reasons, the use of Pb-free solders is

questionable in the sectors where high interconnection reliability is required.

Adhesives are also Pb-free green materials and have been proven to be successful
electronic packaging interconnection materials. The process temperatures of adhesives
are far lower than the Pb-free alloys and actually they are even lower than the Pb-based
alloys. However, adhesives absorb moisture very quickly and the properties are very
sensitive to temperature changes. Therefore, the use of adhesives is restricted and their

performance can be erratic when exposed to high temperature and humidity.

16



Chapter-1: Introduction

1.8 Motivation for this PhD Work

In order to gather the experiences of using various lead-free solders instead of Sn-Pb
solders, a study has been carried out by “elfnet” (European Lead-free Soldering
NETwork) in 2004 [20] on the electronic industries from Finland, Norway, Italy, the
Netherlands, Germany, the United Kingdom and Poland. The results of that study have
revealed that 56% of the industries think quality and reliability are the most important
technological problems for Pb-free materials. 33 % of them face problems with the
processing temperature and 11 % are in trouble with the wetting behaviours of Pb-free
materials. D.A. Fazekus [21] has also pointed out that two-thirds of the total defects
found in the electronic packages are associated with the wetting problems. The
microstructures and the compositions of the reaction species that are formed during
wetting reaction determine the solder joint quality and the integrity. The elemental
composition of a Pb-free solder dominates the physical behaviours of that solder.
Therefore, it is necessary to find out the answers of the following questions:

1. Is there any means to improve the wetting behaviour?

2. Which parameters influence the wetting phenomena?

3.  How the changes in the elemental composition of a solder affects the

formation of the reaction species?

4. How does temperature influence the reaction?
For the adhesive interconnecting material, the properties are very sensitive to the
temperature. Delamination in the adhesive matrix occurs when the adhesive-based
interconnections are subjected to an elevated temperature for a while [22]. The effects of
moisture on the reliability of adhesive-based interconnection has been studied by Lin et al
[23] and it has been found that the adhesive absorbs considerable amount of moisture and
degrades the joint strength. Therefore, it is clear that adhesives are very sensitive to
temperature and humidity. Now the question is

1.  Which factors dominate the physical properties of adhesives?

2.  How and which factors degrade the joint integrity?

3. Isthere any means to improve the performance of an adhesive joint?
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1.9 Outlines of this PhD Work

This PhD work has been carried out to investigate the problems related to Pb-free
interconnect materials described in the previous section. In order to find out the possible
solutions of those problems a series of experiments and computer modelling work have
been carried out. The results are presented and discussed in Chapter 4 and Chapter 5. The

contents of each chapter are described below.

In Chapter 4 the research work on Pb-free solders is described. The effects of elemental
compositions of solders on the wetting, on the reaction and on the growth behaviour of
intermetallic compounds (IMCs) with Cu and Ni metal substrates have been investigated.
The effects of soldering temperatures and fluxes on the wetting of the solders are also
investigated here. This chapter also contains the computer modelling results of the

wetting and diffusion behaviours of solders.

Chapter 5 presents the research on adhesives. The parameters (such as bonding
temperature and time) that influence the changes in the physical properties of adhesives
and affect the reliability of the interconnections have been studied here. Computer
modelling has also been carried out to identify the effects of mechanical or thermal loads
on the electrical and mechanical performance of the adhesive interconnections and the

results are presented in this chapter.

1.10 Originality and Novelty of this PhD Work

To the author’s best knowledge, the followings are the original contributions of this PhD
work as presented in Chapter 4 and Chapter 5:

1. Wetting data has been generated for two completely new Pb-free solders (Sn-
2.8Ag-0.5Cu-1.0Bi and Sn-0.7Cu-0.3Ni).
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The qualification of three types of fluxes (NC, R and WS) has been justified for
three different temperatures (255, 275 and 295 °C), for two types of substrates (Cu
and Ni) and for the two above mentioned new Pb-free solders along with the
well-known Sn-Ag-Cu and Sn-Cu solders.

The growth rate constants of the IMCs have been calculated for these new solders
Computer model has been developed to verify the experimental wetting data.
Computer modelling technique has been used to study the dissolution behaviour
of metal substrates into solders and results have been compared with experimental
observations.

The physical properties of an adhesive have been measured as a function of
temperature and time.

The relationship among the bonding temperature, the curing degree of the
adhesive matrix, the adhesion strength and the electrical performance of the
interconnection has been established.

The possible failure mechanisms of the electrical conduction path during the
isothermal ageing of the adhesive joints have been proposed.

Computer modelling techniques have been used to establish the correlation

between electrical failure and external bending load.

1.11 Industrial Benefits from this PhD Work

The electronic packaging industries can use the results obtained in this PhD work as a

reference guidelines in the ways:

1.

Based on the wetting data the industries can decide which solder should use with
which flux for which particular metallization.

Based on the substrate consumption data the industry can chose a right solder
alloy when the preservation of a too thin metallization thickness is the main

concern.
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3. The data provided for the growth rate of IMCs can be used to warn the industries
of the consequences of keeping a solder interconnection at a relatively high
temperature for a long time.

4, The industries can use the computer modelling technique to carry out the
parametric studies about the wetting behaviour of solders.

5. The data provided here for the curing of adhesives can be used by the industries
to optimize the bonding conditions.

6. The industries can be informed about the consequences of exposing an adhesive-

based package to the elevated temperatures for prolonged time.

1.12 Publications Resulted from this PhD Work

Seven journal papers and one conference paper have been published so far from this PhD

work:

1. Computer modelling of adhesive-based interconnection under bending condition
presented in section 5.4.7 has been published in the Journal of Microelectronics
Reliability [24].

2. The curing of adhesive matrix and its effects on the mechanical and the electrical
performance of adhesive-based interconnection presented in sections 5.4.4 has
been published in the Journal of Soldering & Surface Mount Technology [25].

3. The wetting behaviour of the newly developed Sn-2.8Ag-0.5Cu-1.0Bi solder on
Cu and Ni substrates presented in section 4.4.1.1 and section 4.4.1.2 has been
published in the Journal of Electronic Materials [26].

4. The growth behaviour of IMCs of the newly developed Sn-2.8Ag-0.5Cu-1.0Bi
solder during soldering and isothermal aging presented in section 4.4.2.2.2 and
section 4.4.3.1 has been published in the Journal of Alloys and Compounds [27].

5. The wetting behaviour of newly developed Sn-0.7Cu-0.3Ni solder on Cu and Ni
substrates has been published in the Journal of Alloys and Compounds [28].
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6. The growth of IMC layer for the newly developed Sn-0.7Cu-0.3Ni solder during
wetting and aging presented in section 4.4.2.2.3 and section 4.4.3.2 has been
published in the Journal of Alloys and Compounds [29].

7. The effect of heating time and temperature on the changes in the physical
properties of adhesive presented in section 5.4.1 and section 5.4.2 has been
accepted for publication in the Journal of Microelectronic Engineering [30].

8. Comparative wetting behaviour of Sn-0.7Cu and Sn-0.7Cu-0.3Ni solders on Cu
and Ni substrates has been presented in the 1% Electronics System Integration

Technology Conference (ESTC), Dresden, Germany, on st 7™ September of
2006 [31].
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Chapter 2

Review of Electronic Packaging

Interconnections

2.1 Review of Solder Interconnections

2.1.1 Solder Materials

Solder materials are fusible alloys that possess melting temperatures below 400 °C [32].
Lead-free solders usually contain a high proportion of Sn (more than 90 wt %). Small
amount of other elements like Ag, Bi, In, Cu, Ni, Cd, Sb, Mg are added to produce
binary, ternary or quaternary eutectic or near-eutectic alloys. The melting point of a
solder alloy is very important as the electronic package contains a number of active and
passive components on the FR4, glass or flexible substrates and these components have

certain temperature tolerance levels.
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Solder materials can also be found in powder form which is made using chemical
reduction, electrolytic deposition, mechanical processing of solid particles or atomization
of liquid alloys. Another form of lead-free solder materials is paste which is a
homogeneous and kinetically stable mixture of solder alloy powder, flux and vehicle. The
“vehicle” of the solder paste holds the alloy powders and flux. In this case, the particle
size of the alloy powder is very important. Reducing the size of the particles in the alloy
powder increases not only the number particle density but also the surface area and this
means that higher fluxing activity is required and this eventually increases the production
cost. Moreover, fine powder alloy causes solder balling during the soldering, therefore,
solder pastes with coarse alloy powder perform better and they are more cost-effective

than pastes with fine powder.

2.1.2 General Criteria to Select a Solder Alloy

To select a solder alloy, the following criterion [32] should be checked out:

e it should have a melting range that is suitable for the service temperature
range

e it should have mechanical properties that are compatible with service
conditions

e it should be metallurgically compatible with surrounding metallization

o it should have a reasonably low rate of intermetallic compounds (IMCs)
formation at the service temperature

¢ it should have an acceptable wettability on surrounding metallization

e it should be stable in the ambient environment

2.1.3 Alloys as Green Solders

There are numerous choices of lead-free solders in the market. It’s really very hard to
pick one of them as the standard soldering material. At present the most widely used
lead-free solders are Sn-Cu and Sn-Ag-Cu alloys. The melting temperatures of these two

solders are 227 °C and 218 °C respectively. Lower cost is the most significant advantage
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of the Sn-Cu solder over the Sn-Ag-Cu solder and some other solders. Also, this solder
consumes less copper in the coating process and produces comparatively stable IMC
layer along the bond line and shows almost similar reliability performances to the Sn-Pb
solders. However, the high melting temperature of this solder prevents it from being used
in some soldering processes [33][34]. Adding Ag into the Sn-Cu solder results in a
decrease of about 5-10 °C in the melting temperature and an increase in the cost by about
2.18 times compared to the Sn-Cu solder [34]. Although the solderability of Sn-Ag-Cu
solder is better than Sn-Cu solder, it is still not as good as the Sn-Pb solder. The Sn-Zn
alloy has a melting temperature of 198 °C which is close to that of the Sn-Pb solder (183
°C). While there are benefits of using this solder as a lead-free alternative because of its
low melting point, there are also some serious problems with this solder. The most
important shortcoming of this solder is that the zinc in the alloy causes excessive
oxidization and this causes severe drossing in soldering pots. Moreover wettability of this
solder is very inferior compared to the Sn-Pb solder and other lead-free solders. Bismuth
(Bi) is often added to the Sn-Zn solders to reduce the liquidus temperature, to improve

the wetting and corrosion behaviours [34].

2.1.4 Soldering Methods

There are two major types of widely used soldering methods in the electronic packaging

industry: reflow soldering and wave soldering.

2.1.4.1 Reflow Soldering

Reflow soldering as described in ANSI/IPC-T-50E Standard [35] is the joining of mating
surfaces that have solder between them, placing them together, heating them until the
solder fuses, and allowing them to cool in the joined position. Reflow soldering requires a
few steps. The first step is to place the flux and the solder alloy (in the form of bar, sphere
or disc) on the surfaces to be soldered. The second step is the placement of components
on the placed solder. The third step is the heating and then the cooling of the assembly.

During the heating stage, the solder melts and spreads over the surfaces.
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During cooling, molten solder solidifies and solder joints form. The last step is to clean
the residues of the flux. If solder pastes, instead of solder bars etc. are used, the soldering
steps are different. Solder pastes can be placed directly on the metallization on the circuit
boards using the stencil printing method. After that, the components are placed on the
printed solder paste pattern and the assembled boards are then passed through the reflow
oven to form solder joints. A typical flip chip solder joint using the reflow soldering

method is shown in the Figure 2-1.

In the reflow soldering process, there are quite a few different heating methods that can
be used. These include conduction, infrared, vapour phase, hot gas, convection,
induction, laser, focused infrared, white beam, and vertical reflow methods. Each of these

methods has advantages and limitations as listed in Table 2-1.

2.1.4.2 Wave Soldering

Wave soldering is completely different from reflow soldering. In this method, the printed
circuit board (PCB) assembly passes over a continuous wave of solders. The crest of the
liquid solder wave touches and wet the exposed metallization of the assembly and solder-
joints form upon cooling. The wave soldering process is shown in Figure 2-2. The steps

of wave soldering are described bellows as suggested in [36].

1. Automatic insertion of leads of through-hole components into the
holes in the printed circuit board.

2. Dispensing of adhesives at the locations of surface mount
components to be placed throughout the printed circuit board.

3. Placements of surface mount components over the dispensed
adhesive.

4. Curing of adhesive to make a temporary bond so that components

can be hung beneath the circuit board.
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The success and the reliability of the wave-soldered joint depend on the wettability of the
solder used because the solder has to travel through the holes in the PCB. Therefore, the
selection of the type of solder alloy is very important. Also the type of flux, the solder
bath temperature and the dwell time of soldering are important factors in providing good

quality solder joints.

2.1.5 Issues associated with Soldering

2.1.5.1 Solderability and Wettability

Solderability is the ability to achieve a clean metallic surface on which a molten solder
can wet properly [32]. In other words solderability is the ability of a surface to be wet by
a molten solder [38]. Solderability depends on the several factors such as the type of flux,

the type of solder and the type of surface finish on which soldering will be performed.

The word wettability is basically the same as solderability but it is often used as a
quantitative measure of solderability. The parameters such as the contact angle, the
meniscus rise, the capillary penetration depth etc. that can be obtained in solderability
tests are often used as measures of the wettability of solders [38]. Wettability is very
important as the success of soldering depends on the wettability of the solder.
Inappropriate wettability raises the possibility of a rework to correct the visible solder
joint defects and the rework not only increases the production costs but also increases the

risk to the solder joint reliability.

2.1.5.2 Wetting, Non-wetting and Dewetting

According to C. A. Harper [32], wetting can only be achieved when a smooth, uniform
and continuous solder coating is formed on the substrate surface without any pinholes.

Nonwetting is defined as “the phenomenon of molten solder not adhering to the substrate

28






Chapter-2: Review of Electronic Packaging Interconnections

1. When the electronic components are soldered to the substrate.

2. If the solder has certain compositions such as 96Sn-4Ag which creates
inborn IMC:s in the bulk of solder.

3. When the assembly is subjected to environmental stress conditions such

as thermal cycling or aging.

It is believed that the formation of IMCs at the interfaces during the soldering of two
dissimilar materials is a common mechanism for the creation of permanent bond.
However, the acceptable thickness of the IMC layer ranges from 1 to 5 pm [32][38].
When the IMC layer is less than 1 um, solder joint is prone to receding and when it is
more than 5 um thick it can be detrimental to the solder joint [32][38]. IMCs are basically
crystal structured and brittle in nature. The thicker the IMC layer the easier it is for brittle
fracture to happen. It has been observed in experiments that cracks are often found
around the thick IMC layer under stressful conditions. Another damaging effect that a
thick IMC layer may have is the deterioration of the reliability caused by the formation of
a weaker IMC layer within the thick IMC layer.

In the situation where IMCs form in the bulk of a solder material, the solder joint’s
strength may increase. However, if the size of the IMCs is very large or the shape is

needle-like, the mechanical properties of the solder joint’s strength may decrease.

2.1.5.4 Circuit Board Surface Finish

Solderability and thereafter the solder joint integrity depends partly on the surface finish
of the circuit board to be soldered. In the electronic packaging assembly, copper is a
common metal that is widely used in the circuit board as a conductor through which
electrical signal passes from the integrated circuits to other components on the board.
Usually the Sn from the solder and the Cu from the substrate have great affinity to each

other and this results in the formation of Cu-Sn IMCs. It is possible that excessive
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amount of Cu reacts with the Sn (as can be seen from the Cu-Sn phase diagram shown in
Figure 4-34) supplied from the solder such that the remaining Cu conductor becomes
very thin. This may put the reworking and the reliability of the assembly at risk. Ni
coating on Cu is often used as a diffusion barrier to overcome this problem. This works
because Sn has to react with Ni first and only after Ni is consumed Sn can react with Cu.
In this case Ni-Sn, Cu-Sn and Cu-Ni-Sn IMCs can be found in the solder joint. However,
Ni is prone to oxidize and possesses less wettability than Cu. It has also been found that
compared to the original metal, the metal oxides have poorer thermal and electrical
conductivities [38]. Oxides are considered a barrier to the heat transfer during soldering
and, therefore, delay the fusion of solder coating. Moreover, solders can not wet and
spread over the oxide layer. When an oxide layer forms during soldering, dewetting can
take place. To eliminate these problems, a coating of an inert material such as Au is used
on the conductors of the electronic packaging system. Au-coated copper also shows better
wetting and spreading than the pure copper [32]. During soldering, Au dissolves very
quickly into the solder matrix. The rate of the dissolution of the Au-coating depends on
the soldering time, the temperature, and the solder compositions. Diffused Au-atoms then
react with the Sn in the solder and form Au-Sn IMCs. After the Au layer is consumed, the
base material comes in contact with the solder and reacts to form IMCs. The presence of
Au in the solder matrix alters the microstructures and the appearance of the solder joints
and hence, the physical and the mechanical properties of the joints are affected. The shear
strength of a solder joint slowly drops when the concentration of Au in the solder matrix
is beyond 3 wt%. Furthermore, the ductility of a solder joint drops rapidly when the Au
concentration exceeds 7 wt%. However, a concentration of Au below 10 wt% doesn’t
affect solder’s electrical and thermal conductivities. High Au concentration in solders
causes premature solder joint fracture due to the gold embrittlement, void creation and
microstructure coarsening [32]. The electronics packaging industries have to make great
effort to control the concentration of surface coating materials in the solder matrix.
Therefore, it is obligatory to have the proper knowledge about the consumption of the

surface coating materials by molten solders.
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numbers of voids discovered by Kim et al are not as large as the voids found by other
researchers. There are a number of factors that affect the formation of voids during
soldering. These factors include the wettability of the soldering system, the contamination
of the substrate surface, the duration of soldering, and the cooling rate etc. [32][46]. The
outgasing of the substrate or the solder materials is another factor that affects the
formation of voids in solder joints. In this PhD work, the voids are also noticed in the
solder joints because of the outgasing of the substrates. The exact causes of voids
formation, the solutions of this problem, and the effects of voids on the quality and the

reliability of solder joints are research areas where thorough studies are needed.

2.2 Review of Adhesive Interconnections

2.2.1 Adhesive Materials

Adhesives in paste or film forms are being used for the electronic packaging
interconnections as an alternative to the lead-free solders. Whenever fine pitch is
required, adhesives are the solution. While solders are inherently electrical conductors,
conductive fillers (such as silver-based conductors, copper, nickel, carbon, metal-coated
particles etc.) have to be added to a polymer binder to convert the adhesives to electrical
conductors. Therefore, adhesives used in the electronic packaging assemblies are
complex in structure and the types of binder used in an adhesive dominate the chemical

and the mechanical properties of that particular adhesive.

There are two types of epoxy polymers that can be used as binders to make interconnect
adhesives: the thermoplastic and thermosetting polymers. Thermoplastics can be melted
or softened with heat without changing their intrinsic properties whereas thermosets are
cross-linked polymer with three-dimensional molecular structure that can be softened to
some degree but can not be melted or reshaped at elevated temperatures [47]. The

advantages of thermoplastic epoxy based adhesives are
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o Fast processing and easy to rework
o Chemically non-reactive
o Takes less than a second to transform from solid to flowable form
o Infinite shelf life
o Can be stored in room temperature
The disadvantages are
» Can be melted or softened with high heat application
» Limited in service temperature performance
» Can flow under mechanical force
» Forms weak adhesive bond
The thermosetting epoxy-based adhesives offer the following advantages
o Non-deformable and mechanically stable
o Forms strong and durable bonds
o Can wet out a surface for complete bonding
and the following disadvantages
= Undergoes true chemical reactions for several hours
= Limited shelf or pot life
» Lower temperature thermosets must be kept frozen to prevent

premature hardening

2.2.2 Types of Adhesives

2.2.2.1 Isotropic Conductive Adhesives (ICAs)

Isotropic conductive adhesives are composite in nature and contain non-conductive
thermoset epoxy-based binder and conductive fillers. The fillers are dispersed randomly
in the binder and provide the conductivity equally in all directions. Silver flakes are used
as fillers due to their cost effectiveness [48]. A typical conduction path through ICA-joint

is shown in Figure 2-5.
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The fundamental properties of ICAs depend on the geometric properties of the fillers
[49]. Other than flakes, fillers can also be mono-sized spheres, bi-modal spheres or
coated spheres [47]. The total number of the fillers in the ICAs depends on the shape, the

distribution and the orientation of the particles [49].

Conductor

Bulk resistance
Contact resistance

Conductor

Figure 2-5: Schematic representation of an ICA joint.

2.2.2.2 Anisotropic Conductive Adhesives (ACAs)

Anisotropic conductive adhesives (ACAs) are also composite materials that contain
thermoplastic or thermosetting epoxy polymers as binders and randomly dispersed
conductive spheres. The properties of ACAs are mainly dominated by the type of binder
that is used. Some ACA materials possess hybrid properties that combine both the
properties of thermoplastic and the thermosetting polymers. Unlike the isotropic
conductive adhesives, anisotropic conductive adhesives are electrically conductive only
in the Z-axis direction (inter-plane connection). Even if the conductive particles come in
contact with the conductor surfaces, a conduction path doesn’t establish unless heat and
pressure are applied. The details of the interconnection technique using this type of
adhesive will be discussed in Chapter-5. The conductive particles of an ACA are either
solid metals or metal coated polymer particles. Sometimes, there is an insulation layer on
the outermost surface of the particle to prevent the electrical bridging. With the applied
pressure, insulation layer breaks and exposes the conductive particles to the conductor

planes. A schematic of conductive particles and a typical ACA-joint is shown in Figure 2-

6.
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e Adhesives are used in the flip chip assembly to connect the flip chips to
the organic circuit boards.

e Adhesives are used in the case where soldering is not possible to connect
the glass and the vacuum deposited conductors.

¢ Anisotropic adhesives are used for bonding the flexible circuits and the
Tape Automated Bonding (TAB) devices to the panels.

e Patterned array imposers use adhesives to make multilayer circuits.

2.2.4 Bonding with Adhesives

The bonding of the electronic components to the printed circuit boards with an adhesive
requires the thermo-compression method where both the heat and the pressure are applied
simultaneously. In order to achieve maximum bond strength, the adhesive matrix should
be perfectly cured with the applied heat and pressure. During the thermo-compression
bonding, adhesive melts with the heat and wets the required bonding areas. As the
wetting of the adhesive is non-reactive, the viscosity of the adhesive plays an important
role in wetting and filling the gaps between the parts being joined together. The pressure
helps to squeeze and to achieve an even distribution of the adhesive matrix. However,
pressure serves different purposes for different types of adhesives. The silver flakes in the
isotropic conductive adhesives come in physical contact with each other and with the
conductors when a pressure is applied. The conductive spheres of the anisotropic
conductive adhesives can be deformed only with a pressure to provide effective contact
areas for the electrical conduction. The details of the bonding technique using an
anisotropic conductive adhesive are discussed in Chapter 5. In the case of nonconductive
adhesives, pressure helps the stud bumps to penetrate the adhesive matrix, to squeeze out
the adhesives from between the contact parts, to deform and to establish the direct
metallic contacts with sufficient effective areas for the electrical conduction. This

bonding process is schematically shown in Figure 2-8.
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Chapter 3

Review of Computer Modelling of Electronic

Packaging Interconnections

3.1 Introduction

“A computer model is a computer program that attempts to simulate an abstract model of
a particular system [52]”. In other words, a computer modelling is basically a
mathematical modelling that is implemented and solved using a computer in order to
predict the behaviours of the model. In the last few decades computer modelling has been
used very efficiently and fruitfully in the fields of electronic packaging interconnections
to predict thermal, mechanical, thermo-mechanical behaviours and their ultimate effects
on the reliability of electronic devices [53][54][55][56]. In this work, computer modelling
has been used as an effective tool in the analysis of a range of phenomena that have been
observed in the study of solder and adhesives interconnect. In this chapter some of the

computer modelling techniques and successful examples are reviewed.

41



Chapter-3: Review of Computer Modelling of Electronic Packaging Interconnections

3.2 Techniques of Computer Modelling

Computer modelling solves a model of a system that is described in the form of partial
differential equations. The three most widely used numerical techniques are the finite
clement (FE) method, the finite difference method and the boundary element method.
Among these techniques the FE method is the very popular method for solving the
structural problems [57] and it has been used successfully to solve steady state and

transient problems in linear and non-linear regions with one, two or three-dimensional

domains [58].
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Figure 3-1: The process flow chart for computer modelling [57].

Figure 3-1 shows a flow chart that describes the general process of computer modelling.
According to Mottram et al [57], the first step of the computer modelling is the initial
thinking. In this step the modeller must carry out a detailed study of the problem to be
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solved. The physical geometry, the expected structural behaviour of the geometry with
loads, the loading conditions, and the material properties etc. should all be studied
carefully. The second step is the mesh generation. In this step a computer model must be
created prior to the mesh generation. Mesh generation means the break down of the
geometry into small sub-regions on which the numerical equations can be developed. The
next step is the specification of the numerical problem where boundary conditions are
assigned to the nodes and elements that are created in the mesh generation step. In
solution of the equations step, computer uses programming software to obtain a
numerical solution for the meshed geometry. The last step of the computer modelling is
the analysis of the results. The modeller must verify the results prior to the generation of

any solution data.

The computer modelling procedure described above can be carried out with the help of a
commercial software package that includes a pre-processor, a solver and a postprocessor.
A pre-processor requires geometry in the numerical form, the mesh, the initial and
boundary conditions, the material properties etc. The solver uses the information
provided by the pre-processor and carries out the numerical calculation to predict results

and finally the post-processor unit of the software displays the predicted results.

3.3 Tools of Computer Modelling

There 1s a number of commercial modelling software such as ANSYS [59], ABAQUS
[60], ALGOR [61], MARC [62], NASTRAN [63], and COMSOL [64] that can be used to
perform thermal, mechanical and thermo-mechanical analysis of electronic packaging
assemblies. Other software products such as FLOTHERM [65] or FLUENT [66] can be
used to model the fluid flow phenomena around the electronic package. Public domain
software such as SURFACE EVOLVER [67] can be used to predict the shape of the
solder joint for an electronic packaging interconnection. In this PhD work ABAQUS
[60], SURFACE EVOLVER [67] and multi-physics modelling software PHYSICA [68]

have been used to predict the behaviours of electronic packaging interconnections.
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3.4 Computer Modelling for Electronic Packaging

Interconnections

One of the main advantages of the computer modelling is that it can predict the possible
behaviours of a device before it has been physically built in real space. Therefore, by
using computer modelling it is possible to design an electronic product with high quality
and reliability prior to the manufacturing of that product. The use of computer modelling
to investigate the effects of a range of parameters not only reduces the experimental costs
but also cuts the total production time i.e. the lead time of a product. Apart from these
advantages, computer modelling also helps to understand the physics of failure of an
electronic product under different loading conditions and predicts the life-cycle of that
product. In the following section, computer modelling studies regarding solder and
adhesives electronic packaging interconnections that have been carried out by a number

of researchers will be reviewed.

3.4.1 Computer Modelling of Solder-based Interconnections

Solder joint life cycle can be divided into two stages. In the solder joint formation stage,
the main concern during this stage is how good quality solder joints can be formed. The
second stage is when the solder joints are subject to thermal-mechanical loading and the
failure mode analysis and lifetime predictions are the major issues. Computer modelling

method can be used to analyze the issues encountered in both stages.

In the surface mount technology, solder paste (a mixture of alloy powder, liquid flux, flux
activators and solvents) is used to mount the components on the printed circuit board.
Stencil printing technique is used to deposit the solder pastes precisely on the positions
where components to be placed. The blade of the stencil printing machine spreads the
solder paste over the soldering areas. Ekere et al [69] and Mannan et al [70] have pointed
out that the settings of blade speed, blade angle, blade pressure along with the rheological
behaviour of the solder paste composition affect the soldering process. Therefore, Bailey

et al [71] have carried out a computer modelling to investigate the effects of these
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assembly. The computer model of the assembly is shown in Figure 3-7(a). The stress
concentration in the package has been documented when the whole assembly is subjected
to an elevated temperature and the results are shown in Figure 3-7(b). It is found that the
two edges of the bump-ACF interfaces experience high stress values. Therefore, these

two regions are most vulnerable to the threat of delamination.

Computer modelling of the moisture induced failures in an adhesively bonded flip chip
assembly has been carried out by Teh et al [85]. It has been found that in-plane
hygroscopic swelling of the substrate and the adhesive causes the deformation of the
package generates considerable amount of tensile stresses along the bond-line. The
maximum tensile stresses are found at the centre of the package. Therefore, the failure of
the adhesive joint initiates at the middle of the package and propagates outwards to the

edge. The modelling results have been validated with the experimental observations.

3.5 Closure

This chapter gives some ideas about the capability of computer modelling to analyze
various aspects of electronic packaging interconnections from the joint formation to the
joint reliability. These successful computer modelling analyses have helped to augment
the experiments and the results can be used to understand the physical processes behind
the phenomena. However, there are still many questions that need to be answered
regarding the reliability of solder/adhesives interconnect. For example, to the best of the
author’s knowledge, no work has been done before this PhD work to compare the
modelling results of wetting balance tests with the experiments to predict the
concentration of the solid metal in the liquid solder during wetting balance test. There is
also a lack of research on the temperature changes in the adhesives during flip chip
bonding process, and this has not helped the understanding of the root causes of the
delamination along the anisotropic conductive film joint of the flip chip assembly under
thermal-mechanical loads. In light of this, some new computer modelling work has been
carried out in this study in order to address some of the issues related to the experimental

work described in Chapter 4 and 5.
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Chapter 4

Study of Interconnections formed with Lead-

free Solder Alloys

4.1 The Background and the Objectives of this Work

In the electronic packaging industries, the binary eutectic Sn-Pb solder has been used
extensively for many decades to attach the electronic components to the printed circuit
boards, which are made of organic laminate substrate, copper traces and dielectric layers
[86]. The low liquidus temperature and a narrow solidus-liquidus temperature range that
satisfy everyday soldering requirements are the main reasons of the popularity of the Sn-
Pb solder [87]. This solder alloy is popular also because its properties are relative well
known and the reliability of the products using it are satisfactory [88][89]. Moreover, the
low price and good availability of this solder is also a factor in its widespread use in the
electronic packaging industries. Recently, the use of Sn-Pb solder has become very

limited because of environmental concerns and the coming into effect of new regulations
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[18]. Hence, the development of solders without Pb (lead), i.e. Pb-free solders, has been
conducted on a worldwide basis [90][91]. Since Sn fulfils the metallurgical, the
environmental, the economic and the supply criteria, the productions of Pb-free solders
have been directed towards the Sn-based binary or ternary alloys as reported by Wu et al
[92]. A number of eutectic or near eutectic Pb-free solders such as Sn-In, Sn-Bi, Sn-Ag,
Sn-Ag-Cu, Sn-Cu are being used as the replacements of Sn-Pb solders. The limited
solubility of Ag in Sn at liquid state makes more stable and uniform microstructure of the
Sn-Ag solder system. The addition of a small amount of Cu in the Sn-Ag solder can
prevent the dissolution of Cu from the base metal [93]. Previous studies [94][95] have
focused on the consumption of base metals such as Cu and Ni —P and it has been found
that the Sn-Ag solder consumes more base metal than the Sn-Cu solder whereas moderate
amount of base metal consumption has been observed for the Sn-Ag-Cu solder. Although
the above mentioned lead-free solders are now being extensively used as interconnect
materials, the melting temperatures of all those solders are higher than the eutectic Sn-Pb
solder. The addition of a small amount of Bi (1 wt%, for example) into the Sn-Ag-Cu
solder reduces the melting temperature by about 4 °C [96]. Several researchers
[92][97][98] have already investigated the joint strength and the fatigue properties of Sn-
Ag-Cu and Sn-Ag-Cu-Bi solder alloys and found that an addition of a certain amount of
Bi into the Sn-Ag-Cu solder increases the tensile strength and the hardness of that solder.
Ashram et al [99] has found that an addition of 0.5wt% Zn to the Sn-0.7Cu solder
increases the hardness and the yield stress but this lowers the creep resistance whereas an
addition of Bi into this solder deteriorates the creep resistance. Wu et al [100] has found
that an addition of 0.5wt% rare earth (RE) elements into the Sn-0.7Cu alloy refines the -
Sn grains and the intermetallic particles in the -Sn matrix. It has also been found that the
mechanical properties, the hardness and the creep resistance can also be improved with
the addition of RE elements. Young et al [101] has studied microstructural evolution of
Sn-2.7Cu-0.2Ni solder with Cu and Pt-Ag metallised Al,Os substrate. However, to the
author’s knowledge, the information regarding the effect of adding small amount of Bi
into Sn-Ag-Cu solder and Ni into Sn-Cu solder alloys on the wetting behaviour was not
available before this work was carried out. It is well known that Sn in the Sn-Pb or the

Sn-based lead-free solders reacts with Cu very rapidly to form Cu-Sn intermetallic
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compounds (later this term will be referred as IMCs) at the solder-Cu interface.
Therefore, Ni is often used as a diffusion barrier layer on the Cu bond pad for BGA and

flip chip bumps to prevent the excessive growth of Cu-Sn IMCs.

Since Cu and Ni are often used in the under bump metallization, clear understanding of
the wetting behaviours of a newly developed solder alloy on these two metals are very
important. Besides, the wettability and the solder joint integrity are linked to each other
and they define the quality of any solder. The lifetime of a solder joint largely depends on
the physical and the mechanical properties of that solder and the substrate. The thickness
of the IMC layer that forms at the solder-substrate interface has a significant effect on the

solder joint strength as well as on the reliability [102]. Thus, the design of a good solder

joint requires the wettability information about the joint materials.

During the wetting reaction, the dissolution behaviour of the substrate material into the
molten solder dominates the growth of the IMC. Previous studies [94][103][104][105]
have focused on the dissolution behaviour and the IMC formation in solder on the Cu and
the Ni substrates. It has been found that the entire volume of the solder can be saturated
very quickly with the dissolved substrate materials. The faster the diffusion rate of the
substrate material the quicker the consumption of the substrate and the thicker the IMC
layer is. The diffusion rate depends to a large extent on the elemental compositions of the

solder and the substrate.

Because of their low melting points, solders normally work at high homologous
temperatures even at the room temperature condition [97]. When solders have to be used
in an isothermal aging condition, the formation of a thick IMC layer degrades the solder
joint lifetime [106]. Although the National Electronics Manufacturing Initiative (NEMI)
has recommended Sn-Ag-Cu solder alloy for reflow soldering and Sn-Cu solder alloy for
wave soldering as the replacements of eutectic Sn-Pb solder [107], their IMC growth
rates are higher than that of the Sn-Pb solder alloy and this may influence the joint
strength and the long-term reliability. Due to the high concentration of Sn, Sn-Ag-Cu

lead-free solder possesses a high rate of interfacial reaction with Cu and forms Cu-Sn
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IMC. As a result, the Cu (supplied from the substrate) is consumed rapidly by the molten
Sn-Ag-Cu solder. If all the Cu substrate is consumed, the Cu-Sn compound tends to
transform from a scallop-like morphology to spheroid-type morphology [108] and this
degrades the joint strength. Therefore, when a fourth-element is added to the Sn-Ag-Cu
solder alloy to reduce the melting temperature or to improve the wettability, the new alloy
must have a suitable rate of the consumption of the substrate materials and an acceptable

growth rate of the IMC layers.

Although previous studies [95] have shown that Sn-Cu solder consumes less amount of
base metal than the Sn-Ag and the Sn-Ag-Cu solders and the IMC thickness is
acceptable, its wetting capability is inferior to other solder alloys. Because of this, the Sn-
Cu solder can only be used for through holes and it’s only suitable for single sided wave
soldering on printed circuit boards [109]. One possible way of improving the wettability
is to alloy this solder with other elements. Recently it has been discovered that the
concentration of alloying elements can also control the reaction properties of Sn-Cu
solder [110] and hence the microstructural evolution and the IMC formation [111].
Usually, the interfacial reaction takes place during wetting (the initial condition of
soldering at liquid state) and thereafter in aging condition (throughout the operational life
in solid state). Tu et al [112] has reported that the wetting reaction is four orders of
magnitude faster than the solid state reaction during aging and the morphologies of the
reaction species are completely different. Therefore, when an additional element is added
to the Sn-Cu solder to improve its wettability, it must be ensured that the new alloy

composition does not encourage a higher IMC layer growth rate.

In this work 1wt% Bi has been added to the Sn-2.8Ag-0.5Cu solder and 0.3wt% Ni has
been added to the Sn-0.7Cu solder because small amount (<3wt%) of Bi lowers alloy
melting point and increases hardness and tensile strength; on the other Ni is available,
environmentally friendly, reduces the chance to form tin whiskers and doesn’t alter the
original properties of the parent alloy. According to the above discussions, in order to
make the newly developed Sn-2.8Ag-0.5Cu-1.0Bi and Sn-0.7Cu-0.3Ni solders successful

lead-free joining materials, the following conditions must be met.
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I. Bi improves the wettability of Sn-2.8Ag-0.5Cu solder and Ni improves the
wettability of Sn-0.7Cu solder.

2. The addition of Bi into Sn-2.8 Ag-0.5Cu solder and Ni into Sn-0.7Cu solder helps
to reduce the consumption of substrate material and inhibits the excessive growth
of the IMC layer during soldering.

3. Addition of Bi into Sn-2.8Ag-0.5Cu solder and Ni into Sn-0.7Cu solder helps to
reduce the growth rate of the IMC layers during isothermal ageing.

To facilitate the investigations of the above mentioned fundamental issues, the entire
work has been structured as follows:

1. The wettability of Sn-2.8Ag-0.5Cu-1.0Bi solder on Cu and Ni substrates will be
compared with that of the Sn-Pb solder. That will help to understand how close or
how far the wettability of the lead-free solder to that of the leaded solder is.

2. A comparison between the wetting behaviours of Sn-2.8 Ag-0.5Cu and Sn-2.8Ag-
0.5Cu-1.0Bi solders on Cu and Ni substrates will be made. This will help to
understand how the addition of Bi influences the wettability of Sn-2.8Ag-0.5Cu
solder.

3. The wetting behaviours of Sn-0.7Cu and Sn-0.7Cu-0.3Ni solders on Cu and Ni
substrates will be compared. This will also help to identify the effect of the
addition of Ni on the wettability of Sn-0.7Cu solder.

4. Computer modelling of the wetting behaviours of the solders will be carried out
to investigate the effect of several parameters such as substrate perimeter,
immersion depth, contact angle, and solder bath radius on the wettability.

5. The dissolution of the substrates into the solders during wetting reaction and the
growth of the IMC layer at the solder-substrate interfaces will be investigated.
The results will be compared between Sn-2.8Ag-0.5Cu and Sn-2.8Ag-0.5Cu-
1.0Bi solders, and between Sn-0.7Cu and Sn-0.7Cu-0.3Ni solders respectively.
Computer modelling of the dissolution of Cu into the molten solders will also be

performed to understand the diffusion process.
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6. The growth behaviour of the IMC layers during isothermal ageing will be
investigated and the results will be presented as the comparisons between Sn-

2.8Ag-0.5Cu and Sn-2.8Ag-0.5Cu-1.0Bi solders and Sn-0.7Cu and Sn-0.7Cu-
0.3Ni1 solders respectively.

The wettability of the solders can be evaluated using a number of methods such as the
area of spread test, the edge dip and capillary rise test, the globule wetting test method,
rotary dip test, wetting balance test, and microwetting balance test. In this work, the
widely used wetting balance test will be carried out as this is the most versatile method
[113] and is suitable for the quantitative information about the wettability of specimens in

any shape and a wide range of geometric dimensions.

4.2 Experimental Procedures

4.2.1 The Measurement of Contact Angle and Wetting Force

The wettability test was performed using the solderability tester MENISCO ST 50 with
computer control and data acquisition functions. The tests were performed with the solder
bath temperature set at 255 °C, 275 °C and 295 °C and the dwell time set at 10 s. The

immersion depth and the immersion speed were set at 3 mm and 21 mm/sec respectively.

During the soldering process the wetting interaction was dominated by three surface
energies namely the surface energy of the substrate/flux ysg, surface energy of the
substrate/liquid solder interfacial area ysi and the surface energy of the liquid solder/flux
vLr. The equilibrium contact angle was measured with the help of these three surface

energies through the Young-Dupré equation

YsF= YsL + YLF cOSO, 4.1)
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4.2.2 Substrate Preparation

Pure (99.99%) Cu and Ni were cut from rolled plain sheet materials into rectangular
specimens. They were then flattened. Before conducting the wetting balance tests, the
substrates were degreased with a 1:1 solution of HCL and deionised water for 1-3
minutes. Finally, they were cleaned using ethanol and dried to remove any contamination.

These substrates were then coated with flux and used for the tests.
4.2.3 Solders and Fluxes

The Sn-2.8Ag-0.5Cu, Sn-2.8Ag-0.5Cu-1.0Bi, Sn-0.7Cu and Sn-0.7Cu-0.3Ni lead-free
solders with melting temperatures of 218, 214, 227 and 227 °C respectively were assessed
for their wettabilities. The Sn-37Pb solder which has the eutectic temperature of 183 "C
was also studied for comparison. For simplicity, these solders will be called the Sn-Ag-
Cu, Sn-Ag-Cu-Bi, Sn-Cu, Sn-Cu-Ni and Sn-Pb solders. Three fluxes were used to
evaluate the wettability for different solder/flux systems; they are the NC (no-clean), R
(non-activated) and the WS (Water Soluble) type. The surface tensions of these fluxes are

370 mN/m, 445 mN/m and 415 mN/m.
4.2.4 Analysis of Microstructures

The microstructures at the interface between solder and substrate were investigated
through a Philips XL 40 FEG scanning electron microscope (SEM) equipped with an
energy dispersive X-ray spectrometer (EDX). The samples were prepared by dipping the
test coupons into molten solders and then they were taken out to cool to room
temperature. They were then mounted using resin and hardener and cured at room
temperature. They were then mechanically ground and polished in order to obtain fine
cross sections of the solder/substrate interfaces. Finally, the cross-sectioned samples were

gold-coated and ready for the SEM/EDX analysis.
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4.2.5 Dissolution of Substrates into Solder during Wetting

In order to study the dissolution of substrates in molten solders, solder/Cu and solder/Ni
reaction couples were prepared through the wetting balance tests as described above. Pure
(99.99%) Cu and Ni of thickness 0.22 mm were used as substrate. Sn-2.8Ag-0.5Cu, Sn-
2.8Ag-0.5Cu-1.0Bi, Sn-0.7Cu and Sn-0.7Cu-0.3Ni lead-free solders were used for
soldering. Sn-37Pb solder was also used as a reference soldering material. A commercial
NC flux was used in this experiment. The tests were performed with the soldering
temperatures of 255, 275 and 295 °‘C and the total reaction time was 10 s. The

microstructures of solder/substrate interfaces were investigated as described in section

4.2.4.

4.2.6 The Growth of IMC Layer during Isothermal Aging

A number of Cu-substrates with NC-flux were dipped in molten Sn-2.8Ag-0.5Cu, Sn-
2.8Ag-0.5Cu-1.0Bi, Sn-0.7Cu and Sn-0.7Cu-0.3Ni lead-free solder baths at 255 “C. The
samples were then aged isothermally in a high-temperature oven for 2, 6, 10 and 14 days
respectively. The temperature inside the oven was maintained at 150 *C with a maximum
variation of + 1 °C. The growth of the IMC layer was investigated through the

microstructural analysis as described in section 4.2.4.

4.3 Computer Modelling Procedures

4.3.1 Wetting Balance Tests

Computer modelling of the wetting balance test was carried out using the software
SURFACE EVOLVER [67]. The dimensions of the test specimens used in the modelling
work were the same as that of the experiment. The contact angles measured from the
wetting balance tests were used in the modelling to estimate the corresponding maximum

wetting forces and the meniscus heights. The solution of the computer model in Figure 4-
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4.4 Results and Discussions

4.4.1 Wetting Behaviours of Pb and Pb-free Solders on Cu and Ni

Substrates

4.4.1.1 Wetting Behaviours of Sn-2.8Ag-0.5Cu-1.0Bi Lead-free Solder
and Sn-37Pb Solder on Cu and Ni Substrates

The maximum wetting forces as a function of solder bath temperatures for Cu-substrate
are shown for three fluxes in the Figures 4-5 (a), (b) and (c). Experimental and modelling
results are shown in the figures as the measured and the estimated respectively. From
these three figures, it is evident that the experimental and the modelling results show very
good agreement. For all the three-fluxes, the eutectic Sn-Pb solder system has the higher
wetting force than the Sn-Ag-Cu-Bi solder system. Figure 4-5(a) for NC-flux reveals that
there is no significant increase in the wetting force for Sn-Pb solder when the temperature
increases from 255 °C to 295 °C. The maximum wetting force for Sn-Ag-Cu-Bi solder is
highly dependent on the solder bath temperatures. When the temperature changes from
255 °C to 295 °C the wetting force increases from 1.84 mN to 2.38 mN. However, the
maximum wetting forces for both the eutectic Sn-Pb and the Sn-Ag-Cu-Bi solders with
WS-flux have increased noticeably with the increase of the solder bath temperature.
Figure 4-5(c) reveals that at 255, 275 and 295 °C temperatures, the maximum wetting
forces are 2.62 mN, 2.77 mN and 3.15 mN respectively for eutectic Sn-Pb solder and
1.84 mN, 1.95 mN and 2.45 mN respectively for Sn-Ag-Cu-Bi solder. Therefore, the
increase in the reflow temperature results in better wettability with NC and WS fluxes.
When R-type flux is used as shown in Figure 4-5(b), the maximum wetting force
increases with the increase in the solder bath temperature for eutectic Sn-Pb solder
whereas Sn-Ag-Cu-Bi solder exhibits similar wetting force for 275 *C and 295 °C
temperatures. Hence, R-type flux may not be suitable for efficient soldering with the lead

free Sn-Ag-Cu-Bi solder.
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The maximum wetting forces for Sn-Ag-Cu-Bi solder in comparison with Sn-Pb solder
are shown in Figures 4-6 (a), (b) and (c) for Ni substrate. In the case of NC-flux as shown
in Figure 4-6(a), there is no difference in maximum wetting forces for Sn-Pb solder at
255 and 275 °C temperature, whereas Sn-Ag-Cu-Bi solder notices the increase in the
maximum wetting force values from 0.137 mN to 0.270 mN for these two temperatures.
In the case of 295 °C temperature both Sn-Ag-Cu-Bi and Sn-Pb solders exhibit better
wettability by showing the maximum wetting forces as 0.455 mN and 0.778 mN

respectively.

Negative wetting force i.e. non-wetting regardless the solder-types and solder bath
temperatures occurred when the R-type flux is used as shown in Figure 4-6 (b). Here, the
wetting force curves for both Sn-Ag-Cu-Bi and Sn-Pb solders move from negative to

zero/positive wetting force with the increase in the solder bath temperature.

Figure 4-6 (c) shows that the WS-flux results in the best wettability among the three-
fluxes on Ni-Substrate. For the Sn-Pb solder, the maximum wetting force increases when
the solder bath temperature increases from 255 to 275 °C but it decreases when the
temperature increases from 275 °C to 295 °C. The wettability of the Sn-Ag-Cu-Bi solder
increases with the bath temperature it has slightly better wettability than the eutectic Sn-

Pb solder at 295 °C solder bath temperature.

The maximum wetting forces and corresponding meniscus heights are estimated through
the computer modelling by varying the parameters such as substrate perimeters,
immersion depths. The results are shown in Figures 4-7 and 4-8. Equation (4.2) implies
that when the contact angle 0. increases, the surface tension force decreases. If the
wettability is very poor, 8. will be large and wetting force may become negative.
According to equation (4.2), it is evident that the surface tension force is the product of
substrate perimeter P, and the solder/flux surface tension yir and the cosine value of
contact angle .. Figure 4-7 exhibits the dependency of the wetting force and the

meniscus height on the perimeter (P) of the substrate.
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In this simulation, the perimeter value is controlled by changing the width of the
substrate. The result shows that for wider substrate both the wetting force and the
meniscus height increase. Potentially meniscus height measurement can be used to
estimate the wettability but according to this modelling result the shape of the specimen
can affect the results. The eftect of the immersion depth has also been modelled. Figure
4-8 shows that increasing the immersion depth results in decreased wetting force. This is

caused by the increase of the buoyancy force as the immersion depth increases.

4.4.1.2 Wetting Behaviours of Sn-2.8Ag-0.5Cu and Sn-2.8Ag-0.5Cu-
1.0Bi Solders on Cu and Ni Substrates

Figure 4-9 shows the typical force-time curves for the NC-flux with Cu and Ni substrates
where the solder bath temperature was 255 °C. Based on the wetting force data, the
contact angles can be calculated and used as another measure of the solders’ wettability
for the particular flux/substrate used. Figure 4-10 represents the typical contact angle-
time curves for NC-flux with Cu and Ni substrates respectively for a solder bath
temperature of 255 °C. These curves are the results of Equation (4.2) and they clearly

show that when the wetting force increases the contact angle decreases.

In Figure 4-11, two solder surface profiles are shown. One is for an ad hoc wettable
system with a wetting angle of 10° and the other is for a nonwettable system with a
wetting angle of 120°. For the wettable system (Figure 4-11a), the molten solder climbs
up the substrate. For the non-wetting system (Figure 4-11b), meniscus height is negative
and the wetting force is also negative. Lopez et al [114] has given a wettability guide
using the contact angle values (see Table 4-1). According to this guide, the wetting is
perfect when the contact angle is less than 10° and it’s poor when the contact angle 1s

greater than 55°.
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Figure 4-12(a) shows the contact angles for the NC-flux/Cu substrate system. It is found
that the contact angles for Sn-2.8 Ag-0.5Cu-1.0Bi and Sn-2.8Ag-0.5Cu solders at 255 °C
are 49° and 56° respectively whereas these values become as 41° and 45° respectively
when the solder bath temperature increases to 275 °C. When the solder bath temperature
increases to 295 °C, the contact angle is 30° for the Sn-2.8 Ag-0.5Cu-1.0Bi solder and 39°
for the Sn-2.8Ag-0.5Cu solder. For all solder bath conditions, Bi-containing solder gives
lower contact angles. According to the guideline in Table 4-1, very good wetting can be

achieved with the Bi-containing solder if the soldering can be performed at temperatures

higher than 295 °C.

Figure 4-12(b) shows the contact angles for the R-type flux. The contact angles for the
Sn-2.8Ag-0.5Cu solder are surprisingly high in comparison with the Sn-2.8Ag-0.5Cu-
1.0Bi1 solder. The contact angles of Sn-2.8Ag-0.5Cu solder for 255, 275 and 295 °C
solder bath temperatures are 70, 68 and 61 degrees respectively whereas these values for
Sn-2.8Ag-0.5Cu-1.0Bi solder are 56, 51 and 51 degrees respectively. According to
Table 4-1 it can be said that the wettability of Sn-2.8Ag-0.5Cu solder with the R-type
flux is poor. Therefore, an addition of 1wt% Bi into the Sn-2.8 Ag-0.5Cu solder may help
to achieve adequate wetting with R-type flux. Figure 4-12(c) represents the wetting
behaviour of these two lead-free solders with WS-flux where similar trend in the contact
angles with the increase of solder bath temperature has been presented. In this case, the

Sn-2.8Ag-0.5Cu-1.0Bi solder exhibits better wettability than the Sn-2.8Ag-0.5Cu solder.

Contact angles for the Sn-2.8Ag-0.5Cu and Sn-2.8Ag-0.5Cu-1.0Bi solders on Ni
substrate with three different solder bath temperatures with NC-flux are shown in Figure
4-13(a). Contact angles of Sn-2.8Ag-0.5Cu and Sn-2.8Ag-0.5Cu-1.0Bi solders at 255 °C
are 83 and 85 degrees respectively whereas these values are 78 and 80 degrees
respectively for 275 °C bath temperature. For the Sn-2.8Ag-0.5Cu solder, the contact
angle decreases rapidly as the bath temperature is increased to 295 °C and the contact
angle decreases from 78 to 58°. At this temperature, the Sn-2.8Ag-0.5Cu-1.0Bi solder has

a very large contact angle of 73 degree, which is a sign of relatively poor wetting.
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When the R-type flux is used, both solders exhibit very large contact angle with the
indication of non-wetting. Though the contact angles for both solders decrease with the
increase of solder bath temperature as shown in Figure 4-13(b), the improvement in the
wetting behaviour is not very significant. Therefore, it can be said that the R-type flux
may not be suitable for soldering purposes with the Sn-2.8Ag-0.5Cu and the Sn-2.8Ag-
0.5Cu-1.0Bi1 solders.

It is believed that the addition of Bi into the Sn-2.8Ag-0.5Cu solder could enhance its
wettability on the Ni-substrate and this expectation does not come true for either NC or
R-type fluxes. However, the expected results have been documented for WS-fluxes as
shown in Figure 4-13(c). The contact angles at 255 °C are 74 and 64 degrees for the
Sn-2.8Ag-0.5Cu and the Sn-2.8Ag-0.5Cu-1.0Bi solders respectively. When the solder
bath temperature is increased to 275 °C the contact angle is 65° for the Sn-2.8Ag-0.5Cu
solder and 49° for the Sn-2.8Ag-0.5Cu-1.0Bi solder. At a bath temperature of 295 °C, the

contact angles are 58 and 41 degrees for the two solders.

The modelling results for the wetting balance test shown in Figure 4-14 reveal that
increase in the contact angle results in the decrease in the wetting force and the meniscus
height. This happens because the cosine value of large contact angle produces negative
surface tension force, which in tern lowers the total wetting force. The dependency of the
meniscus height on the contact angle is clearly shown in Figure 4-15. The effects of
solder bath depth have also been investigated and as expected wetting forces are not

dependent on this parameter.

When solder bath radius changes the wetting force still remains unchanged but shown in
Figure 4-16 the meniscus height decreases. This means that wetting force is not sensitive

to bath size but the bath radius needs to be sufficiently large to achieve constant meniscus

height.
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is raised to 295 °C. For this temperature, the maximum wetting forces are recorded as
1.65 mN for Sn-Cu solder and 2.05 mN for Sn-Cu-Ni solder. Therefore, higher soldering
temperature increases the wetting forces and enhances the wetting properties. Similar
trend has been observed for solders when WS flux is used as shown in Figure 4-17(c).
For the 255 °C bath temperature, the maximum wetting forces for Sn-Cu and Sn-Cu-Ni
solders are 1.33 mN and 1.48 mN respectively. The maximum wetting force increases
from 1.58 mN to 1.71 mN for Sn-Cu solder when the solder bath temperature is increased
from 275 °C to 295 °C. For a similar increase in the solder bath temperature, the

maximum wetting force for Sn-Cu-Ni solder increases from 1.75 mN to 1.96 mN.

It is evident from Figure 4-17(a) and (c) that the wettability of Sn-Cu-Ni solder is higher
than that of the Sn-Cu solder, but as shown in Figure 4-17(b) for the R-type flux the
opposite is true. This figure reveals that wettability of Sn-Cu-Ni solder is less than that of

Sn-Cu solder for all the temperatures.

Figure 4-18 shows the maximum wetting forces of Sn-Cu and Sn-Cu-Ni solders with Ni
substrate. Figure 4-18(a) represents the wetting forces for NC flux with three different
solder bath temperatures. It has been found that when the solder bath temperature is
255°C the maximum wetting force is 0.19 mN for the Sn-Cu solder and 0.29 mN for the
Sn-Cu-Ni solder. As solder bath temperature increases the wettability of both solders
increases. However, negative wetting forces are recorded i.e. non-wetting has occurred
when R-type flux is used as shown in Figure 4-18(b). Although both solders are non-
wettable on Ni substrate with R-type flux, the Sn-Cu solder is much worse than the Sn-
Cu-Ni solder. Higher solder bath temperature helps the wetting forces to rise towards
positive values. Figure 4-18(c) represents the maximum wetting forces with WS-flux. At
above 275 °C, a further increase in solder bath temperature doesn’t improve the

wettability of the Sn-Cu solder but it improves the wettability of the Sn-Cu-Ni solder.

78












Chapter-4: Study of Interconnections formed with Lead-free Solder Alloys

The contact angles of Sn-Cu and Sn-Cu-Ni solders with three different fluxes and three
bath temperatures are shown in Figure 4-19 for Cu substrate and in Figure 4-20 for Ni
substrate. In general, the NC flux gives the lowest contact angles with Cu substrate and
WS flux gives the lowest contact angles with Ni substrate for both solders at all three
solder bath temperatures. Therefore, it can be concluded that NC flux is suitable for Cu
substrate, WS flux is suitable for Ni substrate, and the R-flux is not suitable for Ni
substrate. Moreover, the addition of 0.3wt% Ni into the Sn-0.7Cu solder can improve the

wettability.

4.4.1.4 Discussions

The wetting force is one of the most important parameters that determine the quality of
the wetting reaction and the bond quality. The Ad-Hoc IPC/EIA Steam Aging Task
Group suggests that adequate soldering can be achieved with parts showing a wetting
force of 150 uN/mm whereas others have suggested that a wetting force need only be
positive for good soldering [38]. Therefore, based on the results presented in Figures 4-5,
4-6, 4-17 and 4-18 it can be concluded that the newly developed Sn-2.8Ag-0.5Cu-1.0Bi
and Sn-0.7Cu-0.3Ni solders are wettable on the Cu and the Ni substrates when the NC
and WS fluxes are used but they are not wettable when the R-type flux is used. In most
cases, the wettability can be improved by increasing the solder bath temperature. In order
to understand these findings, it is useful to discuss about the role of flux, solder bath
temperature and surface tensions on the wettability of Sn-2.8Ag-0.5Cu-1.0Bi and Sn-
0.7Cu-0.3Ni solders.

The purpose of the flux is to remove the tarnish film from the substrate surface to provide
a clean and non-oxidized surface so that the substrate can be properly wetted by the
molten solder. This is achieved by a component in the flux that, after the solvent has
evaporated and the solids of the flux are molten, forms a continuous film over the
surfaces that inhibits access of oxygen to the hot metal surfaces of the substrates. This

property is only related to the chemical nature of the flux and the additives and
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independent of the solid contents of the flux [116]. The R-type flux is a non-activated
rosin flux with only pure colophony in a solvent [36]. For example, the R-type flux
consists of 40% pure water-white rosin in alcohol [38]. The pure colophony of R-type
flux exhibits a weak cleaning action due to its one ~COOH group in its large molecule
[36]. Therefore, only very thin tarnish layers can be removed from the substrate surfaces
and results in poor wetting. In electronics packaging, the R-type flux tends to be left as
residues at the solder-substrate interface after the soldering and these flux residues
degrade the electrical performance of the solder joint. According to Equation (4.1) (6. =
cos [{ysr. ysL}/ Yir]) the contact angle decreases if the substrate-flux interfacial tension
Ysk increases and/or the solder-flux interfacial tension yir decreases. Since yg is
determined by the solder-substrate interface metallurgy only and it is insensitive to the
flux [117], the contact angle is dominated by the type of flux. In this work the R-type flux
results in a solder-flux interfacial tension of 445mN/m that is higher than other two fluxes
and this is why the contact angles are high and the wetting forces become negative

(Figures 4-6b & 4-18b) regardless the solder bath temperatures.

Figures 4-12, 4-13, 4-19 and 4-20 reveal that comparatively NC-flux result in lower
contact angle values than R-flux or WS—flux regardless the solder types and the
temperatures for Cu-substrate. For Ni substrate, the WS flux performs the best for both
the solders. For both the Cu and the Ni substrates the R-flux shows the worst
performance. The NC flux possesses the lowest solder-flux interfacial tension value
(370mN/m) among the three fluxes and this is thought to be responsible for the best
wetting performance on the Cu substrates. The WS-flux provides high fluxing activity
because it contains: (i) a chemically reactive compound that cleans the substrate surface,
(ii) a wetting agent that helps to spread the flux components over the substrate surface. It
also contains a solvent such as alcohol or water that provides an even distribution of flux
components over the substrate surfaces. The glycols or water-soluble polymer materials
of the WS flux provide close contact between the activator and the substrate surface for
heat conduction [36]. Because of these characteristics, the WS flux has resulted in the
best wettability for Ni substrate despite it having a higher solder-flux interfacial tension

(415mN/m) than NC-flux. As for the R-type flux, its poor cleaning capability and the
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higher solder-flux interfacial tension (445mN/m) is responsible for its worst
performances. From figures 4-12, 4-13, 4-19 and 4-20, it is also evident that higher solder
temperature improves the wettability as the contact angles decrease for all fluxes. This is
because of the thermally induced changes to the molecular structure of flux that lowers
the yLr value and improves its oxide removal capacity Moreover, the surface tensions of
tin, lead and solder alloys generally decreases as the temperature increases and shows a
continuous smooth exponential function from the high surface tension component (for

example Sn) to the low (for example Pb) [38].

4.4.2 Reactions of Cu and Ni Substrates with Solders during the
Wetting Balance Tests

4.4.2.1 Dissolution of Substrates into Molten Solders

During the wetting balance tests, chemical and metallurgical reactions take place when
substrates come into contact with molten solder. The reactions cause continuous atomic
diffusion from the substrate into solder. As a result, the substrate materials dissolve into
solder and the thicknesses of the substrates decrease. The substrate dissolution rate
depends on a few factors such as the solder volume, the solder bath temperature, the
duration of the soldering, the chemical activities of the flux used, and the solid solubility

of the substrate material in the molten solder, etc.

The Nernst-Shchukarev equation describes the dissolution process of any solid (for
example, Cu or Ni) in a liquid (for example, liquid solder) [118]. The differential form of

this equation is

dc S
—=k—\c,-c 4.4
=kle,~0) (44
where, c¢ is the instantaneous concentration of the dissolved Cu or Ni, ¢ is the time, c; is

the saturation concentration or the solubility limit of Cu or Ni at a given temperature, & is
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the dissolution rate constant, s is the surface area of Cu or Ni substrates in contact with
the liquid solder, v is the volume of the entire liquid solder.

Mannan et al [119] has pointed out that equation (4.4) is applicable only for the stable
solubility condition where ‘¢’ doesn’t exceed ‘c’. But in reality, ¢ exceeds c¢; at
metastable solubility condition. Therefore, the stable solubility limit ¢, (obtained from
equilibrium phase diagram) should be replaced by metastable solubility limit ¢, (where c;
> ¢ > ¢;). However, at the beginning of the reactions, i.e. ¢ = 0, the instantaneous
concentration, ¢ of Cu or Ni should be equal to 0. Therefore, replacing ¢, by c, the

integral form of the equation (4.4) gives
¢ =c,[l —exp(-kst/v)| (4.5)

The logarithmic form of this equation is

h{ C2 }zkst/v (4.6)

c,—¢C

Therefore, the dissolution rate constant, k can be expressed as

_ ln[cz /(cz —c)]
k = v 4.7)

The above equations indicate that the whole dissolution process depends on ¢, the super
saturation concentration or the metastable solubility limit of Cu or Ni at a given
temperature, and k, the dissolution rate constant. Since at constant pressure, the saturation
concentration only depends upon the temperature [118], the dissolution rate of Cu or Ni is
expected to increase as the soldering temperature increases. From equation (4.7) it is clear
that for constant values of s, ¢ and v, the dissolution rate depends on the value of (¢, — ¢).
The dissolution rate k decreases with time as c¢ increases with the continuous diffusion of
Cu or Ni atoms. Therefore, for any constant reaction temperature, initially the
consumption/dissolution of Cu or Ni substrate by the molten solder is higher and then
decreases gradually over time and eventually follows the parabolic path [103]. In this
work, the dissolution of the solid substrates into molten solder has been measured for

three different temperatures and a fixed period time. The main aim of this dissolution
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It has been found that the dissolution, which is much higher for Cu than that for Ni,
increases with the increase in the soldering temperature. At 255, 275 and 295 °C
soldering temperatures, the dissolved Cu thicknesses are 0.36, 0.63 and 0.87 pm
respectively whereas the dissolved Ni thicknesses are 0.22, 0.27 and 0.31 pm
respectively. Kim et al [103] found that the dissolution of Cu into Sn-Pb solder at 240 °C

for 10 s reactions is 0.32 pm which is very close to what has been found here for the

temperature of 255 °C.

4.4.2.1.2 Dissolution of Cu and Ni Substrates into Sn-2.8Ag-0.5Cu and
Sn-2.8Ag-0.5Cu-1.0Bi Solders

The dissolved Cu and Ni thicknesses into the molten Sn-2.8Ag-0.5Cu and Sn-2.8Ag-
0.5Cu-1.0Bi solders during wetting reactions are shown in Figure 4-22(a) and (b). As
shown in Figure 4-22, dissolutions of both the Cu and the Ni are higher for these two
lead-free solders than that of the conventional Sn-Pb solder. Since the dissolution of the
substrates for these two lead-free solders are higher, the formation of IMCs should be
higher compared to the Sn-Pb solder. This will be discussed in the following sections.
Figure 4-22(a) reveals that Sn-2.8 Ag-0.5Cu-1.0Bi solder dissolves less Cu than that of
the Sn-2.8Ag-0.5Cu solder. The dissolution of Cu in the Sn-2.8Ag-0.5Cu solder is almost
two times higher than that in the Sn-2.8Ag-0.5Cu-1.0Bi solder. The dissolution rate
increases with the increase in the soldering temperature. Kim et al [103] reported that
since the amount of Cu is limited and some Cu must remain after all the reflows and
subsequent reworks to avoid dewetting, the understanding of the consumption of Cu is
very important. Based on our investigation, it can be said that the addition of Bi into the
Sn-2.8Ag-0.5Cu solder can help reduce the consumption of Cu. Similar conclusion can
be made about Ni-substrate as well since the results shown in Figure 4-22(b) reveals that
the dissolution of Ni into the Sn-2.8Ag-0.5Cu-1.0Bi solder is less than that in the Sn-
2.8Ag-0.5Cu solder. The results also show that the dissolution of the Ni is much lower
than that of the Cu for both lead-free solders. Other researchers [120][121] have found

the similar results for Sn-Pb and Sn-Ag-Cu solders.
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4.4.2.1.3 Dissolution of Cu and Ni Substrates into Sn-0.7Cu and Sn-
0.7Cu-0.3Ni Solders

Figure 4-23(a) shows the dissolution of Cu substrates in the Sn-0.7Cu and Sn-0.7Cu-
0.3Ni molten solders. At 255 °C solder bath temperature, Sn-0.7Cu solder can dissolve
around 0.70 um Cu whereas Sn-0.7Cu-0.3Ni solder dissolves around 0.67 pm Cu. With
the increase in the solder bath temperature, more Cu can be dissolved into the molten
solder. At 275 and 295 °C, the dissolved Cu thickness can be as high as 0.75 and 0.81 um
respectively for Sn-0.7Cu solder and 0.72 and 0.76 um respectively for Sn-0.7Cu-0.3Ni
solder. Figure 4-23(b) shows the dissolution of Ni into these two solders at three different
solder bath temperatures. From this figure it is evident that the dissolution of Ni also
increases with soldering temperature. The dissolved Ni into the Sn-0.7Cu solder has been
found to be 0.31, 0.38 and 0.44 um respectively at 255, 275 and 295 °C whereas the
dissolved Ni in the Sn-0.7Cu-0.3Ni solder has been found to be 0.27, 0.36 and 0.40 um
respectively at the three soldering temperatures. Therefore, it is clear that the dissolutions
of the substrates increase with the increase in the soldering temperature and the rate of
increase is higher for the Sn-0.7Cu solder than for the Sn-0.7Cu-0.3Ni solder. It is also
evident from Figure 4-23(a) and (b) that the dissolution is higher for the Cu substrate than
that for the Ni substrate. Kim et al [103] has reported that dissolution mainly occurs
through the channels between the grains at the solder-substrate interface and the
dissolution rate is very important to determining the processing parameters and their
limits of solder joints on thin-film metallization in electronic packaging. Therefore, the
understanding of the effects of adding Bi or Ni on the dissolution behaviour of lead-free
solders is very important. In previous section, it has been seen that higher soldering
temperature enhances the wettability but it is now clear that soldering temperature
increase also speeds up dissolution of the substrate materials, possibly caused by the
enhanced chemical reaction and/or an increase in the number of diffusion channels in the
IMC layer. Since the dissolution is less for Sn-2.8Ag-0.5Cu-1.0Bi solder in comparison
with Sn-2.8Ag-0.5Cu solder and for Sn-0.7Cu-0.3Ni solder compared to the Sn-0.7Cu
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4.4.2.2 IMC formations of Sn-Pb and Pb-free Solders on Cu and Ni
Substrates during Wetting

When molten solders wet the surface of solid Cu or Ni substrate, the dissolution of Cu or
Ni into the liquid solders causes the formation of IMC layer at the solder-substrate
interface. The presence of IMC is a sign of good wetting and metallurgical bonding; but
excessive IMC deteriorates the solder joint quality and reduces the life span. Lee et al
[122] has found that the joint strength of SnPb/Cu and Sn/Cu systems decreases due to an
increase in IMC thickness. Chen et al [123] has also found that the fracture site during a
tensile test shifts from the solder matrix to the IMC layer that is formed with a long
reaction time and a significant degradation of the tensile properties occurred for the Sn/Ni
and Sn-0.7Cu/Ni joints.

Reactive properties and IMC formations of lead-free solders such as Sn-Ag and Sn-Cu
solders are extremely sensitive to the concentrations of the alloying elements [111].
Moreover, as it has been reported by Wu et al [100], alloying strongly affects the melting
temperature and the creep behaviour. Therefore, the addition of the third or fourth
element into the well known Sn-Cu and Sn-Ag-Cu solders may result in the criterion
described in section 4.1 not being met. It has already been seen in earlier sections that an
addition of 1 wt% Bi into Sn-2.8Ag-0.5Cu solder or 0.3wt% Ni into Sn-0.7Cu solder
enhances the wettability and reduces the substrate consumptions. In the following
sections, the effect of adding 1wt% Bi into Sn-2.8 Ag-0.5Cu solder and 0.3wt% Ni into
Sn-0.7Cu solder on the IMC formations during the wetting balance tests will be

discussed.

4.4.2.2.1 IMC formations of Sn-37Pb Solder on Cu and Ni Substrates

In this section the characteristics of IMC layers in the Sn-Pb/Cu and Sn-Pb/Ni soldering
systems are analyzed. Figure 4-24 shows the microstructures of Sn-Pb solders with Cu

and Ni substrates. An EDX analysis has indicated that Pb is not present along the
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4.4.2.2.2 IMC formations of Sn-2.8Ag-0.5Cu and Sn-2.8Ag-0.5Cu-
1.0Bi Solders on Cu and Ni Substrates

Figure 4-25 shows the IMC layers at the solder/Cu interface for different soldering
temperatures. Table 4-2 shows that the thicknesses of the IMC layers for Sn-2.8 Ag-0.5Cu
and Sn-2.8Ag-0.5Cu-1.0Bi solders at 255 °C are 1.52 um and 1.01 pm respectively
(Figure 4-25a(i) & a(ii)). Figure 4-25b(i) & b(ii) reveal that an increase in the bath
temperature from 255 to 275 °C results in an increase in the IMC layer thicknesses to
2.23 um and 1.57 um respectively for these two solders. If the solder bath temperature is
295 °C, the IMC layer thickness increases dramatically to 3.26 um for Sn-2.8Ag-0.5Cu
solder (Figure 4-25¢(i)). However, at this temperature, the IMC thickness for Sn-2.3Ag-
0.5Cu-1.0Bi solder is 1.64 pm. Therefore, an increase in the solder bath temperature
results in an increase of the IMC layer thickness and the rate of increase is greater for the
Sn-2.8Ag-0.5Cu solder than for the Sn-2.8Ag-0.5Cu-1.0Bi solder. As shown in Figure 4-
26, similar trend has been found with the Ni substrate. Table 4-2 shows that the IMC
layer thicknesses for Sn-2.8Ag-0.5Cu solder are 0.668 pm, 0.860 pm and 0.908 pm
respectively at 255, 275 and 295 °C solder bath temperatures, and at these three
temperatures the IMC thicknesses for Sn-2.8Ag-0.5Cu-1.0Bi solder are 0.669 um, 0.810
um and 0.890 pm respectively. Since the dissolution rate of Ni in molten solder is smaller
compared to that of Cu (Figure 4-21, 22, 23), the thickness of IMC layer on Ni is also

smaller compared to that on Cu.

Table 4-2: Growth of IMC layer during soldering of SnAgCu and SnAgCuBi solders

Soldering IMC Thickness (um)
Temperature
O Cu Substrate Ni Substrate
SnAgCu SnAgCuBi | SnAgCu SnAgCuBi
255 1.52 1.01 0.668 0.669
275 2.23 1.57 0.860 0.810
295 3.26 1.64 0.908 0.890
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Figure 4-28 represents the morphology of Sn-Ag-Cu solder after dipping the Cu and Ni
substrate into it. Similar to the Sn-Ag-Cu-Bi solder, the sizes of IMC in the bulk of this
solder increases with the increase of the soldering temperature. However, the rates of
IMC growth with both the Cu and the Ni substrates during soldering are higher for the
Sn-Ag-Cu solder than for the Sn-Ag-Cu-Bi solder.

4.4.2.2.3 IMC formations of Sn-0.7Cu and Sn-0.7Cu-0.3Ni Solders on
Cu and Ni Substrates

Figure 4-29 represents the solder-Cu interfaces after dipping into Sn-Cu and Sn-Cu-Ni
solders at 255, 275 and 295 °C soldering temperatures. An EDX analysis has confirmed
that the IMC formed at the SnCu/Cu interface is CugSns whereas (CuNi)sSns is found at
the SnCuNi/Cu interface. The atomic percentage of Ni in the (CuNi)¢Sns compound is
around 3.23 - 3.66. Since Sn has a higher affinity of Cu [124], Sn supplied from the
solder matrix reacts with Cu (supplied from the solder itself and from the substrate) to
form CugSns compounds. In the case of Sn-Cu-Ni solder, it is believed that Ni from the
solder matrix has diffused into the solder-Cu interfaces which in turn has formed the
(CuNi)sSns compounds. Similar compounds for SnCuNi/Cu soldering systems have been
found by other researchers [110][125]. As it has been repor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>