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I 

ABSTRACT 

 

Conventional tin-lead solder alloys have been widely used in electronics 

interconnection owing to their properties such as low melting temperature, good 

ductility and excellent wettability on copper and other substrates. However, due to the 

worldwide legislation addressing the concern over the toxicity of lead, the usage of 

lead-containing solders has been phased out, thus stimulating substantial efforts on 

lead-free alternatives, amongst which eutectic Sn-Ag and Sn-Cu, and particularly Sn-

Ag-Cu alloys, are promising candidates as recommended by international parties. To 

meet the increasing demands of advanced electronic products, high levels of 

integration of electronic devices are being developed and employed, which is leading 

to a reduction in package size, but with more and more input/output connections. Flip 

chip technology is therefore seen as a promising technique for chip interconnection 

compared with wire bonding, enabling higher density, better heat dissipation and a 

smaller footprint. This thesis is intended to investigate lead-free (eutectic Sn-Ag, Sn-

Cu and Sn-Ag-Cu) wafer level solder bumping through electrodeposition for flip chip 

interconnection, as well as electroplating lead-free solderable finishes on electronic 

components. The existing knowledge gap in the electrochemical processes as well as 

the fundamental understanding of the resultant tin-based lead-free alloys 

electrodeposits are also addressed. 

For the electrodeposition of the Sn-Cu solder alloys, a methanesulphonate based 

electrolyte was established, from which near-eutectic Sn-Cu alloys were achieved 

over a relatively wide process window of current density. The effects of 

methanesulphonic acid, thiourea and OPPE (iso-octyl phenoxy polyethoxy ethanol) as 

additives were investigated respectively by cathodic potentiodynamic polarisation 

curves, which illustrated the resultant electrochemical changes to the electrolyte. 

Phase identification by X-ray diffraction showed the electrodeposits had a biphasic 

structure (β-Sn and Cu6Sn5). Microstructures of the Sn-Cu electrodeposits were 

comprehensively characterised, which revealed a compact and crystalline surface 

morphology under the effects of additives, with cross-sectional observations showing 

a uniform distribution of Cu6Sn5 particles predominantly along β-Sn grain boundaries. 



II 

The electrodeposition of Sn-Ag solder alloys was explored in another pyrophosphate 

based system, which was further extended to the application for Sn-Ag-Cu solder 

alloys. Cathodic potentiodynamic polarisation demonstrated the deposition of noble 

metals, Ag or Ag-Cu, commenced before the deposition potential of tin was reached. 

The co-deposition of Sn-Ag or Sn-Ag-Cu alloy was achieved with the noble metals 

electrodepositing at their limiting current densities. The synergetic effects of 

polyethylene glycol (PEG) 600 and formaldehyde, dependent on reaching the cathodic 

potential required, helped to achieve a bright surface, which consisted of fine tin 

grains (~200 nm) and uniformly distributed Ag3Sn particles for Sn-Ag alloys and 

Ag3Sn and Cu6Sn5 for Sn-Ag-Cu alloys, as characterised by microstructural 

observations. Near-eutectic Sn-Ag and Sn-Ag-Cu alloys were realised as confirmed 

by compositional analysis and thermal measurements. 

Near-eutectic lead-free solder bumps of 25 μm in diameter and 50 μm in pitch, 

consisting of Sn-Ag, Sn-Cu or Sn-Ag-Cu solder alloys depending on the process and 

electrolyte employed, were demonstrated on wafers through the electrolytic systems 

developed. Lead-free solder bumps were further characterised by material analytical 

techniques to justify the feasibility of the processes developed for lead-free wafer 

level solder bumping. 

Key words: Lead-free solder alloys, electrodeposition, wafer level solder bumping, 

flip chip interconnection. 
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Context of the Research 

 

One of the significant trends in electronic products today include making them lighter, 

smaller and faster, as well as being more functional, reliable, environmentally friendly. 

On one hand, to comply with the environmental restrictions introduced by worldwide 

legislation, such as the Directive on Treatment of Waste from Electrical and 

Electronic Equipment (WEEE) and the Directive on the Restriction of Hazardous 

Substances in Electrical and Electronic Equipment (RoHS) issued by the European 

Council, removal of lead from electronic products been in progress, addressing the 

toxicity concerns of lead over the extensive usage of conventional tin-lead solder 

alloys. On the other hand, compared to wire bonding which is currently the dominant 

chip interconnection technique, flip chip interconnection has seen fast growth in 

recent years, as it enables higher density of interconnect, the shortest possible leads, 

as well as the smallest device footprint and the lowest profile after packaging. 

However, efficient wafer level solder bumping is one of the critical processes in 

achieving this chip interconnection approach while having such merits as above. 

Research Aims and Objectives 

This thesis is focused on the investigation of lead-free solder bumping at wafer level 

for flip chip interconnection through electrodeposition, as well as applying the 

developed electrochemical process for lead-free solderable finishes on electronic 

components. The existing knowledge gap in the electrolytic systems studied as well as 

the fundamental understanding of the resultant tin-based lead-free alloys 

electrodeposits are also addressed. The objectives and tasks are therefore formulated: 

1. To develop and characterise the electrochemical deposition process for the 

electrodeposition of near-eutectic Sn-Ag, Sn-Cu and Sn-Ag-Cu solder alloys. 

2. To fully characterise the electrodeposits from different bath systems under varying 

process conditions. 
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3. To apply the developed electrochemical processes to fabricate fine pitch lead-free 

solder bumps at wafer level. 

Contributions to the Body of Knowledge 

1. Two electrolytic systems, one based on methanesulphonate and the other on 

pyrophosphate, were developed for the electrodeposition of near-eutectic Sn-Cu 

and Sn-Ag/Sn-Ag-Cu solder alloys respectively. Comprehensive electrochemical 

study by cathodic potentiodynamic polarisation illustrated the electrochemical 

behaviours of the electrolytes under varying process parameters, as well as the 

effects of additives in individual systems. 

2. The electrodeposits were fully characterised through material analytical 

techniques, while achieving near-eutectic compositions for individual systems. 

These analyses not only enabled an in-depth view into the microstructure of the 

electrodeposits, revealed the specific effects of process conditions and additives 

on the resultant products, but also helped to fundamentally understand the 

electrochemical process which made improvements and optimisations possible. 

3. The developed processes proved feasible of producing fine pitch lead-free (Sn-Ag, 

Sn-Cu and Sn-Ag-Cu) solder bumps on wafers, demonstrate the potentials of 

applying the current contribution to wafer-level lead-free solder bumping for flip 

chip interconnection. 

Structure of the Thesis 

The structure of the thesis is illustrated in the figure below. Chapter 1 briefly 

describes the background of electronics packaging. Chapter 2 first introduces chip 

interconnection approaches with a focus on flip chip technology, then compares 

different techniques for wafer bumping while highlighting the advantages of bumping 

by electrodeposition. Chapter 3 gives the worldwide trend of removing lead from 

electronic products and details the properties of popular tin-based lead-free alternative 

solder alloys. Chapter 4 reviews the electrodeposition of lead-free solder alloys in the 

different electrolyte systems. Chapter 5 presents the experimental preparations, 

including the photoresist-patterned wafer sample preparation and the material 

analytical techniques utilises in the study. Chapters 6, 7 and 8 present and discuss the 
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electrodeposition and characterisation of Sn-Cu, Sn-Ag and Sn-Ag-Cu solder alloys 

respectively. Finally, the thesis ends with conclusions and further works presented in 

Chapter 9. 

 

Figure I Thesis structure 
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Chapter 1  

 

Electronics Packaging 

 

This chapter introduces the subject of electronics packaging. It begins by briefly 

outlining the history and development trend of the integrated circuit (IC), as well as 

the role and function of electronics packaging in the fast growing electronics 

manufacturing industry. Next, the typical three-level hierarchy of electronics 

packaging is demonstrated. Finally, some standard IC packages are illustrated. 

1.1 Introduction 

The electronics industry is one the most dynamic and important areas of 

manufacturing. In a relatively short period of time, it has become large and pervasive 

all over the world.  

Microelectronics, the branch of electronics that deals with miniaturising components, 

initiated the modern electronic evolution through the invention of the bipolar 

transistor in 1949 by John Bardeen, Walter Brattain and William Shockley at Bell 

Laboratories [1]. The transistor becomes the most important fundamental building 

block of all modern electronics later. To be able to achieve high functionality, the 

integration of transistors onto a single semiconductor chip was developed by Robert 

Noyce and Gordon Moore of Fairchild Semiconductor and Jack Kilby of Texas 

Instruments in 1959. This subsequently revolutionised the microelectronics industry 

because it produced the fundamental building blocks for the IC and stimulated the 

development of generations of ever increasing scale integration [2]. According to 

Moore's Law [3], it has been predicted that the number of transistors that can be 

integrated onto a silicon wafers would keep doubling every approximately 18 months, 

as shown in Figure 1-1 [4]. This has led to the basis of all modern electronic products 

seen today. 
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Figure 1-1 Moore’s Law predicts the IC integration to double every 18 months [4]1.  

Electronic packaging has been typically defined as the science and art of establishing 

interconnects and a suitable operational environment for an electronic circuit to 

process or store information [5]. A package generally contains a number of circuit 

components combined into a functional unit. The major function of electronic 

packaging is to protect, power and cool the microelectronic chips or components and 

provide electrical and mechanical connections between the microelectronic parts and 

the outside world. The detailed functions of the electronic packaging are: (1) to 

provide a electrical path that powers the circuits in the IC; (2) to distribute the signals 

on and off of the IC chip; (3) to remove the heat generated by circuits on the IC and (4) 

to support and protect the IC chip from outside hostile environments [6]. 

1.2 Packaging Hierarchy 

As in complex electronic systems, several levels of packaging are typically involved, 

often referred to as a packaging hierarchy, as Figure 1-2 shows. The whole system can 

be divided into three levels of packaging, from the bare chip fabricated from the 

silicon wafer, to the final product ready for use. The first level of packaging provides 

the interconnection between an IC chip and a module. It should be noted that modern 

first-level packages might contain more than one IC chips and are then referred to as 

                                                 

 
1 Reprinted with permission from McGraw-Hill. R. R. Tummala, Introduction to Microsystems 

Packaging, in Fundamentals of Microsystems Packaging, p. 8. Copyright (2004), The McGraw-Hill 

Companies. 
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multichip modules (MCM). Commonly, there are three methods for interconnecting 

the chips on the substrates (either to the module or the board): 1) wire bonding, 2) 

tape-automated bonding (TAB), 3) flip chip bonding [4].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2 Schematic of microelectronic packaging hierarchy with first-, second- and third-level 

packages [7]1. 

Second level packaging finishes the interconnection between the module, as well as 

other components such as resistors and capacitors, to normally the printed circuit 

board (PCB). This interconnection is typically realised by pin through hole (PTH) 

technology, or surface mount technology (SMT). Take a personal computer as an 

example of an electronic system, second-level packages include the processor card (if 

not directly mounted onto the motherboard), random access memory (RAM) modules, 

or a graphics card. Putting second-level packages onto a motherboard is normally 

completed at the third-level packaging. Cards of various functionalities can be 

plugged in the sockets provided on the motherboard, where single-chip package and 

other electronic components can also be incorporated [4].  

Along with the development of electronic packaging technology, to accommodate the 

needs from ever demanding electronic systems, plenty of variations can be found in 

packages nowadays on a basis of the previously discussed three-level packaging 

                                                 

 
1 Reprinted with permission from McGraw-Hill. R. R. Tummala, Introduction to Microsystems 

Packaging, in Fundamentals of Microsystems Packaging, p. 18. Copyright (2004), The McGraw-Hill 

Companies. 
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hierarchy. For example, in some low-cost consumer applications, bare silicon chips 

are directly mounted onto PCBs, skipping the first-level package to cut down the cost. 

On the other hand, systems on a chip (SOC) or systems in a package (SIP) are 

becoming popular designs. In SOC, all the components are integrated into one single 

chip, while it is referred to SIP when they are all incorporated into one single package 

to meet the demands in specific applications. However, either in SOC or SIP, all the 

conventional three-level packages are combined into a first-level for purposes such as 

a small footprint [8]. 

1.3 Standard IC Packages 

Different packaging technologies have been developed to satisfy the requirements for 

various electronic components. Electronic packages can be categorised by a number 

of criteria, such as package material (polymer, ceramic, or metal), interconnect 

configuration (peripheral or area array interconnects), assembly technology (PTH or 

SMT), or package types with Figure 1-3 showing the basic single-chip package types 

[9].  

 

 

 

 

 

 

 

Figure 1-3 Overview of common single-chip package types used for integrated circuit packaging [9]1. 

                                                 

 
1
 Reprinted with permission from Elsevier. O. Brand, Packaging, in Comprehensive Microsystems, G. 

Yogesh, T. Osamu and Z. Hans, Editors. 2008, p. 437. Copyright (2004), Elsevier. 
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Generally, from the perspective of recent development in IC package types as shown 

in Figure 1-3, ball grid array (BGA) packaging is becoming increasingly popular 

driven by the higher and higher I/O demands in electronic products. On the other hand, 

the ever increasing requirement for smaller size packages has witnessed the fast 

development of chip scale package (CSP), which typically has a footprint maximum 

of 50% larger than the chip. As packaging techniques continuously develop, the 

ultimate CSP will have the size of the actual chip it protects and more novel types of 

single-chip packages will emerge in electronics packaging, however, commonly 

involving the technique of flip chip interconnection as discussed in Chapter 2 [10, 11]. 
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Chapter 2  

 

Chip Interconnection and Solder Bumping 

 

Various studies have been conducted on the methodologies of first level chip to 

package interconnection, such as wire bonding, tape automated bonding and flip chip 

interconnection. This chapter begins with a summary of such studies. This is then 

followed by details of wafer bumping techniques for flip chip interconnection, 

including pick-and-place transfer process, stencil printing, evaporation and 

electrodeposition. 

2.1 Chip Interconnection Techniques 

Chip to package interconnection (assembly) is the first processing step after wafer 

fabrication and singulation. This process enables individual ICs to be packaged for 

system use and plays an important role in deciding the cost and performance of an 

electronic system. Chip to package interconnection can be defined as the process of 

connecting I/O bond pads on the IC to the corresponding bond pads on the package, 

providing electrical paths between the IC and the substrate for power and signal 

distribution. The package can be a single chip package, a multichip package, or a 

system level board [12].  

There are three dominant chip interconnection methods currently in use: wire bonding, 

tape automated bonding (TAB) and flip chip bonding, as illustrated in Figure 2-1 and 

with key attributes summarised in Table 2-1. In this table, parameters of wire bonding, 

TAB and flip chip bonding (using solder and adhesive) are compared as practiced in 

the year 2000. 
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Figure 2-1 Illustration of chip to package or substrate interconnection techniques [12]1.  

Table 2-1 Comparison of chip interconnection techniques (2000) [13]2. 

 

 

 

 

 

 

 

 

 

 

 

                                                 

 
1 Reprinted with permission from McGraw-Hill. R. R. Tummala, Fundamentals of IC Assembly, in 

Fundamentals of Microsystems Packaging, p. 344. Copyright (2004), The McGraw-Hill Companies. 
2 Table summarised from the reference. 
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As can be seen from Table 2-1, although wire bonding is still the most widely utilised 

technology today (at least up to 700 I/Os on a single IC) and will remain so in the 

foreseeable future, for higher I/Os applications, flip chip bonding or TAB are the 

dominant technologies. Moreover, for very high I/Os beyond 2000, very high 

electrical performance and very high reliability that demanding wafer level packaging 

is required, flip chip bonding becomes virtually the only viable IC interconnection 

technique.  

2.1.1 Wire Bonding 

As currently the most popular chip-to-package interconnection technique, wire 

bonding typically utilises a fine metal wire for the attachment between each of the I/O 

pads on the chip to its associated package pad, one at each time. This technology was 

developed from AT&T’s beam lead bonding in the 1950s. In their technology, a fine 

wire (typically gold wire 25 μm in thickness) is bonded using ultrasonic bonding 

between the IC bond pad and the matching package or substrate bond pad. Compared 

to other chip interconnection technologies, this point-to-point process has a major 

advantage of flexibility, which is also referred to as compliancy. Wire bonding also 

enables high yield (low defect rates) production. Meanwhile, the process of changing 

wires are simply modifications to a digital machine programme requiring no hard 

tooling or package design changes. However, new tapes for TAB packages normally 

requires a new process and design, increasing cost and time [14].  

 

 

 

 

Figure 2-2 Chip to package or substrate interconnection technique: illustration of wire bonding. 
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In the year 1999, wire bonding accounted for well over 90% of all the chip-to-package 

interconnections practiced. Figure 2-2 shows a schematic wire bond interconnection 

structure for polymeric packaging, which is the dominant packaging configuration. 

There are two major types of wire bonds used in high volume production: gold ball 

bonding, which comprises over 95% of all wire bonds formed and gold or aluminum 

wedge bonding depending on applications [15]. 

Wire bonding also comprises some disadvantages including slower interconnection 

rates owing to the point-to-point processing of each wire bond, long chip-to-package 

interconnection lengths (therefore degrading the electrical performance), plus larger 

footprint required (low interconnection density) which is unsatisfactory for the trend 

of continuous miniaturising of packages [16]. 

2.1.2 Tape Automated Bonding 

Tape automated bonding, as shows in Figure 2-3, is another common chip 

interconnection technique. Using this technology, ICs are mounted and interconnected 

on metallised flexible polymer tapes, either a single-layer metallic tape or a multilayer 

polymer/metal sandwich. This is based on the fully automated bonding of one end of 

an etched copper lead to an IC and the other end of the lead to a conventional package 

or PCB [17]. 

Tape automated bonding was invented by Frances Hugle in Silicon Valley (USA) and 

commercialised in 1966 by General Electric Research Laboratories (New York), who 

used it to fabricate small-scale integration (SSI) devices. This technology offered a 

lower cost replacement of wire bonding technology by providing a highly automated 

bonding technique (all interconnects are formed at the same time) to package high-

volume and low I/O devices. During the 1970s, TAB attracted strong attentions but 

received relatively low industrial acceptance, except in Japan. TAB saw its most 

widespread application in the 1980s as SMT thrived. TAB has been applied to a 

variety of consumer, medical, security, computer, telecommunication, automotive and 

aerospace products [18, 19]. 
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Figure 2-3 Chip to package or substrate interconnection technique: illustration of tape automated 

bonding [20].  

Compared to wire bonding, the advantages of TAB include the ability to handle bond 

pads of smaller sizes and finer pitches on the IC, elimination of lengthy wire loops 

and improved heat transfer and electrical performance. However, similar to wire 

bonding, it is only a peripheral interconnection technique and the package size tends 

to increase with larger I/O counts. This makes it undesirable for future high density 

and small footprint packaging. In addition, it also requires relatively large capital 

equipment investment. 

2.1.3 Flip Chip Bonding 

Compared to wire bonding and TAB, the advancement of flip chip technology has 

been one of the significant developments in the electronic packaging industry to 

reduce cost and improve reliability and productivity. The process of flip chip 

interconnection was first introduced for ceramic substrates as Solid Logic Technology 

by IBM in 1962. Later in 1970, IBM converted this technology to the Controlled 

Collapse Chip Connection (C4) for IC packaging [21]. Flip chip technology is an 

advanced form of surface mount technology. During the flip chip bonding process, IC 
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chips are turned upside down, thus called flip chip (i.e. active face down) and then 

bonded directly to a PCB or other chip carrier substrates, as Figure 2-4 demonstrates.  

 

 

 

 

 

Figure 2-4 Chip to package or substrate interconnection technique: flip chip interconnection. Schematic 

of a typical process sequence for flip chip interconnection using solder bumps.  

For flip chip interconnection, the wafer is first coated with patterned under bump 

metallisation (UBM) layers. These metallisation layers have functions such as wetting, 

barrier and adhesion. After the bump fabrication step through techniques such as 

evaporation and electrodeposition (details discussed in Section 2.3), the wafer is 

reflowed, i.e. subjected to a thermal process to melt the solder bumps and form 

truncated spherical balls. It is then placed face down, aligned to the substrate and 

joined to the package in another reflow process [22]. 

The development of flip chip interconnection was initiated in an attempt to cut down 

the expense, improve the reliability and low productivity of manual wire bonding of 

the era. In contrast to wire bonding, which is a peripheral and time consuming bond 

technique, the flip chip allows all I/Os to be connected simultaneously [23]. Seeing 

promising applications to meet requirements for future chip interconnection 

technology, flip chip bonding is discussed in more details in Section 2.2. 

2.2 Flip Chip Interconnection 

2.2.1 Wafer Level Packaging 

Currently, there is a trend of continuous miniaturisation particularly for consumer 

electronics, such as smart cell phones and personal computers. This has resulted in the 

need for much smaller IC and system level packages with low cost. While all these 

developments are progressing fast, an entirely new paradigm is taking place as 

required towards all these directions. This is referred to as wafer level packaging 

(WLP), addressing these needs in terms of IC packaging related stages [24]. 
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Wafer level packaging is IC packaging completed at the wafer level in the wafer 

foundry. This is in contrast to conventional packaging that is carried out in sequential 

steps: wafer and singulation of the wafer into ICs and then the subsequent packaging 

of individual ICs into QFP, BGA, CSP or other packages types as previously 

discussed in Section 1.3. In contrast, wafer level packaging methodologies assemble 

functional CSPs at the smallest footprint while keeping all components of the process, 

including the ICs, in the wafer form. In this way, both front-end IC fabrication and 

back-end IC assembly are performed in the wafer foundry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5 Size comparisons of wafer level flip chip packaging with alternative packaging styles (lc = 

length of chip side). For small chips, the package-to-chip area ratios may be even larger for chip-on-

board, TAB and QFPs [25]1. 

Wafer level packaging provides many benefits, with the most important two being the 

lowest cost and smallest size. In general, cost reduction can possibly be realised in the 

IC industry by two methodologies: (a), increasing wafer size which results in more 

ICs per wafer; (b), decreasing feature size on the IC which results in “die shrinks” and 

consequently more ICs for a given wafer size. Cost reduction by wafer level 

packaging is achieved by the second method. Not only does wafer level packaging 

offer lower cost than traditional methods of IC packaging, but minimum size is also 

achieved which is very important. The area that a wafer level package occupies when 

                                                 

 
1 Reprinted with permission from McGraw-Hill. R. R. Tummala, Fundamentals of Multichip Packaging, 

in Fundamentals of Microsystems Packaging, p. 302. Copyright (2004), The McGraw-Hill Companies. 
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mounted onto a system level substrate can be as small as the size of the IC itself 

depending on the design and processes (Figure 2-5) and this is different from all the 

other types of package. With this in mind, wafer level packaging can be considered 

the ultimate IC packaging option [5, 26]. However, it is worth mentioning that so far 

flip chip interconnection has been the most effective way to realise all the merits 

wafer level packaging enables, including the smallest feature size as Figure 2-5 

demonstrates. 

2.2.2 Flip Chip Interconnection Trend 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6 Predicted chronological trend of first level interconnection in transition in electronics 

packaging by ITRS 2007 [27]1. 

Significant advancements in flip chip interconnection technology have been made in 

recent years driven by its fast growing applications. Figure 2-6 plots the ITRS 

(International Technology Roadmap for Semiconductors) trends projected in 2007 for 

first level chip interconnections using wire bonding and flip chip technologies, in 

terms of pitch size shrinkage. As can be seen, ever finer pitch sizes and increasing I/O 

counts are demanded for future first level interconnection in electronics packaging. 

For wire bonding technology, whether it be single-in-line, two-row-staggered, three 

tier or wedge bond, the pitch sizes projected are all nearly approaching their 

limitations, particularly after the year of 2013. However, for the promising 

methodology of flip chip area array bonding, there are still improvements to be made 

                                                 

 
1 Figure drawn from the data in Assembly and Packaging, International Technology Roadmap for 

Semiconductors, 2007. 
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as the pitch is projected to be continuously getting smaller in the next decade [27]. 

The achievement in finer pitch flip chip interconnection will enable a promising 

future for this technology. However, facing up to all the technical challenges, 

significantly more work has to be carried out to move the boundary of this technique 

forward as the projection forecasts. 

2.2.3 Flip Chip Interconnection Configuration 

As mentioned earlier in this chapter (Section 2.1.3), flip chip interconnection is 

defined as a chip, with the active surface or the I/O side facing down, mounted on the 

substrate with various interconnection materials, such as solder bumps, isotropic and 

anisotropic conductive adhesives, other metal bumps such as copper pillar and 

pressure contacts. Figure 2-7 illustrates various flip chip interconnection types, using 

different materials (and processes) mentioned above [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Schematic of various flip chip technologies [28]1. 

Like its preceding chip interconnection techniques such as wire bonding, flip chip 

technology was initially applied to the peripheral area of the chip only. However, 

owing to the unique attributes of this technique, it was then quickly progressed to 

applications in area arrays interconnection. Compared to wire bonding using only the 

                                                 

 
1 Reprinted with permission from McGraw-Hill. J. H. Lau, A Brief Introduction to Flip Chip 

Technologies for Multichip Module Applications, in Flip Chip Technologies, p.25. Copyright (1995), 

The McGraw-Hill Companies. 
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peripheral area, this allowed for much more I/O contacts and reduced the package size 

as the interconnection materials can be placed over the whole surface area.  

For flip chip interconnection using solder as the interconnection materials (most 

widely used type), solder bumps are first deposited on the solder wettable bonding 

pads on the active surface of the chip by various techniques such as evaporation and 

electrodeposition. This process is also referred to as wafer level solder bumping as 

discussed in Section 2.3. Then, the solder bumped chip is aligned to the substrate, 

matching the corresponding bonding pads and then reflowed through thermal profiles 

optimised for the bumping solder materials. During this thermal process, both 

electrical and mechanical interconnections between the chip and substrate are 

achieved and the wetting action of the solder driven by surface tension forces will 

help align the bump pattern on the chip to the corresponding substrate pads [29]. A 

typical flip chip on board (FCOB) using solder bumps is shown in Figure 2-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-8 Schematic of flip chip on board using solder bumps: (a) cross-sectional view; (b) enlarged 

view of chip/solder and solder/PCB interface. 

As illustrated in Figure 2-8, the configuration of flip chip interconnection can be 

divided into four functional components: UBM, encapsulation (underfill), solder balls 

and the substrate pads. Typical functions of UBM layers include adhesion between the 

silicon chip and other top UBM layers, barrier to diffusion between the solder bump 
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materials and the conductive bonding pad on the chip (commonly Al or Cu) and the 

top wettable layer for solder wetting during the reflow process. Achieving such 

functions requires UBM layers normally consisting of 3–4 different metallic ones, 

such as Ti/Cr or TiW/Cr as the adhesion layer, Ni as the barrier and Cu or Au as the 

top wetting layer. 

As widely used in wire bonding, underfill is also commonly seen in flip chip 

technology which protects the interconnection from the environment. The underfill 

also provides a heat bridge between the substrate and the chip. This minimises and 

distributes the stress loaded in the solder joints, which is generated during thermal 

loading due to differential heating of the chip and the rest of the system [30]. 

The solder bump functions as the mechanical and electrical connection from the chip 

to the connecting PCB substrate patterned with bonding pads (typically Cu with top 

layers protecting the solderability). During the subsequent reflow process in assembly, 

the solder melts and forms an intermetallic layer at the two interfaces: chip/solder ball, 

due to the dissolution of the UBM wetting layer into the molten solder during the high 

temperature reflow; substrate/solder ball, due to the dissolution of the protective layer 

and the exposed solderable finish on the bonding pads. Such intermetallic layers at 

both the interfaces are critical to realise a metallurgical interconnection and also 

important for the overall reliability of the flip chip [31, 32]. 

2.3 Solder Bumping Process 

As shown in Figure 2-4, following the under bump metallisation step, the wafer is 

coated with the desired bumping material, generally a solder. This process is usually 

referred to as wafer bumping. Evaporation and electrodeposition are the two most 

commonly used bumping methods for high-end applications. Other methods include 

screen printing, solder jetting and pick and place solder transfer process. 

2.3.1 Stencil Printing 

Wafer bumping via the stencil printing method is very popular in electronics 

packaging. Stencil printing evolves from the screen printing process, but enables more 

precise control of the solder paste volume deposited, therefore allowing a relatively 
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finer pitch application. The stencil printing process is schematically illustrated in 

Figure 2-9. A stencil is typically formed of metal foil with a pattern of aperture 

matching the footprint on the wafer (or PCB) where deposition of solder paste is 

desired. This stencil is placed on top of the wafer with patterns aligned properly. The 

solder paste is then deposited onto one side of the stencil, followed by being wiped 

across the stencil with the use of a squeegee. The wafer is then detached from the 

stencil, with solder paste deposited on top of the corresponding pads, which is later 

turned into solder balls through the high temperature reflow process [33, 34]. 

  

(1) UBM pattern preparation (2) Solder paste printing 

  

(3) Stencil release (4) Reflow 

Figure 2-9 Schematic of the stencil printing process for wafer bumping. 

Compared with other technologies, the stencil printing process promises a higher 

speed, higher throughput, better pattern registration and better solder paste volume 

control. The constraint of using the stencil printing process is the requirement of a flat 

substrate surface for the stencil to be laid on. This limits the potential of using the 
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printing process for rework purpose or for a soldering on a non-flat surface. For fine 

pitch wafer bumping, the stencil printing technology is to some extent constrained due 

to the required continuous reduction of pitch size. Besides, there are also concerns 

about quality and production yields, due to stencil manufacturing limitations and 

solder particle size. This means that existing printing methods are not likely to move 

significantly below a typical pitch of 150–200 µm, whilst even finer pitch sizes would 

be desirable for high density flip chip packaging [35-37]. 

2.3.2 Evaporation 

The most mature wafer-bumping method is by evaporation, which was developed by 

IBM more than 30 years ago. This is a dry solder bumping process, with a schematic 

diagram of the process shown in Figure 2-10. 

At first, a molybdenum (coefficient of thermal expansion close to that of silicon) 

metal mask is aligned to the bond pads on the wafer and fixed. The UBM layers are 

deposited through evaporation onto Al (or Cu) pads. The solder material with a 

known composition and volume is then also deposited through evaporation onto the 

UBM surface. The molybdenum metal mask is then removed and the solder bump 

formed is subsequently reflowed in order to form truncated spherical solder bumps. 

  

(1) Passivation and UBM pattern 

preparation 

(2) Mask alignment and solder 

evaporation 
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(3) Bump mask removal (4) Reflow 

Figure 2-10 Schematic key processes of wafer bumping through evaporation. 

In general, the evaporation process achieves a high quality solder composition and 

volume. It is adequate for coarse pitch and low I/O devices, but not extendible to finer 

bump pitches and larger (>200 mm) wafers, due to the constraints of metal mask 

technology, although 100 μm diameter bumps at a 250 μm pitch have been 

demonstrated [38].  

However, the cost of the evaporation process is of concerns, such as expensive 

infrastructure, low-life metal mask, waste disposal. Evaporation is typically less than 

5% efficient, with more than 95% of the evaporated material ending up on the 

evaporator wall and on the metal mask, which need to be cleaned and the lead 

containing waste has to be disposed by an expensive, regulated procedure. Finally and 

possibly most importantly, lower melting temperature Sn-rich solders, such as the 

eutectic Sn-Ag, Sn-Cu and Sn-Ag-Cu solder alloys in the current study, cannot be 

evaporated due to the lower vapour pressure of Sn. This has constrained its 

application for high-Sn lead-free solder alloys, which are promising alternatives to 

Sn-Pb solders, since legislation all over the world have confined the usage of lead in 

electronic products (more details will be discussed in Chapter 3) [39]. 

2.3.3 Electrodeposition 

Developed as a more cost effective approach to bumping by evaporation, 

electrodeposition may be the most commonly used process for wafer bumping 

currently. Bumping through electrodeposition can be regarded as a wet solder build-

up process. Figure 2-11 shows the process for electroplated wafer bumping. First, the 

whole wafer with patterned passivation is metallised with seed metals, e.g. Ti/Cu or 

TiW/Cu, as UBM. It is then patterned with a layer of photoresist with the desired 
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bumping locations exposed. A mask is then used to define the bumping pattern, with 

the opening in the resist a little wider than the pad openings in the passivation layer. A 

direct or pulsed current is then applied through the electroplating bath with the wafer 

as the cathode, with the application of agitation as needed. In order to deposit enough 

solder to achieve the final solder height, the solder is normally deposited over the 

photoresist top level to form a mushroom shape. After electroplating, the photoresist 

is stripped off and the seed metal layers (UBM) outside the bump etched away. The 

solder bumps deposited are then reflowed with the use of flux to form smooth solder 

bumps [40]. 

  

(1) Redefine passivation (2) Ti/Cu UBM deposition 

  

(3) Photoresist coating (4) Define pattern for bumping 

  

(5) Solder electrodeposition (6) Remove photoresist 

  

(7) Strip Ti/Cu layer (8) Reflow 

Figure 2-11 Schematic of the process sequence for wafer bumping through electrodeposition. 
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This electrodeposition method is very popular today because it can electroplate 

solders in various combinations (e.g. lead-free solder alloys). One of the drawbacks is 

bump height non-uniformity. Usually, due to the boundary effect, i.e. current density 

near the edge of the wafer is higher than the centre during the electrodeposition 

process, the solder bumps near the edge of the wafer are taller than those near the 

centre of the wafer. This therefore needs to be addressed in the electrodeposition 

process. However, compared to evaporation and other solder bumping techniques 

previously discussed, electrodeposition is becoming more and more attractive, owing 

to its capability of achieving all such merits at the same time as high volume and 

production yield, as well as its ability to produce finer pitch bumping at an acceptable 

cost [29]. 

2.4 Summary 

A literature review of the chip interconnection techniques and wafer level solder 

bumping approaches is given. Technologies commonly used for interconnecting chip 

to the substrate, including wire bonding, tape automated bonding and flip chip 

bonding, are discussed and compared, with a focus on the advantageous of flip chip 

interconnection. Wafer level solder bumping are normally employed by stencil 

printing, evaporation and electrodeposition. By comparing these three popular 

techniques, it is concluded that electrodeposition is the effective method to fabricate 

tin-rich, fine pitch, lead-free solder bumps at wafer level for flip chip interconnection, 

which meets the requirements for future electronic interconnection. 
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Chapter 3  

 

Lead-Free Solder Alloys 

 

This chapter contains the background relating to the development of lead-free 

soldering in the electronics industry, including worldwide lead-free legislation, 

criteria for selecting lead-free solder alternatives and elaboration of promising binary 

and ternary lead-free alloy candidates. 

3.1 Introduction 

Sn-Pb solders have been used in electronic applications for more than 50 years on 

account of their low melting temperature, good reliability, low cost and compatibility 

with printed circuit board assemblies. However, lead in electrical and electronic waste 

is of a major concern to the public due the possibility of its leaching from landfills and 

therefore contaminate the human food chain, such as the groundwater system, causing 

serious health hazards. Figure 3-1 schematically represents the path of lead from 

electronic scrap, such as PCB, to the human body through drinking water. Lead 

toxicity in humans could result in cancer and also could adversely affect the liver and 

thyroid functions. The main effect, however, is on the central nervous system [41].  

In addition to the environmental and toxicity issues, lead also poses a radioactivity 

problem to ICs. Conventional lead-containing solder contains a certain amount of 

radioisotopes such as 
210

Pb and other radioactive elements, such as U and Th, as 

impurities. Since radioactive lead has a relatively long half-life, it produces -

particles during decay, which generate electron-hole pairs through elastic collisions 

during their penetration into silicon. If the charge density in the capacitor of a memory 

cell changes, it will result in a functional failure, often referred to as soft errors in 

dynamic random access memory (DRAM) and charge-coupled devices (CCDs). 
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Therefore, strict control of the amount of radioactive lead or complete lead removal is 

necessary especially for the application in high density memory chips [42-44]. 

 

Figure 3-1 An illustration depicting the sequence of events that results in the ingestion of lead leached 

from electronic wastes in landfills. 

3.2 Global Legislation 

Since environmental regulation of electronic products was first introduced in the 

European Union, other governments have begun to initiate similar efforts. The US, 

Japan and other countries have all made efforts to reduce or limit the use of lead and 

other hazardous chemicals in electrical and electronic products [45]. 

3.2.1 European Union 

The European Union has been setting trends and indicating about the future of 

environmental regulation of electronic products through different initiatives. On 27 

January 2003, the European Council issued the Directive on Treatment of Waste from 

Electrical and Electronic Equipment (WEEE) and the Directive on the Limitation of 

Hazardous Substances in Electrical and Electronic Equipment (RoHS). Under the 
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RoHS, as from 1 July 2006, any new electrical and electronic equipment must not 

contain certain hazardous substances, including lead, cadmium, mercury and 

hexavalent chromium [46, 47]. 

The WEEE, which came into force on 13 August 2005, contains ten categories of 

equipment covered by the directive. The products concerned are mostly "consumer" 

goods such as domestic electrical appliances. Other initiatives affecting the usage of 

lead in electronic products in the European Union include The Energy-using Products 

(EuP) Directive and The Regulation on Registration, Evaluation, Authorisation and 

Restriction of Chemicals, also known as REACH [48]. 

3.2.2 United States of America 

In the 1990s, US non-governmental associations started to develop lead-free 

initiatives. The International Electronics Manufacturing Initiative (iNEMI) worked in 

cooperation with major manufacturers to support lead-free manufacturing initiatives. 

They adopted a pro-active approach by initiating a “lead-free” committee [49].  

In December 2001, the United States Environmental Protection Agency took a major 

step by issuing "Guidance for Reporting Releases and Other Waste Management 

Quantities of Toxic Chemicals: Lead and Lead Compounds" [50]. This document 

provides guidance on the specific details, regulating that facilities must file release 

reports for lead and lead compounds and methods to estimate releases of lead and lead 

compounds into the environment. 

3.2.3 Asia 

In Asia, extensive efforts have also been made to build extended producer 

responsibility to the electronics industry regarding environmental issues. Back to the 

early 1990s, the Japanese community started to implement control of the lead released 

out of landfills and waste disposal. The Japan Electronics and Information 

Technology Industries Association (JEITA) supports lead-free investigations and 

consolidates independent test results. The Chinese market is of growing importance 

for most electronics producers. A version of RoHS in China, promulgated in February 

of 2006 by the Ministry of Information Industry, has been in effective implementation 
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since March 1, 2007. Other Asian countries and districts such as South Korea and 

Taiwan, have also announced similar initiatives concerning environmental issues [51]. 

3.3 Criteria for Lead-Free Solder Candidates 

Extensive investigations of alternative lead-free solder alloys have been carried out. 

The primary alloy design criteria have been developed using Sn-Pb eutectic as a 

baseline. This is because for more than 50 years, PCBs and components have been 

designed and utilised on a basis of the behaviour of Sn-Pb eutectic solder during 

circuit board assembly. 

In the National Centre for Manufacturing Science (NCMS) Lead-Free Solder Project 

completed in 1997 in the US, the pass-fail criteria for candidate alloys were created to 

represent practical restrictions on the properties of lead-free solders, as seen in Table 

3-1. 

Table 3-1 Criteria used by NCMS for lead-free solder alloys [52]1 

 

 

 

 

 

 

 

 

 

 

                                                 

 
1 Table summarised from the reference. 
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According to this project, the desirable lead-free solder candidates should in general: 

1), have a melting point as close to Sn-Pb eutectic as possible; 2), be eutectic or very 

close to eutectic in composition to enable low melting point; 3), contain no more than 

three elements (ternary composition); 4), avoid using existing patents, if possible (for 

ease of implementation); 5), have the potential for reliability equal to or better than 

Sn-Pb eutectic. 

Other important properties from a manufacturing and long-term reliability standpoint 

include cost, electrical and thermal conductivities, corrosion and oxidation resistance, 

depending on the applications. 

3.4 Lead-Free Solder Alloys 

There are no “drop-in” replacement alloys for Sn-Pb eutectic as generally agreed by 

most research groups. The lead-free solder alloys currently being studied and used in 
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industry are mostly eutectic or near-eutectic alloys, because a eutectic alloy has a 

single and relatively low melting point. Formed from eutectic alloys, the entire solder 

joint will melt or solidify at a fixed temperature, i.e. avoiding partial melting or partial 

solidification, as this is detrimental for soldering and the reliability [48]. Figure 3-2 

compares the typical lead-free solders in term of melting temperature. As can be seen 

from this figure, though it is desirable to have mounting temperature at the range of 

the same level or even lower than that of the conventional Sn-Pb eutectic solder, most 

lead-free candidates show higher melting temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2 Melting temperature of lead-free solders and technology [53]1. 

As also seen from Figure 3-2, a relatively large number of binary, ternary, or even 

quaternary solder alloys have been proposed so far, with some popular candidates 

summarised in Table 3-2. The lead-free solder alloys attracting the greatest attention 

are Sn based (Sn being the primary or major constituent), such as Sn-Ag, Sn-Cu, Sn-

Bi, Sn-Zn, Sn-Ag-Cu and Sn-Ag-Zn. Amongst them and applying the criteria listed in 

Table 3-1, the Sn-Ag-Cu family of alloys seem to be the most promising alternatives 

for eutectic Sn-Pb solder [51, 54].  

                                                 

 
1 Reprinted with permission from Marcel Dekker. K. Suganuma, Future of Lead-Free Soldering, in 

Lead-Free Soldering in Electronics: Science, p. 330. Copyright (2004), The Marcel Dekker, Inc. 
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Table 3-2 Major lead-free solder system candidates to replace eutectic Sn-Pb solder [55]1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 

 
1 Table summarised from the reference. 
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3.4.1 Sn 

The ability of Sn to wet and spread on a wide range of substrates, using mild fluxes, 

has allowed it to become the principal component of most lead-free solder alloys used 

for electronic applications. Elemental Sn melts at 231°C. Tin exists in two different 

forms with two different crystal structures in the solid state: white or β-tin and grey 

tin or α-tin which is thermodynamically stable below 13°C. The Sn rich lead-free 

solders are relatively reactive. This should be considered in the solder 

interconnections during assembly in terms of forming a stable interface in the joints. 

The transformation of β-tin to α-tin, also referred as “tin pest”, takes place when the 

temperature falls below 13.2°C and results in a large increase in volume, which can 

induce cracking in the tin structure. Consequently, tin pest can be a problem for 

applications that operate at extremely low temperature and can be particularly 

problematic for devices that cycle across the 13.2°C temperature point. Due to its 

body centred tetragonal crystal structure that is anisotropic, the thermal expansion of 

tin is also anisotropic. Tin whiskers, which may cause electrical shorts, are another 

problem that Sn (and some Sn alloy) solders may encounter [56]. 

3.4.2 Sn-Ag 

The eutectic composition for the Sn-Ag binary system occurs at Sn-3.5wt.%Ag, with 

a eutectic temperature of 221°C as seen from the Sn-Ag equilibrium phase diagram in 

Figure 3-3.  
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Figure 3-3 Sn-Ag equilibrium thermal phase diagram [57]1. 

The as-solidified (e.g. after the reflow process) microstructure of eutectic Sn-Ag is 

relatively coarse and non-uniform. It consists of two phases, an essentially pure Sn 

phase (β-Sn with less than 0.04% Ag in solution) with large dendritic globules and 

inter-dendritic regions with a eutectic dispersion of intermetallic compound, Ag3Sn 

(less than a 5% volume fraction, referred to as -phase in Figure 3-3), within the β-Sn 

matrix. Such a microstructure has made it more resistant to coarsening, whilst the 

lamellar morphology is not routinely observed for eutectic Sn-Ag compared to 

eutectic Sn-Pb [58]. The presence of the Sn dendrites is indicative of a non-

equilibrium cooling rate. However, the structure is noted to be stable as the Sn 

dendrites were observed to be present after months of room temperature aging. In 

non-equilibrium cooling, characteristic of solder joints, the rod-like -phase which 

typically forms, tends to minimize the surface free energy. The size and morphology 

of the -phase depends on the cooling rate during solder solidification [59]. 

As one of the most popular choices, Sn-Ag alloys have excellent mechanical 

properties. They exhibit good wetting behaviour on copper and copper alloys. 

However, they also exhibit a relatively high melting temperature and cost due to the 

                                                 

 
1 Reprinted with permission from ASM International. T. B. Massalski, H. Okamoto, P. R. Subramanian 

and L. Kacprzak, ASM Binary Alloy Phase Diagrams. Copyright (1996), ASM International. 
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Ag. Considering the eutectic temperature of 221°C, assemblies must be exposed to 

temperatures as high as 240°C to achieve adequate wetting. 

3.4.3 Sn-Cu 

One example of the use of eutectic Sn-Cu alloy was reported with the world’s first 

virtually lead-free telephone, where eutectic Sn-Cu was chosen for both solder joints 

and surface finish layers on PCB and component termination pads [60]. The Sn-Cu 

binary alloy has a eutectic composition of Sn-0.7wt.%Cu and a eutectic temperature 

of 227°C, as seen from the Sn-Cu equilibrium phase diagram in Figure 3-4. A typical 

microstructure of as-cast eutectic Sn-Cu solder consists of large dendritic β-Sn grains 

surrounded by a network of the eutectic microstructure containing a fine intermetallic 

compound, Cu6Sn5. It has been demonstrated that the microstructure of Sn-0.7wt.%Cu 

solder bumps, used in flip-chip interconnections, is composed of large, tin-rich grains 

with a fine dispersion of Cu6Sn5 intermetallics [61]. 

The tensile strength of eutectic Sn-Cu solder is lower than eutectic Sn-Pb solder, but 

the hardness is similar. To further improve its mechanical properties and control the 

interfacial reactions during soldering or thermal aging, several modifications of Sn-

Cu-based solders have been disclosed. For example, the addition of a small amount of 

Ag (up to 1wt.%) refines the Sn-Cu eutectic microstructure by introducing another 

fine intermetallic compound, Ag3Sn [62]. 

Because of its relatively high melting point, eutectic Sn-Cu solder is not the most 

widely recommended for surface mount technology. However, because of its 

relatively low material cost, it is considered as a good candidate for lead-free, wave-

soldering processes in the mass production of commercial electronics. Also, the use of 

a Sn-Cu coating is preferred over pure Sn to avoid the growth of Sn whiskers [56]. 
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Figure 3-4 Sn-Cu equilibrium thermal phase diagram [57]1. 

3.4.4 Sn-Ag-Cu 

The main benefits of the Sn-Ag-Cu alloy system are its relatively low melting 

temperature (217°C) compared to binary eutectic Sn-Ag and Sn-Cu alloys and its 

generally superior mechanical properties, as well as relatively good solderability. In 

addition, Sn-Ag-Cu solders have also shown good compatibility with current 

components [54]. 

With regard to the best composition, there is still disagreement, because significant 

variations in microstructure can occur as a result of cooling rate, complicating the 

determination of the eutectic Sn-Ag-Cu composition and temperature. In terms of the 

recommendations, Japan favours Sn-3.0wt.%Ag-0.5wt.%Cu (Japan Electronics and 

Information Technology Industries Association, JEITA), Europe Sn-3.8wt.%Ag-

0.7wt.%Cu (European Consortium BRITE-EURAM) and America Sn-3.9wt.%Ag-

0.6wt.%Cu (International National Electronics Manufacturing Initiative, iNEMI) [63]. 

                                                 

 
1 Reprinted with permission from ASM International. T. B. Massalski, H. Okamoto, P. R. Subramanian 

and L. Kacprzak, ASM Binary Alloy Phase Diagrams. Copyright (1996), ASM International. 
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The near-eutectic ternary Sn-Ag-Cu solidifies into three phases: β-Sn, Ag3Sn and 

Cu6Sn5, as reported by several investigators, e.g. [64, 65]. It was demonstrated with 

Sn-3.5wt.%Ag-0.7wt.%Cu that a small quantity of primary Ag3Sn was present, but 

almost completely ternary eutectic, indicating the composition to be only slightly 

deficient in copper. The solubility of the solute atoms in the intermetallic phases (i.e., 

Ag in Cu6Sn5 and Cu in Ag3Sn) is quite limited. The strength of Sn-Ag-Cu alloys to 

some extent depends upon the area fraction of the eutectic network and the dispersion 

morphology of the fine Ag3Sn within the network. The lower ductility of slow-cooled, 

higher Ag content alloys is explained on the basis that under these conditions large 

primary Ag3Sn phase are formed, which are brittle and likely to result in cracks, thus 

reducing elongation [51, 54]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5 Sn-Ag-Cu equilibrium thermal phase diagram [64]1. 

3.4.5 Sn-Bi and Sn-Zn 

The Sn-Bi alloy has a eutectic composition of Sn-58wt.%Bi and a relatively low 

eutectic temperature of 139°C, making it most suitable for soldering at low 

                                                 

 
1 Reprinted with permission from Springer Science + Business Media. K. Moon, W. Boettinger, U. 

Kattner, F. Biancaniello and C. Handwerker, Experimental and thermodynamic assessment of Sn-Ag-

Cu solder alloys. Journal of Electronic Materials, 2000. 29 (10): p. 1122-1136. Copyright (2000), 

Springer. 
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temperature when electronic devices are prone to thermal damage. Besides the low 

melting temperatures, the eutectic Sn-Bi alloy has the merits of good joint strength, 

low surface tension, excellent creep resistance, high shear strength and good 

anticorrosive properties. As the equilibrium phase diagram shows in Figure 3-6, since 

tin has very low solubility in Bi at the eutectic solidification temperature of 139°C, 

the Bi phase is essentially pure Bi. As the alloy cools, Bi precipitates in the Sn phase 

[66]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6 Sn-Bi equilibrium thermal phase diagram [57]1. 

The Sn9-wt.%Zn alloy, though its wettability and joint strength are relatively poor, 

appears to be an attractive alternative, with a melting temperature of 198°C that is 

relatively close to the eutectic Sn-Pb alloy. This indicates the possibility of using the 

conventional production infrastructures and electronic components with minor, or 

even no, modifications [51]. 

The eutectic Sn-Zn microstructure consists of two phases: β-Sn matrix phase and a 

secondary phase of hexagonal Zn containing less than 1% Sn in solid solution (see 

equilibrium phase diagram, Figure 3-7). The solidified microstructure exhibits large 

                                                 

 
1 Reprinted with permission from ASM International. T. B. Massalski, H. Okamoto, P. R. Subramanian 

and L. Kacprzak, ASM Binary Alloy Phase Diagrams. Copyright (1996), ASM International. 
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grains with a fine uniform two-phase eutectic constituent. Compared to the Pb-Zn 

system, in the Sn-Zn system, both Sn and Zn interact with Cu to form intermetallic 

phases. However, in spite of the attractive features of Sn-Zn alloys, their poor 

oxidation resistance and poor compatibility with Cu substrate under high-temperature 

conditions are two major problems [67]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7 Sn-Zn equilibrium thermal phase diagram [57]1. 

3.4.6 Other Lead-Free Alternatives 

Amongst the studies of other lead-free solder alloys, one main category includes the 

doping with rare earth metals (REs) into Sn-based alloys. REs are well recognised as 

surface-active agents. From the available research results, the benefit of rare earth 

elements has many forms. Rare earth elements were found to dramatically increase 

the wetting property of solder, even expanding the usability of solder to ceramic 

surfaces. This ability is critical to lead-free solder materials because it is commonly 

recognised that lead-free solder has poor wetting ability compared to Sn-Pb solders. 

Another benefit of doping REs is to reduce the intermetallic compound growth on 

solder/pad interfaces. More benefits include refining the microstructure of solders and 

                                                 

 
1 Reprinted with permission from ASM International. T. B. Massalski, H. Okamoto, P. R. Subramanian 

and L. Kacprzak, ASM Binary Alloy Phase Diagrams. Copyright (1996), ASM International. 
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thus improving the mechanical properties of the solder material and the reliability of 

solder joints [68, 69]. 

3.5 Summary 

In this chapter, worldwide legislation restricting the usage of conventional Sn-Pb 

solders in electronic and electrical products is firstly introduced. The criteria for the 

development of lead-free alternative solder alloys are also outlined. As promising 

candidates for different applications, binary lead-free alloys such as Sn-Ag, Sn-Cu, 

Sn-Bi, Sn-Zn and ternary alloys such as the most promising Sn-Ag-Cu alloy family 

are elaborated using equilibrium phase diagrams. Information on other lead-free 

alloys, such as rare earth elements containing ones, are also briefly outlined. 
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Chapter 4  

 

Electrodeposition of Lead-Free Solder 
Alloys 

 

As electrochemical process technologies have been increasingly making an impact on 

different areas in electronic packaging, the electrodeposition of lead-free solder alloys, 

such as Sn-Ag, Sn-Cu and Sn-Ag-Cu has seen significant developments in recent 

years. In this chapter, the electrodeposition technology is briefly introduced. Critical 

parameters in this technology are discussed as to their effects on the electrodeposition 

process. Recent developments regarding the electrodeposition of tin based lead-free 

solder alloys are summarised and compared. 

4.1 General Principles of Electrodeposition 

Through the application of electric current, electrodeposition is an electrochemical 

process of producing metallic coatings or films on a conductive surface. There are 

four main components consisting an electrodeposition system: cathode, anode, power 

source and electroplating solution. A typical electroplating bath arrangement is shown 

in Figure 4-1. In electronics applications, various kinds of metal (e.g. Cu, Ni, Sn, Ag) 

are deposited on substrates (e.g. Si wafer, metal plate and PCB) with an electrical 

power source and electrochemical reactions occurring in the electrolyte and at the 

cathode surface. It is such a versatile technique that there has been an upsurge of 

interests in this area with the sharp growth of the microelectronics industry.  
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Figure 4-1 A schematic illustration of an electrodeposition system. 

Electrodeposition onto the substrate, e.g. a wafer, is employed by immersing a 

normally inert metal, such as platinised titanium, as the non-consumable anode 

(consumable anodes are also commonly seen in other applications) and a wafer as the 

cathode in the bath with electrolyte, which contains ions of the metal to be deposited, 

e.g. tin and silver ions for the electrodeposition of Sn-Ag solder alloys. The electrical 

power is then connected to the anode and cathode and the electrical path is formed in 

the aqueous-metal system. This electrical path and the electrochemical reactions in the 

solution cause the deposits to grow on the cathode surface. On the cathodic side, 

metal ions (M
n+

) are supplied by the bath solution and these ions are driven toward the 

cathode where the electric current supplies electrons (ne
-
), the metal ions are reduced 

to the metallic form [70]. The reaction is sustained by a continuous supply of 

electrons and M
n+

 ions at the electrode surface and can be visualised in Equation 4-1. 

M
n+

 ions are transported to the electrode through mechanisms of diffusion, convection 

of the electrolyte and electro-migration. Anodic reactions for non-consumable anodes 

are shown in Equations 4-2 and 4-3. 

Cathodic reaction: 

                                            
nM ne M                                     Equation 4-1 

Anodic reaction: 

Acidic solution                         2 22 4 4H O O H e                                Equation 4-2 
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Alkaline solution                    2 24 2 4OH O H O e                                Equation 4-3 

As shown in Equations 4-2 and 4-3, on the anodic side, an oxidation reaction occurs 

that balances the current flow, thus maintaining electrical neutrality in the solution. In 

the absence of any secondary reactions, the current delivered to a conductive surface 

during electrodeposition is directly proportional to the quantity of metal deposited 

(according to Faraday's law). Using this relationship, the mass (therefore the thickness 

of coating) deposited can be readily controlled through variations of deposition 

current and time. 

4.2 Alloy Electrodeposition 

It is known that a metallic electrode can only have one single metal-solution potential 

at any one time. By definition, the electrodeposition of an alloy requires the co-

deposition of two or more metals. In other words, their ions must be present in an 

electrolyte that provides a “cathode film” where the individual deposition potential 

can be made to be close or even the same [71]. Table 4-1 shows the electrochemical 

potentials of common metals in solder alloys versus the Standard Hydrogen Electrode 

(SHE).  

Table 4-1 Electrochemical potentials of common metals found in solder alloys at unit molal activity 

versus SHE, summarised from [72]1 

Metal / Ion Couple 
Standard Electrode Potential 

versus SHE, E

 (V), 25 °C 

Zn/Zn
2+

 -0.763 

Cr/Cr
3+

 -0.740 

In/In
3+

 -0.342 

Ni/Ni
2+

 -0.250 

Sn/Sn
2+

 -0.136 

Pb/ Pb
2+

 -0.126 

                                                 

 
1 Data in the table is summarised from the reference. 
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H2/2H
+
 0.000 

Bi/Bi
3+

 +0.308 

Cu/Cu
2+

 +0.337 

Ag/Ag
+
 +0.799 

As shown in Table 4-1, for the metals of Sn, Ag and Cu extensively used in lead-free 

solders, the standard potentials of Sn and Cu are widely separated, as large as 0.473V. 

This gap between Sn and Ag (0.935V) is almost twice as that of Sn and Cu. To 

electrodeposit the conventional Sn-Pb solder alloy, the potentials of Sn (-0.136V) and 

Pb (-0.126V) are very close. However, such a potential difference between Sn, Ag and 

Cu has made it difficult to co-deposit binary Sn-Ag and Sn-Cu alloys, as well as the 

ternary Sn-Ag-Cu alloy. Nevertheless, one of the prerequisites for alloy 

electrodeposition is that the deposition potentials of the metal components of the alloy 

lie close together. It is therefore important to use an electrolyte formulation such that 

the deposition potentials are as close together as possible. Otherwise, deposition of the 

most positive metal occurs first, e.g. Ag in a Sn-Ag electrodeposition bath and Cu in 

Sn-Cu. As the potential becomes more cathodic, the second metal, e.g. Sn, would then 

begin to deposit, as Figure 4-2 shows [73]. 

However, this more cathodic potential can only be reached after exceeding the 

diffusion limiting current density of the first. Under such conditions, an alloy will be 

deposited with the amount of the more noble component (Ag or Cu) determined by 

the level of its limiting current density. In situations where the more noble 

components are constituting a significant part of the deposit, it is of little practical 

importance since metal deposition at or close to limiting current density is normally 

characterised by rather rough, powdery or dendritic morphologies. However, if under 

precise control, this can be acceptable for the electrodeposition of eutectic/near-

eutectic lead-free solder alloys, such as Sn-Ag, Sn-Cu and Sn-Ag-Cu, where the more 

noble components (Ag or Cu) are typically less than 5wt.%. 
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Figure 4-2 Schematic representation of current-potential relationship during alloy deposition: E1, the 

deposition potential of the more noble metal; E2, the deposition potential of the less noble metal; i1, the 

limiting current density of the more noble metal; i2, the limiting current density of the less noble metal 

[73]1. 

In order to bring the deposition potentials of component metals closer, complexing 

agents are commonly introduced for alloy co-deposition to reduce the activity of the 

more noble metal, as given by the Nernst equation: 

ln ( )zRT
E E a M

zF

                                 Equation 4-4 

Where, E is the deposition potential of the M
z+

/M electrode in the electroplating bath 

(V); E

 is the standard potential of the M

z+
/M electrode (V); R is the gas constant 

(8.314 J mol
-1

 K
-1

); T is the absolute temperature; z is the number of electrons 

involved in the deposition reaction; F is Faraday’s constant (96485 C mol
-1

). The 

activity of the ion, a(M
z+

), is defined by 

( ) ( )z zM c M                                     Equation 4-5 

Where, c(M
z+

) is the concentration of M
z+

 (mol/L);   is the activity coefficient of M
z+

. 

                                                 

 
1 Diagram redrawn from the reference. 
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In simple (non-complexed) solutions, it can be assumed that the activity of a metal ion, 

a(M
z+

), is approximately equal to its concentration, c(M
z+

). However, when the 

complexing takes place, the activity of the metal ion may be decreased by several 

orders of magnitude, depending on the strength of the bonding in the complex. 

Therefore, the deposition potentials of the targeted alloy components can be changed 

and consequently brought closer together [73]. 

4.3 Electrodeposition Parameters 

In an electrodeposition system, apart from the four main components previously 

discussed (cathode, anode, power source and electrolyte), there are other key 

parameters that might also be major factors during the electrodeposition process in 

achieving high-quality electrodeposits. As the electrodeposition bath is readily 

prepared, modifications to such process parameters as bath temperature, agitation and 

current density can potentially enhance the process to achieve improved 

electrodeposits and have a strong influence on the composition and morphology of an 

alloy deposit, e.g. the contents of Ag and Cu minorities in the Sn-Ag, Sn-Cu and Sn-

Ag-Cu alloys in the present study. Figure 4-3 shows the general relationships between 

the process variables and the content of the more noble metal in the deposits. 

 

Figure 4-3 General relationship between content of more noble metal in the electrodeposit and 
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electroplating parameters: (a) current density, (b) more noble metal concentration, (c) additive 

concentration, (d) cathode agitation and (e) temperature [74]1. 

4.3.1 Temperature 

Bath temperature for electrodeposition can typically vary from room temperature up 

to approximately 80°C, depending on specific requirements. Increased electrolyte 

temperature results in a higher mass transportation rate in the system. This will 

improve ion supply to the cathode surface and as a result, higher electrodeposition 

rates are normally achieved. However, concurrent with the enhanced deposition rates, 

the microstructure of the electrodeposit could be altered in the meantime, e.g. the size 

of grains. Therefore, the bath temperature has to be determined by considering all the 

relevant parameters and requirements as a whole. 

4.3.2 Agitation 

To keep the electrodeposition process proceeding, mass transport must be available to 

continuously convey metal ions (e.g. Sn
2+

, Ag
+
) from the bulk of the electrolyte to the 

cathode surface. Figure 4-4 illustrates the double-layer metal-solution interfacial 

region. Three distinct mass transport processes operate in this region: diffusion, 

convection and electromigration, with convection of the most practical significance. 

As illustrated in Figure 4-4, adjacent to the inner-layer is the diffuse double layer. 

Transport of reactants to the electrode through the bulk of solution is predominantly 

by convection. Once the species reach the outer edge of the diffuse layer, diffusion 

becomes the main transport process. If the electrolyte is relatively immobile, without 

agitation for example, convection acts little effect as a mass transport mechanism 

across the double layer. During the electrodeposition process, once the consuming and 

supplying of metal cations is balanced, the limiting current density is defined. 

Therefore, depending on the applications, it is important and useful to enhance the 

mass transport through the diffuse double layer by means of agitations [75].  

                                                 

 
1 Diagram redrawn from the reference. 
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Figure 4-4 Idealised representation of the electrochemical double layer at the metal-solution interface 

[73]1. 

Amongst various ways of agitation, magnetic stirring is popular for bench size process 

but rudimentary, because it does not provide controlled hydrodynamic conditions at 

the cathode surface. Ultrasonic [76, 77], even megasonic [78] agitation have been 

widely explored to effectively enhance mass transport during the deposition process 

and improve the deposition rate and properties of electrodeposits in some applications. 

For more precise control, proper tools and apparatus, such as rotating disk electrode 

(RDE) and rotating cylinder electrode (RCE) jigs, have to be designed for dedicated 

applications to ensure uniform current density and equalised agitation [79]. 

4.3.3 Current Density 

Current density applied during the electrodeposition process has the direct influence 

on the deposition rate, as well as the composition and properties of the resultant 

electrodeposits. Each current density is associated with a corresponding driving 

potential applied at the cathode provided by the external power source. In cases of 

electrodeposition in features such as recesses or vias, insufficient current density 

could result in poor coverage of the area, whilst approaching or exceeding the limiting 

                                                 

 
1 Reprinted with permission from Eugen G.Leuze Publishers. M. Jordan, The Electrodeposition of Tin 

and its Alloys, p. 22. Copyright (1995), Eugen G.Leuze Publishers. 
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current density, nodular or dendritic electrodeposits are typical with concurrent 

hydrogen evolution. 

4.4 Electrodeposition Baths 

The electrodeposition of tin and tin alloys has been widely explored for many years 

due to their extensive applications. Amongst previous investigations, fluoborate based 

baths have been widely explored. Tam et al [80] investigated the kinetics of Sn-Pb 

alloy electrodeposition from fluoborate baths and the use of peptone as an additive to 

improve the properties of the deposits. Kohl et al [81] examined other additives 

agents including lactones to improve the stability of the bath and increased the 

deposition rate significantly. However, as the awareness of environmental issues 

increased, these toxic and highly corrosive fluoborate baths have been gradually 

phased out by environmental regulations and initiatives. Consequently, investigations 

to explore environmentally friendly replacements have led to a variety of benign baths 

for tin and tin alloy electrodeposition. Amongst them, methanesulphonate and 

pyrophosphate based baths have been attractive because of their distinct 

characteristics. 

4.4.1 Methanesulphonate Bath 

Tin and tin alloy electrodeposition have been commonly conducted recently from an 

acidic methanesulphonate solution containing methanesulphonic acid (MSA), 

CH3SO3H (chemical structure shown in Figure 4-5). This methanesulphonate based 

bath has such merits as significant metal salt solubility, non-toxicity, low corrosivity 

and excellent biodegradability, compared to the fluoborate bath previously mentioned 

[82]. 

                                   

Figure 4-5 Schematic chemical structure of methanesulphonic acid (left) and tin methanesulphonate 

(right). 
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Before worldwide lead-free legislation in electronics, methanesulphonate electrolytes 

used to be employed for conventional Sn-Pb solder alloy electrodeposition. A general 

investigation was conducted by Rosenstein et al on several kinds of 

methanesulphonate based baths [83]. As the kinetics for tin and lead deposition from 

methanesulphonate baths is rapid, the electrodeposits tend to be needles and dendrites 

and therefore, additives are useful constituents in the baths to inhibit the deposition 

reactions and control the properties of the electrodeposits including the composition. 

Goodenough and Whitlaw examined the effects of typical organic additives in 

methanesulphonic acid and explored their roles and mechanisms in 

methanesulphonate baths using cathodic polarisation trials [84]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6 Sn-Cu electrodeposit characterisation from methanesulphonic acid electrolyte in terms of 

surface microstructure. The deposit structural phases: (1) 100wt.% Sn: tetragonal; (2) 100wt.% Cu: 

cubic; (3) Sn-65wt.%Cu: orthorhombic Cu-Sn and (4) Sn-4wt.%Cu contains two phases: tetragonal Sn 
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and hexagonal Cu6Sn5 [85]1. 

Amongst other investigations for tin and tin alloy electrodeposition from 

methanesulphonic acid electrolytes, Low et al studied the electrodeposition of Sn-Cu 

alloys of different compositions from methanesulphonic acid electrolytes containing a 

perfluorinated cationic surfactant. Cu contents in the electrodeposits ranging from 

3wt.% to 80wt.% was achieved in their studies. The surface morphology changes over 

such a wide range of copper contents in the deposits are shown in Figure 4-6 [85, 86]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7 Cathodic potentiodynamic polarisation curves showing the effects of additives. (a) the 

                                                 

 
1 Reprinted with permission from Elsevier. C. T. J. Low and F. C. Walsh, Electrodeposition of tin, 

copper and tin-copper alloys from a methanesulfonic acid electrolyte containing a perfluorinated 

cationic surfactant. Surface and Coatings Technology, 2008. 202 (8): p. 1339-1349. Copyright (2000), 

Elsevier. 
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suppression of the cathodic current; (b) inhibition effects for stannous reduction [87]1. 

Martyak et al studied the effects of additives through electrochemical 

characterisations, such as cathodic potentiodynamic polarisation curves with results 

shown in Figure 4-7. Without additives, the tin deposition process is diffusion 

controlled with concurrent hydrogen evolution, owing to which the deposits are 

normally rough [87]. It was found that the addition of polyethylene glycol (PEG) 

suppressed the hydrogen evolution reaction whilst showing little effect on the 

mechanism of the tin ion reduction process and the deposit microstructure. 

Polypropylene glycol (PPG) enhanced the tin deposition process and helped to 

achieve a smoother tin film. With further addition of phenolphthalein into the 

electrolyte already including the previous two glycol additives, the tin deposition 

process became kinetically-controlled and a smooth matte tin deposit was produced. 

Figure 4-8 shows the morphological features of the electrodeposits with the addition 

of additives at different current densities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8 The morphologies of tin electrodeposits produced at two different current densities under the 

effect of additives. (a) no additives; (b) morphology of deposits under the effect of PEG; (c) grain 

                                                 

 
1 Reprinted with permission from Elsevier. N. M. Martyak and R. Seefeldt, Additive-effects during 

plating in acid tin methanesulfonate electrolytes. Electrochimica Acta, 2004. 49 (25): p. 4303-4311. 

Copyright (2000), Elsevier. 
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refining effects through the addition of PPG; (d) smooth surface from the addition of all the three 

additives [87]1. 

Joseph et al developed a methanesulphonate based electrolyte for the 

electrodeposition of ternary Sn-Ag-Cu solder alloy as a lead-free alternative to 

conventional Sn-Pb solders [88]. The constituents of the bath are outlined in Table 4-2. 

Sn(CH3SO3)2, CuSO4 and Ag2SO4 were used as the sources of cations in the 

electrolyte. Thiourea acted as the complexing agent mainly for Cu
2+

 and Ag
+
. The 

OPPE (iso-octyl phenoxy polyethoxy ethanol), also known as Triton X-100, was used 

as a surfactant to improve the microstructure of the deposits. As a result, a near 

eutectic Sn-Ag-Cu film of grain size of 6–8 μm was produced under the effects of 

Triton X-100. 

Table 4-2 Electrolyte composition for the electrodeposition of Sn-Ag-Cu alloys from a 

methanesulphonate based bath [88]2 

 

 

 

 

 

 

 

 

 

                                                 

 
1 Reprinted with permission from Elsevier. N. M. Martyak and R. Seefeldt, Additive-effects during 

plating in acid tin methanesulfonate electrolytes. Electrochimica Acta, 2004. 49 (25): p. 4303-4311. 

Copyright (2000), Elsevier. 
2 Table summarised from the reference. 
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4.4.2 Pyrophosphate Bath 

Due to the principle advantages including the non-toxic nature, long stability and low 

metal ion concentration owing to complex formation, tin and tin alloy electroplating 

using pyrophosphate based electrolytes has also seen developments over many years. 

Good throwing power is another merit pyrophosphate baths exhibits as they have been 

widely used for “through-hole” electrodeposition. This also makes the bath 

particularly attractive for wafer level fine pitch solder bumping application, where 

small holes are filled with solder electrodeposits [89]. 

In Beattie et al's study, binary Cu1-xSnx alloys were produced from a single bath 

consisting of 36 g/L Sn2P2O7, 135 g/L K4P2O7, 1 g/L Cu2P2O7∙3H2O [90]. Although 

the investigations were primarily for applications in Li-ion cells, the potential 

application of electroplating Sn-Cu solder alloys also exists. The mechanism of 

nucleation and growth of Sn-Cu alloy coatings from pyrophosphate baths was studied 

through cyclic voltammetry and chronoamperometry by Correia et al [91]. In their 

studies, voltammetric results displayed only one oxidation peak for tin and two for 

Sn-Cu alloys. The reduction processes were found to be diffusion controlled from the 

sweep rate dependence in voltammograms. 

The use of pyrophosphate electrolytes to electrodeposit lead-free solder alloys and 

bumps has been carried out by a few research groups. Neveu et al achieved near 

eutectic Sn-Ag alloys (Sn-3.5wt.%Ag) using pyrophosphate-iodide electroplating 

baths under both direct and pulsed current conditions [92]. The effects of additives, 

including triethanolamine, Triton X-100, sorbitol, sodium gluconate and 1,4-

hydroxybenzene, have also been examined through cathodic polarisation data. To 

varying extents, all of them suppressed the dendritic Sn-Ag growth. Table 4-3 lists the 

bath compositions in the investigations. 
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Table 4-3 Electrolyte constituents for the electrodeposition of Sn-Ag alloys from pyrophosphate-iodide 

based baths [92]1 

 

 

 

 

 

 

 

 

 

 

With the absence of additives, as shown in Figure 4-9, it was found in Neveu et al’s 

studies that although of roughly the same composition, the morphology of Sn-Ag 

electrodeposits varied largely from a fine grained structure to well-defined crystals 

about 2–5 μm in size, until finally dendrites dominated as the current density 

increased. 

                                                 

 
1 Table summarised from the reference. 
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Figure 4-9 Micrographs of Sn-3.5wt.% Ag alloys electrodeposited at different current densities: (A) 0.1 

A/dm2, (B) 0.2 A/dm2, (C) 0.5 A/dm2, (D) 1.0 A/dm2, (E) 1.2 A/dm2 and (F) 1.5 A/dm2 [92]1. 

Arai's et al have applied the pyrophosphate-iodide based systems to produce near-eutectic Sn-Ag solder 

bumps at the wafer level through photolithography [93]. Both straight-walled bumps and mushroom 

bumps were formed under galvanostatic and potentiostatic conditions, as shown in  

 

 

 

 

 

 

 

 

 

 

Figure 4-10. It was found that under potentiostatic conditions ( 

                                                 

 
1 Reprinted with permission from Elsevier. B. Neveu, F. Lallemand, G. Poupon and Z. Mekhalif, 

Electrodeposition of Pb-free Sn alloys in pulsed current. Applied Surface Science, 2006. 252 (10): p. 

3561-3573. Copyright (2000), Elsevier. 
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Figure 4-10, image (a)), even if the surface area of the cathode was changed, because 

the cathodic potential stayed the same, the caps of the mushroom bumps had smooth 

and uniform surfaces. However, rough surfaces appeared under galvanostatic 

conditions as the current density was changed with the varying cathode area of the 

caps. 
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Figure 4-10 SEM images of fabricated near-eutectic Sn-Ag solder bumps under potentiostatic (a) 

galvanostatic and (b) conditions from a pyrophosphate-iodide bath [93]1. 

Figure 4-11 shows cross-sectional electron probe microanalysis (EPMA) data for 

mushroom Sn-Ag solder bumps under both galvanostatic and potentiostatic conditions. 

It is demonstrated in this figure that under galvanostatic conditions, the cap of the 

bump contains more Ag than the part grown within the confines of the pattern. This is 

owing to a decrease in the current density as the top of the mushroom bumps grow 

into a cap, resulting in a shift in the cathodic potential. However, under potentiostatic 

conditions, Ag is distributed uniformly throughout the bumps according to Figure 

4-11. This is due to the fixed potential throughout the deposition process regardless of 

the change in cathode surface area. Therefore, it reveals that potentiostatic conditions 

can help to achieve a uniform compositional microstructure of the bump. 

                                                 

 
1 Reprinted with permission from The Electrochemical Society. S. Arai, H. Akatsuka and N. Kaneko, 

Sn-Ag Solder Bump Formation for Flip-Chip Bonding by Electroplating. Journal of The 

Electrochemical Society, 2003. 150 (10): p. C730-C734. Copyright (2000), The Electrochemical 

Society. 
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Figure 4-11 EPMA cross-sectional analysis of Sn-Ag mushroom bumps obtained under galvanostatic 

and potentiostatic conditions from a pyrophosphate-iodide bath [93]1. 

4.4.3 Electrolyte Stability 

Electrolyte stability has been a universal and inevitable problem for the 

electrodeposition of tin and tin alloys. In aqueous systems, Sn
2+

 ions tend to be 

oxidised to Sn
4+

 by the atmospheric oxygen (Equations 4-6 and 4-7) to form 

tetravalent tin compounds which are more stable than the divalent ones. This will 

result in the loss of Sn
2+

 ions which are the source of tin in the electrodeposits and 

consequently undermine the efficiency of the electrolytes and increase the cost of 

chemicals. Meanwhile, owing to this undesirable oxidation reaction, insoluble 

products normally form and exist as a sludge in the bath and consequently deteriorate 

the properties of the electroplating bath. 

Acidic electrolyte:               
2 4

2 22 4 2 2Sn O H Sn H O                     Equation 4-6 

                                                 

 
1 Reprinted with permission from The Electrochemical Society. S. Arai, H. Akatsuka and N. Kaneko, 

Sn-Ag Solder Bump Formation for Flip-Chip Bonding by Electroplating. Journal of The 

Electrochemical Society, 2003. 150 (10): p. C730-C734. Copyright (2000), The Electrochemical 

Society. 



Chapter 4 Electrodeposition of Lead-Free Solder Alloys 
 

56 

Alkaline electrolyte:            
2 4

2 22 2 2 4Sn O H O Sn OH                   Equation 4-7 

There are a few factors affecting this oxidation reaction in the electrolyte, such as the 

concentration of Sn
2+

 ions. From the reaction balance's point of view, it is known that 

the higher concentration of Sn
2+

 ions, the higher the rate of oxidation. The bath 

temperature also plays an important role in the reaction. Reactions are accelerated at 

elevated temperatures, resulting in more Sn
2+

 ions lost during the operation. Other 

factors affecting the oxidation include agitation and the anion types in the electrolytes. 

There are even more challenges posed for the stability of electrolytes designed for tin 

alloy electrodeposition including copper as one of the elements, because in the 

presence of cupric ions, the oxidation of Sn
2+

 is catalytically accelerated, with the 

reaction mechanism described by Murray et al [94]. Cupric ions can be reduced into 

monovalent copper by the divalent tin, whilst the monovalent copper is re-oxidised to 

the divalent form by the atmospheric oxygen, with hydrogen peroxide produced as an 

intermediate product. Equations 4-8 and 4-9 show the mechanism in detail: 

2 2 42 2Sn Cu Sn Cu                               Equation 4-8 

2

2 2 22 2 2Cu H O Cu H O                         Equation 4-9 

With respect to the stability of methanesulphonate based electrolyte, for tin alloy 

electrodeposition, although the methanesulphonic acid is a reducing agent, there are 

still stability concerns. Joseph et al found that without any additives, the bath stability 

of methanesulphonate based electrolyte for Sn-Ag-Cu alloy electrodeposition did not 

extend beyond 2 hours, whilst the addition of Triton X-100 only held the bath clear 

for about a week as investigated [88].  

Other studies have explored using hydroquinone as an antioxidant to slow down the 

oxidation from Sn
2+

 to Sn
4+

 and enhance the electrolyte stability, because 

hydroquinone can consume the oxygen dissolved in the solution as Equation 4-10 

below shows [87, 95]. However, the results are still not promising. 

6 4 2 2 6 4 2 22 ( ) 2 2C H OH O C H O H O                   Equation 4-10 
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Nevertheless, the pyrophosphate based electrolyte has been found to be of better 

stability than most other tin alloy electroplating electrolytes [96]. In 1984, Kubota et 

al explored tin electroplating from a bath developed by dissolving SnCl2 into a 

solution of K4P2O7 [97]. Potentiometric and conductimetric titration studies showed 

that in the complex formed, the ratio of pyrophosphate to tin was 2:1, as Equation 4-

11 shows. As a result, the tin ion concentration in the electrolyte was of the order of 

10
-14

 g/L. With such a low concentration, tin ions available for the oxidation reaction 

become very limited and owing to that, the bath stability is significantly improved. 

2 4 6

2 7 2 7 22( ) [ ( ) ]Sn PO Sn PO                       Equation 4-11 

4.5 Summary  

In summary, the general principles of electrodeposition technology, including the 

challenges that lie in the co-deposition of Sn, Ag and Cu as alloys, are introduced in 

this chapter. Due to the relatively large potential gaps between Sn/Ag and Sn/Cu, an 

effective complexing agent is desirable in the bath systems to achieve the co-

deposition of alloys, whilst avoiding undesirable microstructures such as nodules and 

dendrites. Three significant parameters during the electrodeposition process, including 

temperature, agitation and current density, are discussed with respect to their effects 

on the electrodeposits. Recent advancement using methanesulphonate and 

pyrophosphate based bath systems to electroplate Sn-Cu, Sn-Ag and Sn-Ag-Cu alloys 

is summarised. With respect to the universal stability issue for tin alloy 

electrodeposition, pyrophosphate exceeds methanesulphonate due to its strong 

complexing ability, although studies have shown that the addition of antioxidants 

could improve the latter to some extent. 
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Chapter 5  

 

Experimental Techniques 

 

In this chapter, details of the experimental arrangements and analytical techniques 

utilised in this investigation are introduced. 

5.1 Electrodeposition and Polarisation Trials 

5.1.1 Electrodes and Pretreatment 

All the electrodeposition investigations were carried out in a 500 mL beaker cell, with 

potential and current control via a potentiostat (PARSTAT 263(A) or 2273, Princeton 

Applied Research, AMETEK) and a computer. A conventional three-electrode cell 

configuration was used throughout. A photograph of the electroplating system 

arrangement is shown in Figure 5-1. 

For initial investigations, copper coupons of 1 cm
2
 working area, defined by 

chemically inert tape (3M Scotch), were used as the working electrode (cathode). 

During wafer bumping processes, glass or silicon wafers with surface metallisation 

layers were used as the cathode, more details are outlined in Section 5.3. A Pt plate (4 

cm × 4 cm) was used as the counter electrode (anode). To measure the working 

electrode potentials, a saturated calomel electrode (SCE, +0.241 V vs. SHE at 25 °C) 

was used as the reference electrode, against which all electrode potentials were 

reported. The probe with ceramic frit, connected to the reference electrode through 

salt bridge, was positioned approximately 2 cm form the working electrode each time. 

Prior to experimentation, copper coupon working electrodes were immersed in a 

20wt.% potassium hydroxide solution for 5 min and then 30 s in a 50vol.% nitric acid 

(S.G. 1.51) solution. They were then rinsed thoroughly with deionised water and 

quickly immersed into the electroplating bath. 
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Figure 5-1 Arrangement of the electrodeposition system: (a), general view; (b), close up of the 

electroplating cell. 

5.1.2 Agitation and Heating 

Magnetic stirring was used as the method of agitation in the current study. A stirring 

hotplate (Fisher Scientific) with a control of agitation level (rotation rate by rpm) was 

utilised.  

When an elevated bath temperature was required, a ~25 L water bath was used to heat 

up the electrolyte, maintaining a stable temperature control (±1°C). 

5.1.3 Potentiodynamic Polarisation Studies 

Computer control 
of potentiostat 

Electroplating cell 

Electroplating power supply  

(PARSAT 2273, Princeton Applied Research
®

 )            

SCE reference electrode salt  
bridge and fitted probe 

Anode (Pt)  

Electroplating cell  
Cathode (Cu)  

(a) 

(b) 
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In order to elucidate the electrodeposition processes, such as the distinctive roles of 

chemicals and electrode reactions (indicated by the current), potentiodynamic 

cathodic polarisation measurements were conducted using an electrochemical system 

under computer control. PARSTAT 263(A) or 2273 (Princeton Applied Research, 

AMETEK) and Auto Tafel HP (ACM Instruments) were used for the polarisation 

tests. 

A general cathodic potentiodynamic polarisation curve (current-potential relationship) 

is shown in Figure 5-2. The curve is defined by four regions: 1, linear region; 2, 

exponential region (Butler-Volmer exponential relationship); 3, mixed control 

(activation and mass transport) region; 4. limiting current density region [71]. Such a 

polarisation curve can be instructive for the electrodeposition process. Factors, such as 

temperature and agitation, also affects on the curves. The curves can, therefore, 

facilitate setting up the parameters required. An indication of the impact of additives 

on the limiting current density can also be recognised through polarisation curves. 

 

Figure 5-2 General cathodic polarisation curve [71]1. 

Copper coupons used for cathodic polarisation measurements as the working 

electrode were prepared and pre-treated in the same manner as those for 

electrodeposition trials (see Section 5.1.1). Prior to each polarisation test, the copper 

                                                 

 
1 Figure redrawn from the reference. 
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coupon after pretreatment, was left in the electrodeposition bath for approximately 15 

minutes to stabilise. The open-circuit potential between the cathode and the reference 

electrode (SCE) at open circuit was recorded each time. Different sweep rates, of 1, 5 

and 10 mV/s, were applied depending on the specific requirement. Scanning was 

conducted cathodically from the open-circuit potential until the hydrogen evolution 

heavily occurred. Three independent curves were recorded for each electrolyte 

variation and one typical curve was reported in each case. Again, all potentials are 

quoted versus SCE. 

5.2 Bump Electrodeposition on Wafers 

Figure 5-3 demonstrates the process of solder bumping process on wafers through 

electrodeposition, with details discussed in the following sections. 

(a) 

  

Deposition of UBM 

layers (Ti/Cu) through 

evaporation 

(b) 

  

Photoresist by spin 

coating 

(c) 

  

UV exposure using 

photomask 

(d)   

 

Photoresist development 
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(e) 

  

Electrodeposition of 

lead-free solder alloys 

(f) 

  

Photoresist etching 

          

Figure 5-3 Schematic illustration of the process for the solder bumping process on wafers. 

5.2.1 Test Wafer 

3 inch (76.2 mm) single-crystal silicon wafers from Compart Technology Ltd and 

glass wafers from Chance Glass Ltd in the UK were used for the electrodeposition 

tests. As the current study has been focused on the bumping process at wafer level, the 

nature of wafer material therefore plays an less important role in the investigations as 

the process schematic in Figure 5-3 illustrates. 

5.2.2 UBM Deposition 

UBM layers were firstly deposited on the wafer as Figure 5-3 (a) shows. The main 

role of UBM in a solder joint has been discussed in Section 2.2.3. With respect to the 

solder bumping process by electrodeposition, UBM layers also serve as a conductive 

seed layer to enable the electrochemical reactions at the cathode surface. 
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Figure 5-4 Thickness measurement of the UBM layers by Talysurf CLI 2000 3D laser scanner. 

In the present study, e-beam (electron beam) evaporation technology was applied to 

deposit Ti and Cu sequentially, with Ti being the adhesion layer to improve the 

relatively poor adhesion between the seed layer (Cu) and the wafer. After placing the 

3 inch wafers onto the wafer holder in the e-beam chamber, a rotary pump was firstly 

used and then a diffusion pump to produce a high level vacuum. When the vacuum 

level was down to around 2.0x10
-5

 mbar, the electron beam evaporation was 

performed. By focusing the electron beam on target materials (Ti or Cu), the metals 

evaporated into the chamber and deposited onto the glass wafers. The process was 

performed wafer by wafer by using a protecting wafer holder. After deposition, the 

chamber was left to cool and the wafers with Ti/Cu metal layers were then removed 

for the next processing step. Through the deposition process, Ti/Cu layers (~100 nm 

thick each) were produced on the wafers, with the total thickness measured at 

approximately 200 nm by Talysurf CLI 2000 3D laser scanner from Taylor Hobson 

(Figure 5-4). 

5.2.3 Photoresist Patterning 

As images (b)–(d) in Figure 5-3 show, photoresist patterns were produced through 

photolithography, which is the most widely used form of lithography to transfer 

patterns from masks onto the photoresist. 

5.2.3.1 Photoresist Spin-Coating 

Once the wafer was stabilised on the spin coater by vacuum suction, a positive 

AZ9260 photoresist from Clariant was dispersed smoothly onto the wafer by spinning 
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at: 1), 70 rpm for 20s; 2), 400 rpm for 20s; 3), 1000 rpm for 40s. After all the steps, a 

AZ9260 layer of ~15 μm was left on the wafer. The wafer with photoresist was then 

transferred onto a hotplate of 80°C for 5 minutes soft baking to remove the solvent in 

the photoresist film. AZ9260 photoresist was used because it was suitable for high 

aspect ratio structures and was easily strippable in acetone solution compared to SU-8 

and other common photoresists [98]. 

5.2.3.2 Exposure and Development 

After soft baking on the hotplate, the photoresist was exposed to UV light (hard bake) 

through a photomask to produce via structures. For a positive photoresist like AZ9260, 

the exposed area under the mask was weakened by UV light and could be etched 

away by developer solvent. Figure 5-5 shows the photomask pattern used in the 

current study. The photomask was made of soda-lime glass with chromium coating. 

The designed patterns included diameters of 15–25 μm and pitch sizes of 50–100 μm. 

A broadband mask aligner (Tamarack) was used as the UV-exposure source (365 nm 

wavelength UV radiation) for exposure. 
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Figure 5-5 Schematic illustration of the photomask used for photoresist patterning. (a) general view of 

the wafer mask; (b) close up of one single block. Pattern includes diameters=15–25 μm, pitch size=50–

100 μm. 

After exposure the wafers were immersed into the developing solvent (AZ400K), 

rinsed with deionised water and blown dry with nitrogen. Figure 5-6 illustrates one 

wafer sample measured by Talysurf CLI 2000 3D laser scanner (Taylor Hobson), 

revealing the via features fabricated in the photoresist. 

                 (a) 
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(b) 

Figure 5-6 Measurements of patterned photoresist by Talysurf CLI 2000 3D laser scanner. (a) top 

scanning revealing a pattern of diameter=25 µm and pitch=50 µm (distance from cursor "1" to cursor 

"2"=100.22 µm) and average via depth=15.4 µm; (b) 3D image of the photoresist pattern after 

development. 

5.2.4 Electrodeposition 

Upon completion of the photoresist pattern on the wafer, the solder electrodeposition 

process was readily carried out, as Figure 5-3 (e) shows. Lead-free solder alloys, such 

as Sn-Ag, Sn-Cu and Sn-Ag-Cu, were electrodeposited in the via structures from 

specifically formulated baths. Both straight-walled and mushroom bumps could be 

fabricated. More details regarding this process and the resultant lead-free solder 

bumps are discussed in the following chapters. 

5.2.5 Photoresist Etching 

After the electrodeposition process, the AZ9260 photoresist was stripped off in 

acetone. Solder bumps were then exposed as shown in Figure 5-3 (f). 

5.3 Material Characterisation 

The electrodeposited lead-free solder alloys were characterised in terms of surface 

morphology, alloy deposit composition and microstructure respectively. 

5.3.1 Surface Morphology 

The surface morphology of the electrodeposits was observed using Cambridge 360 

Scanning Electron Microscope (SEM), or Leo 1530VP Field Emission Gun Scanning 
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Electron Microscope (FEG-SEM), typically at a voltage of 10 kV. Atomic Force 

Microscope (AFM) was also utilised in some situations such as assessing the 

roughness of electrodeposits under the effects of additives, characterising not only 

surface morphology. AFM images were recorded in tapping mode on a Nanoscope III 

multimode microscope (Digital Instruments, Veeco). Measurements were performed 

in air using etched silicon tip cantilevers of 5–10 nm nominal curvature (RTESP, 

Veeco) with a resonance frequency of 247–298 kHz. 

5.3.2 Composition and Phase Identification 

Both Energy Dispersive X-ray spectroscopy (EDX) and Wavelength Dispersive X-ray 

spectroscopy (WDX) were used to measure the compositional constituents of the 

electrodeposits. Though EDX is more commonly applied due to its simplicity and 

speed and gives sensible results in most occasions, WDX is complementary to EDX 

in that WDX spectrometers have significantly higher spectral resolution and enhanced 

quantitative potential (down to parts per million levels) [99]. This is particularly 

useful for the current study as only small amounts of Ag or Cu are included in the 

lead-free solder alloys. The advantage of WDX in resolving elements with 

overlapping peaks in an X-ray energy dispersive spectrum also applies to the situation 

for Sn and Ag (characteristic X-ray lines Ag: Ag L =3.151 keV and Sn: Sn L=3.045 

keV) [100]. 

As the melting points of an electrodeposit is closely related to its composition, 

thermal measurements were carried out using Differential Scanning Calorimetry 

(DSC 2010 TA Instruments). Samples (1–1.1 mg each time) were prepared by 

scraping the deposits off the copper coupons. A heating rate of 10 K/min was used 

throughout. Tests were carried out in a nitrogen atmosphere from room temperature to 

well above the melting points. 

The alloy phase information for the electrodeposits was obtained by X-Ray 

Diffraction (XRD) from a Bruker D8 X-ray diffractometer. Sample were scanned 

through a 2θ angle from 20° to 100° with a step of 0.02°/s, using an X-ray source of 

Cu Kα radiation (λ=0.15406 nm). The spectra were analysed on the basis of a powder 

diffraction database from JCPDS-ICDD 2002
©

. 
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5.3.3 Microstructure 

The microstructural analysis of the electrodeposits was conducted by Focused Ion 

Beam (FIB) micro-machining and Transmission Electron Microscopy (TEM). An FEI 

Nova 600 NanoLab dual beam FIB (SEM/FIB) and JEOL 2000FX TEM with EDX 

were used. The combination of micro-processing and the lift-out technique using the 

micro pickup system in the dual-beam FIB served as a powerful tool for the 

preparation of TEM specimens in the current study. 

For cross-sectional microstructural views of the electrodeposits, samples were micro-

processed using SEM/FIB to produce rectangular trenches at both sides, with a Pt 

protective layer deposited above (1 µm thick × 1 µm wide approximately) by 

chemical vapour deposition (CVD), as Figure 5-7 (a) and (b) show. This enabled the 

cross-sectional planes to be observed and micrographs taken. Both Secondary 

Electron (SE) images and Ion-Induced Secondary Electron (ISE) images were 

available from the SEM/FIB system. However, owing to factors including the crystal 

orientation, ISE images tended to deliver stronger channelling contrast in crystal 

structures and therefore more details could be generated in crystalline electrodeposits 

through ISE images [101]. 

To proceed the TEM sample preparation, the centre “wall” was further thinned, 

followed by a “U” cut, as Figure 5-7 (d) illustrates. Then the TEM sample was finally 

cut off the bulk electrodeposit when approached by the Omniprobe, which was used 

to transfer the sample to the TEM mounting grid by attaching the sample to the tip 

through Pt deposition, as image (e) shows. The TEM sample was then mounted on the 

Mo grid by repeating the steps of micro-cutting and attachment (image (f)). In the 

current study, instead of the commonly used Cu grid, a Mo grid was used to rule out 

the potential compositional interference by X-ray energy overlapping during the EDX 

measurements in the TEM. The scanning ion beam with low current was the final 

process to finally attenuate the foil down to no more than ~100 nm for electron 

transparency purposes (image (g)). The sample was then ready for TEM analysis. 
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(a) 

 

(b)

 
(c) 

 

(d)  

 
  

(e) 

 

(f) 
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(g)  

  

Figure 5-7 Micro-machining process by SEM/FIB for cross-sectional microstructure view and TEM 

sample preparation. (a) Pt layer deposited on top of the region of interest; (b-c) two rectangular 

trenches produced on both sides of the Pt layer for cross-sectional view and to prepare the TEM sample; 

(d) "U" cut of the sample to be lifted up; (e) Foil attached to the Omniprobe and lifted up; (f) Sample 

attached to the grid holder by Pt deposition; (g) Sample further attenuated to electron transparency. 

5.4 Summary 

In this chapter, the experimental arrangement of the electrodeposition system is first 

introduced, with details of agitation and bath heating provided. Potentiodynamic 

polarisation studies were employed to characterise the electrochemical behaviour of 

the electroplating baths under different process parameters and bath constituents. 

Details regarding the preparation of photoresist patterned wafers are elaborated step 

by step. Finally, characterisation techniques utilised in the study of the electrodeposits 

are summarised. SEM and AFM were used to observe the surface morphologies of 

electrodeposits. The compositional information were gathered from EDX and WDX. 

These results were combined with DSC measurements to test the alloy thermal 

properties such as melting point. XRD spectra identified the phase constituents of the 

electrodeposits and the microstructure was analysed in-depth by dual-beam FIB 

(SEM/FIB) and TEM. 
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Chapter 6  

 

Electrodeposition of Sn-Cu Alloys 

 

In this chapter, the electrodeposition of near-eutectic Sn-Cu alloys from 

methanesulphonate based baths developed was investigated. Sn-Cu electrodeposits 

were characterised by different techniques to monitor the process and finally achieve 

near-eutectic Sn-Cu solder bumps on silicon or glass wafers. 

6.1 Cathodic Polarisation Studies 

6.1.1 Development of Electrolyte 

In the current study, methanesulphonate based electrolytes were developed for the 

electrodeposition of near-eutectic Sn-Cu alloys. Tin methanesulphonate and copper 

sulphate were used as Sn
2+

 and Cu
2+

 sources. Thiourea was added as the complexing 

agent for Cu
2+

 ions and iso-octyl phenoxy polyethoxy ethanol (OPPE) as the organic 

additive (chemical structure shown in Figure 6-1: (CH3)3C-CH2-C(CH3)2-Φ-

(OCH2CH2)n-OH, where Φ is a benzyl ring). As a reducing agent, methanesulphonic 

acid (MSA) was used to provide the conductivity in the bath while prohibiting the 

oxidation of Sn
2+ 

ions. The role of each constituent was characterised by cathodic 

potentiodynamic polarisation at room temperature, with different bath formulations 

(summarised in Table 6-1), with results discussed in the following sections. 

 

Figure 6-1 Schematic chemical structure of OPPE (iso-octyl phenoxy polyethoxy ethanol), with the 

hydrophilic portion containing nine to ten oxyethylene groups (n = 9–10). 
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Table 6-1 Methanesulphonate-based bath constituents for near-eutectic Sn-Cu alloy electrodeposition 

Chemicals 

Baths constituents and concentrations 

A B C D E F G H 

Sn(CH3SO3)2 70 g/L 70 g/L 70 g/L 70 g/L 70 g/L 70 g/L 70 g/L 70 g/L 

CuSO4∙5H2O – 
0.002–0.02 

mol/L 
0.002 mol/L 0.002 mol/L 0.002 mol/L 0.002 mol/L 0.002 mol/L 0.002 mol/L 

CH3SO3H – – 100 g/L – – 100 g/L – 100 g/L 

Thiourea – – – 0.2 mol/L – 0.2 mol/L 0.2 mol/L 0.2 mol/L  

OPPE – – – – 10–50 ml/L – 10 ml/L 10 ml/L 
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6.1.2 Effects of Scan Rate 

Two scan rates, 1 mV/s and 10 mV/s, were investigated for bath A (Table 6-1) as 

shown in Figure 6-2. The open-circuit potentials of Cu coupons in both curves were 

recorded at around -0.05 V (versus SCE). No appreciable current is observed until the 

potential is swept to about -0.44 V, where the deposition of Sn commences. As the 

scan proceeds, the two curves exhibit two different formats. 

At the scan rate of 1 mV/s (curve 1), the current density exponentially increases after 

the commencement of Sn deposition, whilst for 10 mV/s (curve 2) the current density 

increases more gently to a similar current density value (~320 mA/cm
2
). However, 

although this has illustrated such a methanesulphonate based electrolyte is capable of 

achieving a relatively high current density, under such conditions only undesirable 

rough Sn dendrites (Figure 6-3) are produced. This also indicates that modifications to 

the bath formulation are required to improve the microstructure of electrodeposits. 

The American Society for Testing and Materials (ASTM) recommends a scan rate of 

0.1667 mV/s, particularly for corrosion studies [102], as such a low rate more 

faithfully reveals balanced cathodic reactions at a specific driving force. By 

comparing the two curves in Figure 6-2, a scan rate of 1 mV/s was therefore used in 

the following studies, as it finished measurements in a reasonable time duration while 

still illustrating the cathodic electrochemical trends. 
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Figure 6-2 Cathodic potentiodynamic polarisation curves from bath A, Table 6-1 containing 

Sn(CH3SO3)2 70 g/L, showing the effects of potential scan rate: 1 mV/s (curve 1) and 10 mV/s (curve 

2). 

 

Figure 6-3 SEM image of Sn dendrites formed on Cu coupon after cathodic polarisation from bath A, 

Table 6-1 containing Sn(CH3SO3)2 70 g/L. Potential scan rate 1 mV/s. 

6.1.3 Effects of Copper Sulphate 

The cathodic polarisation curves for the electrodeposition of Sn-Cu alloys in bath B 

from Table 6-1 are given in Figure 6-4. Solutions were made by adding CuSO4 

(concentrations of 0 mol/L, 0.002 mol/L and 0.02 mol/L respectively) into a 70 g/L 

Sn(CH3SO3)2 electrolyte. As the objective Sn-Cu electrodeposit contains only 0.7wt.% 

of Cu, it is expected that the appropriate CuSO4 concentration should be maintained in 

the range from 0.002 mol/L to 0.02 mol/L after consideration of the results from other 

studies [103, 104].  

As can be observed in Figure 6-4, the deposition of Sn commences at the potential of -

0.44 V in all curves, the same as that in Figure 6-2. Before this potential, current 

density plateaux appear in the curves, which should be attributed to the deposition of 

Cu at their limiting current densities when Cu ions are present (curves 2 and 3). The 

higher limiting current density (approximately 2 mA/cm
2
, curve 3) relates to a higher 

CuSO4 concentration (0.02 M), whilst the lower (curve 2) shows a much lower value 

(less than 0.1 mA/cm
2
). Therefore, under such conditions free of complexing agents 
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or additives, the deposition of Cu occurs before Sn and the co-deposition of Sn-Cu 

alloy follows thereafter. 
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Figure 6-4 Cathodic potentiodynamic polarisation curves from bath B, Table 6-1 containing 

Sn(CH3SO3)2 70 g/L and various concentrations of CuSO4, showing the effects of CuSO4 additions: 

CuSO4=0 mol/L (curve 1), CuSO4=0.002 mol/L (curve 2) and CuSO4=0.02 mol/L (curve 3). Potential 

scan rate: 1 mV/s. 

6.1.4 Effects of Methanesulphonic Acid 

The effects MSA on the electrodeposition of Sn-Cu alloys were studied with bath C 

(Table 6-1). From the cathodic potentiodynamic polarisation measurements (Figure 

6-5), little effect is shown with the addition of MSA. Open-circuit potentials of Cu 

coupons kept constant at -0.1 V, followed by Cu deposition plateaux and Sn-Cu alloy 

deposition from approximately -0.44 V.  

MSA is initially added for improvement of the stability of electrolyte as it is able to 

produce a reducing medium for Sn
2+

 stability and to provide conductivity for the 

electrolyte. Though there is no electrochemical effect evident from Figure 6-5, it does 

show effects on other aspects such as electrodeposit microstructure, which will be 

discussed in later sections. 
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Figure 6-5 Cathodic potentiodynamic polarisation curves from bath C, Table 6-1 containing 

Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L and CH3SO3H 100g/L, showing the effects of MSA: without 

MSA (curve 1) and with MSA (curve 2). Potential scan rate: 1 mV/s. 

6.1.5 Effects of Thiourea 

The effects of thiourea on the electrodeposition of Sn-Cu alloys have also been 

studied by cathodic polarisation curves and are illustrated in Figure 6-6. The most 

noticeable difference from the presence of thiourea (curve 2) is the new open-circuit 

potential of the Cu coupons in the solution (-0.44 V). With the absence of thiourea, 

the open-circuit potential (curve 1) is close to 0 V as previously observed. 

Nonetheless, when 0.2 mol/L thiourea is added in the solution (curve 2), the open-

circuit potential changes to approximately the same value as that for Sn deposition. 
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Figure 6-6 Cathodic potentiodynamic polarisation curves from bath D, Table 6-1 containing 

Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L and thiourea 0.2 mol/L, showing the effects of thiourea: 

without thiourea (curve 1) and with 0.2 mol/L thiourea (curve 2). Potential scan rate: 1 mV/s. 

It was also noticed during experimentation that the newly treated Cu coupon surface 

was immediately covered by a silver grey layer once the Cu sample was immersed 

into the solution before any current passed. This is because in the presence of thiourea 

as a complexing agent with Cu ions, the electrode potentials of Sn and Cu markedly 

change from their original electrode potentials (their standard electrode potentials are 

Sn
2+

: -0.136 V and Cu
2+

: +0.337 V) that even the order in the electrochemical series is 

changed [105]. Thus, the electroless Sn coating on Cu is conducted without applying 

any external current by a displacement reaction:  

2 2Sn Cu Sn Cu                                      Equation 6-1 

In this manner, under the complexing effect of thiourea on Cu ions, the deposition 

potential of Cu is shifted closer to tin. Owing to this effect, the current density plateau 

for Cu deposition (shown in Figure 6-4) disappears and co-deposition of Sn-Cu alloy 

is realised from the Sn deposition potential of approximately -0.44 V onward. By 

comparing the two curves in Figure 6-6, though thiourea shows a strong chelating 

effect on Cu ions, its effect on the current density of Sn deposition proves to be 

negligible. 
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6.1.6 Effects of OPPE 

As a widely used non-ionic surfactant to improve the microstructure of tin and tin 

alloy electrodeposits, OPPE was added in bath E (Table 6-1). Its effects, revealed by 

cathodic potentiodynamic polarisations, are shown in Figure 6-7 with varying 

concentrations (10 ml/L and 50 ml/L) present. In Aragon et al’s study in the 

electrodeposition of Sn(II) in a sulphate electrolyte, it was found that below 0.12 g/L, 

the presence of OPPE, containing longer oxyethylene groups (n=12–13) than in the 

current study, had little effect on the quality of the Sn deposits. 
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Figure 6-7 Cathodic potentiodynamic polarisation curves from bath E, Table 6-1 containing 

Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L and varying concentrations of OPPE, showing the effects of 

OPPE: no OPPE (curve 1), OPPE=10 ml/L (curve 2) and OPPE=50 ml/L (curve 3). Potential scan rate: 

1 mV/s. 

As can be seen from Figure 6-7, under the effects of OPPE, the overall shape of the 

polarisation curves is changed from curve 1 to curves 2 and 3. Compared to curve 1 

(no addition), with the presence of OPPE (curves 2 and 3), the Sn electrodeposition is 

largely inhibited as evidenced by the marked decrease in current density. Without 

OPPE (curve 1), the current density reaches about 200 mA/cm
2
 at a potential of -0.9 V, 

although Sn dendrites result as shown in Figure 6-3. This current density value is only 

around 40 mA/cm
2
 and 15 mA/cm

2
 at such a potential under the effects of 10 ml/L 

(curve 2) and 50 ml/L OPPE (curve 3) respectively. This inhibitive effect of OPPE 

has changed the undesirable dendrite microstructure of the electrodeposits and is 
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discussed in detail in later sections of this chapter. By comparing curves 2 and 3, 10 

ml/L of OPPE is considered to be an effective concentration that does not overly 

restrict the Sn deposition. 

6.2 Surface Morphology of Electrodeposits 

Surface morphology is one of the most important features of electrodeposit 

microstructure, as smooth and compact electrodeposits are the rudimentary 

requirements for applications in electronics. In bath B from Table 6-1 where only Sn 

and Cu sources are present, the morphology of Sn-Cu electrodeposits is typically 

rough and porous. As can be seen from Figure 6-8, this bath is incapable of producing 

a uniform coating. Part of the Cu substrate remains uncovered by the electrodeposit. 

 

Figure 6-8 SEM micrograph of Sn-Cu electrodeposit under galvanostatic condition (current density = 

15 mA/cm2) from bath B, Table 6-1 containing Sn(CH3SO3)2 70 g/L and CuSO4 0.002 mol/L, electrical 

charge passed = 1500 C/dm2. 

In this section, SEM images of Sn-Cu electrodeposits prepared in different baths from 

Table 6-1 are presented to investigate the influence of each bath constituent in terms 

of surface morphology. To make the results comparable, the electrical charge of each 

trial was kept constant at 1500 C/dm
2
. 
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6.2.1 Effects of Methanesulphonic Acid 

Figure 6-9 shows the effects of MSA on surface morphology. It is known that 

sufficient electrolyte in the bath providing conductivity is one of the prerequisites for 

a relatively uniform coating [106, 107]. This is emphasised by the addition of MSA in 

bath C, Table 6-1. Compared with bath B where no MSA was present and a rough 

electrodeposit was produced (Figure 6-8), relatively uniform electrodeposits are 

expected and justified as shown in Figure 6-9 over a range of current densities. 

In Figure 6-9, the surface morphology of electrodeposits at different current densities 

(5, 10, 15, 20, 25 and 30 mA/cm
2
 respectively) with the presence of 100g/L CH3SO3H 

is demonstrated. It is found that all the micrographs appear similar over the whole 

current density range examined. The typical microstructure in these samples is that the 

deposits consist of closely-packed small nodules with a size of only a few microns. 

The cross-sectional observation of the microstructure is examined later in this chapter. 

  

(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm

2
 

  

(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
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(e) current density = 25 mA/cm
2
 (f) current density = 30 mA/cm

2
 

Figure 6-9 SEM micrographs of Sn-Cu films electrodeposited under galvanostatic conditions from bath 

C, Table 6-1 containing Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L and CH3SO3H 100g/L, electrical 

charge passed = 1500 C/dm2. 
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Figure 6-10 Chronopotentiometry of Sn-Cu alloys electrodeposition from bath C, Table 6-1 recorded 

under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves 1, 2, 3, 4,5 6 represent 5, 

10, 15, 20, 25 and 30 mA/cm2 respectively. 

The chronopotentiometry curves responding to the galvanostatic conditions are shown 

in Figure 6-10. As the total electrical charge for each test was kept constant at 1500 

C/dm
2
, a lower current density needed a longer deposition time as the curves show. 

The driving force (potential) varies between -0.45 V and -0.49 V at the end of each 

test when the processes are relatively stabilised. The potentiodynamic cathodic 

polarisation curves (Figure 6-6) for bath C from Table 6-1 has indicated a potential 

range of -0.45 V to -0.52 V for the current densities investigated but under dynamic 
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conditions. The noisy curves for higher current densities (curves 5 and 6 for 25 and 30 

mA/cm
2
 in Figure 6-10 respectively) represent a relatively unstable cathodic process 

and probably might take longer to stabilise.  

6.2.2 Effects of Thiourea 

The complexing effect of thiourea on copper to bring its deposition potential closer to 

Sn has been demonstrated by cathodic polarisation studies in Figure 6-6. Figure 6-11 

shows the surface morphology of electrodeposits under the effects of thiourea only. 

  

(a) current density = 5 mA/cm
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 (b) current density = 10 mA/cm
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(e) current density = 25 mA/cm
2
 (f) current density = 30 mA/cm

2
 

Figure 6-11 SEM micrographs of Sn-Cu films electrodeposited under galvanostatic conditions from 

bath D, Table 6-1 containing Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L and thiourea 0.2 mol/L, 

electrical charge passed = 1500 C/dm2. 

In bath D (Table 6-1) where the previously included 100g/L CH3SO3H was not added, 

with only the addition of thiourea, all the samples produced under various 

galvanostatic conditions show a completely rough and porous morphology, similar to 

the one shown in Figure 6-8 without any addition. At 5 mA/cm
2 

(image (a)), a large 

part of the Cu substrate is still uncovered as revealed by EDX. This is again probably 

due to lack of conductivity in the electrolyte, which MSA is capable of bringing in (as 

results in Section 6.2.1 show) whilst thiourea not. 
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Figure 6-12 Chronopotentiometry of Sn-Cu alloys electrodeposition from bath D, Table 6-1 recorded 

under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves 1, 2, 3, 4, 5 and 6 

represent 5, 10, 15, 20, 25 and 30 mA/cm2 respectively. 
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Figure 6-12 shows the potential responses to the current densities utilised in the 

presence of thiourea. It is seen that the open-circuit potentials for all Cu coupons are 

recorded approximately at -0.44 V because of the immersion deposited Sn on Cu 

surface as previously discussed. A wider potential span from -0.45 V to -0.63 is 

observed, compared to Figure 6-10 under the effects of MSA. The “V” shape of the 

curves, particularly responding to higher current densities, is likely due to the initial 

unstable stage when higher driving force (more negative potential) is required for the 

applied current flow, which is consistent with the conclusions from Kim et al [108]. 

The levelling off tendency represents the gradually balanced process (consuming and 

replenishing and transport of metallic ions at the cathode) during deposition over time. 

6.2.3 Effects of Thiourea and Methanesulphonic Acid 

As discussed in Sections 6.2.1 and 6.2.2, both thiourea and MSA are essential 

constituents in the bath, their synergetic effects on the surface morphology of 

electrodeposits are studied and shown in Figure 6-13, with the chronopotentiometry 

curves for producing such samples plotted in Figure 6-14. 

  

(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm
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(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

  

(e) current density = 25 mA/cm
2
 (f) current density = 30 mA/cm

2
 

Figure 6-13 SEM micrographs of Sn-Cu films electrodeposited under galvanostatic conditions from 

bath F, Table 6-1 containing Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L, CH3SO3H 100g/L and thiourea 

0.2 mol/L, electrical charge passed = 1500 C/dm2. 

Compared to Figure 6-9 and Figure 6-11, the electrodeposits in Figure 6-13 show 

finer crystalline structures on the surface, with well defined crystal facets clearly seen 

in images (a), (b) and (e), although images (c) and (d) look like closely packed 

platelets. The latter morphology is typical under the effects of thiourea, as similar 

electrodeposited Sn films were observed by Fukuda et al from a sulphate bath [109]. 

However, at the highest current density examined (30 mA/cm
2
), large scale dendrites 

are evident as image (f) shows. This has led to the conclusion that the ability of MSA 

to achieve uniform deposits is to some extent weakened by the presence of thiourea. 

This can be seen by comparing Figure 6-13, image (f) to Figure 6-9 where no such 

dendrites were observed at the same current density. 

The chronopotentiometry curves in Figure 6-14 help to explain the dendrite formation 

in Figure 6-13, image (f) at a current density of 30 mA/cm
2
. The -0.75 V driving 

potential responsible is the highest value recorded so far with the addition of MSA, 

thiourea and their combinations. Under such a potential, hydrogen evolution is 

concurrent with the Sn-Cu alloy deposition. This indicates that the current 

combination of bath constituents is not capable of deposition at such a high current 

density and that hydrogen evolution has to contribute to the total current flow. As a 

result, dendrites are the typical electrodeposits, similar to observations obtained by 
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other investigators but from tin chloride electroplating systems [110] and under the 

effects of additives [111]. 
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Figure 6-14 Chronopotentiometry of Sn-Cu alloys electrodeposition from bath F, Table 6-1 recorded 

under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves 1, 2, 3, 4, 5 and 6 

represent 5, 10, 15, 20, 25 and 30 mA/cm2 respectively. 

6.2.4 Effects of Thiourea and OPPE 

Figure 6-15 shows SEM micrographs of electrodeposits prepared with thiourea and 

OPPE in the electrolyte. With the addition of OPPE, crystalline features are apparent 

in all the micrographs. Compared to the porous electrodeposits obtained under sole 

thiourea in Figure 6-11, although the addition of non-ionic OPPE is not supposed to 

be providing any improvement in bath conductivity as MSA does, the strong 

inhibitive effect by OPPE (characterised in Figure 6-7) makes the electrodeposits 

compact and crystalline. 
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(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm

2
 

  

(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

  

(e) current density = 30 mA/cm
2
 (f) current density = 40 mA/cm

2
 

Figure 6-15 SEM micrographs of Sn-Cu films electrodeposited under galvanostatic conditions from 

bath G, Table 6-1 containing Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L, thiourea 0.2 mol/L and OPPE 

10 ml/L, electrical charge passed = 1500 C/dm2. 

It can be clearly seen from Figure 6-16 that in order to prepare samples at 

galvanostatic current densities of 30–40 mA/cm
2
, the potential has to be nearly -1.0 V, 

however, no dendrites were observed at this current density and potential combination. 

Neither is hydrogen evolution occurring with the electrodeposition. This is also due to 

the effects of OPPE, which means the addition of OPPE not only inhibits Sn 

deposition but also hydrogen evolution. In Barry et al's studies, it was found that 

although the cathodic discharge mechanism for Sn
2+

 species remained that same, the 

nucleation mechanism of tin electrodeposition was changed by OPPE from 

instantaneous to progressive nucleation [112]. 
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Figure 6-16 Chronopotentiometry of Sn-Cu alloys electrodeposition from bath G, Table 6-1 recorded 

under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves 1, 2, 3, 4, 5 and 6 

represent 5, 10, 15, 20, 30 and 40 mA/cm2 respectively. 

6.2.5 Effects of Thiourea, Methanesulphonic Acid and OPPE 

Figure 6-17 shows micrographs of the samples produced in bath H (Table 6-1) with 

all the additions (thiourea, MSA and OPPE). As the current density increases, 

electrodeposit morphology shows a change from a distinctive crystalline 

microstructure at low current densities (images (a) and (b)) to a relatively flat surface 

(images (c) and (d)), then the less compact and nodular morphology appears as the 

current density increases. This result implies that over a current density range of 10–

20 mA/cm
2
, compact electrodeposits with relatively smooth surface can be obtained. 

  

(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm
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(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

  

(e) current density = 25 mA/cm
2
 (f) current density = 30 mA/cm

2
 

Figure 6-17 SEM micrographs of Sn-Cu films electrodeposited under galvanostatic conditions from 

bath H, Table 6-1 containing Sn(CH3SO3)2 70 g/L, CuSO4 0.002 mol/L, CH3SO3H 100g/L, thiourea 0.2 

mol/L and OPPE 10 ml/L, electrical charge passed = 1500 C/dm2. 

The chronopotentiometry curves in Figure 6-18 show that for a current density range 

of 10–20 mA/cm
2
 (curves 2, 3 and 4), the potentials remain between -0.5 V and -0.6 

V when stabilised. For the nodular deposits shown in Figure 6-17 images (e) and (f), 

the potentials undergo early stage fluctuations before stabilising. 
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Figure 6-18 Chronopotentiometry of Sn-Cu alloys electrodeposition from bath H, Table 6-1 recorded 

under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves 1, 2, 3, 4, 5 and 6 

represent 5, 10, 15, 20, 25 and 30 mA/cm2 respectively. 

6.3 Compositional Analysis of Electrodeposits 

The composition of electrodeposited Sn-Cu films on Cu coupons under galvanostatic 

conditions is analysed by WDX. Figure 6-19 plots the Cu contents in samples 

prepared in bath H from Table 6-1, with different concentrations of CuSO4 in the 

solution (curves 1, 2, 3 and 4 corresponding to 0.002 mol/L, 0.005 mol/L, 0.007 

mol/L and 0.02 mol/L respectively). The horizontal broken line in this figure shows 

the eutectic composition of the Sn-Cu alloy (Sn-0.7wt.%Cu from the phase diagram in 

Figure 3-4). It can be seen from Figure 6-19 that at all current densities investigated, 

the Cu content grows with increasing CuSO4 concentration. However, the measured 

alloy composition appear closest to 0.7wt.% over a relatively wide range of current 

densities (10–25 mA/cm
2
) in curve 3 where the CuSO4 concentration is 0.007 mol/L. 

Overall, 0.007 mol/L of CuSO4 is the appropriate concentration in the bath for near-

eutectic Sn-Cu alloy electrodeposition under the examined conditions. 



Chapter 6 Electrodeposition of Sn-Cu Alloys 
 

91 

5 10 15 20 25 30

0.0

0.5

1.0

1.5

2.0

4

3

1

Current density/mA cm
-2

C
u
 c

o
n
te

n
t 

in
 d

e
p
o

s
it
 (

w
t.
%

)

 

 

 CuSO
4
=0.002 M

 CuSO
4
=0.005 M

 CuSO
4
=0.007 M

 CuSO
4
=0.02 M

2

10 20 30
0

5

10

15

 

Figure 6-19 Cu content (wt.%) of the electrodeposited Sn-Cu films vs. galvanostatic current density 

utilising bath H from Table 6-1 but with varying concentration of CuSO4. Measurements carried out by 

WDX. CuSO4=0.002 mol/L (curve 1), 0.005 mol/L (curve 2), 0.007 mol/L (curve 3) and 0.02 mol/L 

(curve 4) respectively. Broken line represents the objective Cu content, 0.7wt.%. 

6.4 Thermal Analysis of Electrodeposits 

Differential scanning calorimetry (DSC) measurements were employed to characterise 

the thermal property of the Sn-Cu electrodeposits for various compositions, as shown 

in Figure 6-20. Nishikawa et al found that the shape of DSC curves was strongly 

dependent on the heating rate during the temperature ramping process [113] and 10 

K/min was applied throughout the measurements in the current study, illustrating the 

trends during the endothermic process. 
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Figure 6-20 DSC measurements for Sn-Cu electrodeposits from bath H, Table 6-1. Scan rate at 10 

K/min. Pure Sn presented as a reference. 

As can be seen from Figure 6-20, for reference purposes, a pure Sn electrodeposit was 

also measured and shows a single peak with the onset point of melting at 

approximately 233°C and the resultant peak at 234°C, slightly higher than the 

theoretical melting point (232°C) probably because of the dynamic non-equilibrium 

scanning process. For all the Sn-Cu electrodeposits, onset points of approximately 

227°C and peaks of about 228°C were recorded as Figure 6-20 shows. This melting 

temperature should be attributed to the eutectic Sn-Cu constituent in the deposits as 

the Sn-Cu equilibrium phase diagram shows (Figure 3-4). However, for the 

electrodeposits containing 0.2wt.% and 0.6wt.% of Cu, it is believed that pure Sn is 

still present and therefore the peak attributed to Sn (similar to the pure Sn curve) is 

also observed. Multi-peaks during the heating process in DSC measurements were 

also observed by Sopoušek et al [114] owing to different phases or phase transitions 

in their quaternary Sn-Ag-Cu-In solder alloys. 

6.5 Microstructure of Electrodeposits 

6.5.1 Phase Identification 

The phases in the electrodeposited Sn-Cu alloy films in baths from Table 6-1 (baths D, 

G and H specifically) are identified by X-ray diffraction and shown in Figure 6-21. 
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Except two peaks from the Cu substrate, Cu (111) and Cu (200), all the other peaks 

could be attributed to two phases: β-Sn and Cu6Sn5. There is no fundamental 

difference between those three diagrams, the most noticeable being the intensity of Sn 

(200) orientation. It is easily seen that the additions of thiourea, OPPE and MSA do 

not significantly affect the phases in the Sn-Cu alloy electrodeposits. 
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Figure 6-21 XRD spectra of Sn-Cu films galvanostatically electrodeposited in bath D (image 1, with 

thiourea), bath G (image 2, with thiourea and OPPE) and bath H (image 3, with thiourea, OPPE and 

MSA) from Table 6-1 at a current density of 15 mA/cm2, electrical charge passed = 1500 C/dm2. 
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6.5.2 Electrodeposit Cross-Sectional Analysis 

An in situ analysis of the microstructure of Sn-Cu electrodeposits was undertaken 

using SEM/FIB micro-processing and imaging as discussed in Chapter 5. Figure 6-22 

shows the deposits produced with thiourea and OPPE but without MSA. As can be 

seen in image (a), a secondary electron image, little detail is evident, with only the 

interface between the Sn-Cu electrodeposit (top) and the Cu substrate (bottom) visible. 

However, under the ion-induced secondary electron (ISE) mode (micrograph (b)), 

grains are clearly seen due to different orientations indicating a varied contrast. It can 

be noted that the sizes of the tin grains are ranging approximately at 7–8 μm with the 

absence of MSA in bath G from Table 6-1. 

  

Figure 6-22 SEM/FIB processed cross-sectional images of the electrodeposited Sn-Cu film under 

galvanostatic conditions from bath G, Table 6-1 (15 mA/cm2, electrical charge passed = 1500 C/dm2). 

(a) secondary electron (SE) image; (b) ion-induced secondary electron (ISE) micrograph. 

Figure 6-23 illustrates the cross-sectional micrographs of the sample prepared from 

bath H (Table 6-1) with all the additives. Sn grains are distinguishable due to their 

contrast. So are the intermittently curving white “lines”, predominantly spreading 

along Sn grain boundaries, which are believed to the Cu6Sn5 phase as recognised by 

XRD analysis in Figure 6-21. This phase is further evidenced by TEM analysis which 

is discussed in Session 6.5.3. However, compared to the results in Figure 6-22, it is 

worth mentioning that with the presence of MSA, the Sn grains are significantly 

refined, from 7–8 μm to approximately 1–3 μm. This allows the conclusion that the 
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addition of MSA not only stabilises the electrolyte, generates a uniform coating 

(Figure 6-9) and also refines the tin grain size. 

  

Figure 6-23 SEM/FIB processed cross-sectional ISE images of the electrodeposited Sn-Cu film under 

galvanostatic conditions from bath H, Table 6-1 (15 mA/cm2, electrical charge passed = 1500 C/dm2). 

(a) general view; (b) central area magnified. 

 

6.5.3 TEM Analysis 

TEM observation of the electrodeposited Sn-Cu films were carried out to indentify the 

microstructure of the Sn-Cu electrodeposits from bath H (Table 6-1). Figure 6-24 

image (a) shows the TEM micrograph of the white “line” (width no more than 100 nm) 

in Figure 6-23, with a localised observation in image (b) at a higher magnification. 

EDX analysis shows that point “1” in image (b) is pure Sn (tin grains) as spectrum (c) 

shows (the Mo peak was from the sample mounting grid). Point “2” has a composition 

of 48.9at.% Sn and 51.1at.% of Cu after disregarding the Mo signal. These results 

further suggest the existence of the Cu6Sn5 intermetallic phase, particularly in 

combination with the XRD data in Figure 6-21. 
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Figure 6-24 TEM micrographs (images (a) and (b)) and EDX spectra (patterns (c) and (d)) of the Sn-Cu 

film electrodeposited under galvanostatic conditions (15 mA/cm2, electrical charge passed = 1500 

C/dm2) from bath H, Table 6-1. EDX analyses were carried out at points 1 and 2, with resultant spectra 

shown in images (b) and (d) respectively. 

6.6 Wafer Bumping of Sn-Cu Alloy 

Near-eutectic Sn-Cu alloy wafer bumping has been demonstrated in Figure 6-25 by 

utilising bath H from Table 6-1 and the developed process. Fine pitch (50 μm) near-

eutectic Sn-Cu solder bumps were fabricated under potentiostatic conditions (-0.55 V, 

equates to approximately 15 mA/cm
2
). The ISE image in Figure 6-25 micrograph (b) 

shows that the microstructure in the bumps reveals similar feature to the 

electrodeposits on Cu coupons (Figure 6-23). Cu6Sn5 intermetallics are uniformly 

spread throughout the bump, which is critical for a robust solder joint at later stages of 

the bump joining applications. This is because having a brittle nature, intermetallics 

such as Cu6Sn5 are popularly accepted as weak point for the failure of solder joint 

during service and overgrown or over-aggregated intermetallic phase in the solder 

joint tends to the locations where cracks typically initiate from [115].  
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Figure 6-25 Wafer bumping: (a) SEM micrograph of the as-electrodeposited Sn-Cu solder bumps 

formed under potentiostatic conditions from bath H, Table 6-1, at a potential of -0.55 V; (b) SEM/FIB 

processed cross-sectional ISE image of the bump at the centre of image (a). 

6.7 Summary 

Near-eutectic Sn-Cu alloys were electrodeposited from methanesulphonate based 

baths with the addition of thiourea, OPPE and MSA, the roles and effects of which 

were analysed by cathodic potentiodynamic polarisation curves. It was found that 

thiourea complexed with Cu
2+

 ions, which enabled the co-deposition of a Sn-Cu alloy. 

OPPE showed strong inhibitive effects to Sn deposition and dendrites were eliminated 

by its presence. MSA not only helped to achieve uniform film deposition, but also 

significantly refined the Sn grains. Compositional analysis revealed that near-eutectic 

Sn-Cu alloys (0.6–0.8wt.%Cu) were achievable with a Cu sulphate concentration of 

0.007 mol/L in the electrolyte. XRD recognised two phases, Sn and Cu6Sn5 in the 

electrodeposits. This was further confirmed by TEM observations and EDX analysis. 

Cross-sectional micrographs showed that Cu6Sn5 intermetallics were predominantly 

spread along Sn grain boundaries. Fine pitch near-eutectic Sn-Cu solder bumps were 

fabricated on wafers, with a uniform distribution of Cu6Sn5 throughout the bump. 
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Chapter 7  

 

Electrodeposition of Sn-Ag Alloys 

 

In this chapter, the electrodeposition of near-eutectic Sn-Ag alloys was investigated 

from a pyrophosphate-iodide based electrolyte system. The electroplating baths were 

formulated with additives to improve the microstructure of the electrodeposits. Sn-Ag 

electrodeposits were characterised to assist the optimisation of the process and to 

finally achieve near-eutectic Sn-Ag solder bumps on wafers. 

7.1 Cathodic Polarisation Studies 

7.1.1 Development of Electrolyte 

Electrodeposition baths for near-eutectic Sn-Ag alloys were formulated based on a 

pyrophosphate and iodide system. The details of the electrolytes are listed in Table 

7-1. Tin pyrophosphate and silver iodide were respectively used as Sn and Ag sources 

for the deposition. In order to bring deposition potentials of Sn and Ag closer (ΔESn-

Ag=0.937 V between Ag/Ag
+
 and Sn/Sn

2+
), K4P2O7 was used as the complexing agent 

for Sn and KI for Ag. Duffield et al [116] studied Sn (II) pyrophosphate complexes in 

aqueous solution. The general dissolution equilibrium involved Sn
2+

 cations (M), 

Pyr
4-

 anions (L) and H
+
 ions and the overall formation constant can thus be expressed: 

     
;Equlibrium Constant 

p q r

p q r pqr p q r

M L H
pM qL rH M L H

M L H


           Equation 7-1 

Measured by precipitation and dissolution approaches, they found the solubility 

product of Sn2P2O7 (pKsp, Ksp =[Sn
2+

]
2
[(P2O7)

4-
]) was 19.65, which meant an 

extremely low concentration of free Sn ions. Therefore, the universal oxidation 

reaction causing stability issues in Sn electrolyte (discussed in Section 4.4.3) was 
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effectively inhibited with limited free Sn ion sources and the bath stability was thus 

significantly improved. 

Table 7-1 Pyrophosphate-based bath constituents for near-eutectic Sn-Ag alloy electrodeposition 

Chemicals 

Baths constituents and concentrations (mol/L) 

A B C D E F 

K4P2O7 1.00 1.00 1.00 1.00 1.00 1.00 

KI 2.00 2.00 2.00 2.00 2.00 2.00 

Sn2P2O7 – 0.20 – 0.20 0.20 0.20 

AgI – – 0.005 0.005 0.005 0.005 

PEG 600 (ml/L) – – – – 2 2 

HCHO – – – – – 0.05 

In some baths from Table 7-1, polyethylene glycol 600 (PEG 600, average molecular 

weight of 600, Figure 7-1) and formaldehyde were added for improvement in the 

microstructure of electrodeposits. Their effects on the electrodeposition process were 

studied using cathodic potentiodynamic polarisation. 

 

Figure 7-1 Schematic chemical structure of polyethylene glycol 600 (PEG 600), n = 12. 

7.1.2 Electrodeposition Processes for Tin and Silver 

The electrochemical reduction of metallic species (tin and silver) in the 

pyrophosphate-iodide based electrolytes and other cathodic behaviour of the baths are 

examined and illustrated in Figure 7-2. For curve 1 in bath A which contains neither 

Sn or Ag ions (complexing agents K4P2O7 and KI are providing sufficient 

conductivity in the electrolyte), the initial partial of the curve stays stable and shows a 
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negligible current density (lower than 0.01 mA/cm
2
) as the potential is swept 

cathodically. After a potential of approximately -1.3 V, an obvious increase of current 

density is observed and the value jumps quickly over 10 mA/cm
2
. This current density 

should be attributed to the hydrogen evolution at the cathode surface, as confirmed by 

the bubbles observed during the experiment. 

The cathodic polarisation curve for bath B (Figure 7-2, curve 2) shows the deposition 

process for tin. It can be noted that the open-circuit potential for the copper coupon 

moves from -0.6 V to approximately -0.5 V, with the addition of Sn pyrophosphate in 

bath B. As can be seen in curve 2, the electrodeposition of Sn commences rapidly at a 

potential of about -0.85 V and approaches to a limiting current density of 

approximately 20 mA/cm
2
 after fluctuations. Earlier reports [117] proposed that the 

discharge of metallic pyrophosphate-based Sn complexes might occur as follows: 

                                    
6 2 4

2 7 2 2 7 2 7[ ( ) ] [ ( )] ( )Sn PO Sn PO PO                   Equation 7-2 

                                        
2 0 4

2 7 2 7[ ( )] 2 ( )Sn PO e Sn PO                        Equation 7-3 

The further increase in the current density of curve 2 from the potential of -1.3 V 

onward should be attributed to the concurrent hydrogen evolution reaction, as 

similarly indicated in the curve 1. 

A typical cathodic polarisation curve for the deposition of Ag in bath C from Table 

7-1 is also included in Figure 7-2 (curve 3), which appears to present a mass-transport 

controlled mechanism. The electrodeposition of Ag begins at a potential of -0.55 V 

and then remains stable at a current density of close to 0.1 mA/cm
2 

as the potential 

increases cathodically. This limiting rate of deposition, largely defined by the 

concentration of Ag ions in the solution, is achieved by the consumption and 

replenishment of Ag ions at the cathode. It is observed that the current density steadily 

increases again after -1.3 V and this cathodic current increase is also due to hydrogen 

evolution. 
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Figure 7-2 Cathodic potentiodynamic polarisation curves in baths A (curve 1), B (curve 2) and C (curve 

3) from Table 7-1, showing the processes of Sn and Ag deposition individually. Potential scan rate: 1 

mV/s. 

The kinetics of Ag electrodeposition from a suspension of silver iodide in aqueous 

media were studied by Fourcade and Tzedakis [118]. In their study, the reduction of 

silver iodide at the silver electrode could take place through several processes such as 

direct reduction of solid particles, or reduction of the adsorbed silver iodide. Oliveira 

et al [119] studied the effects of KI on Ag electrodeposition and proposed a 

electrodeposition mechanism as below: 

                                                
(1 )p

pAgI e Ag pI                         Equation 7-4 [119] 

Where p can have a value between 2 and 4. 

7.1.3 Effects of Additives 

The cathodic polarisation curves illustrating the co-reduction of the Sn-Ag alloy with 

and without the addition of PEG 600 and formaldehyde (baths D, E and F from Table 

7-1) are presented in Figure 7-3. It can be seen in all the three curves that Ag 

deposition begins at a potential of approximately -0.5 V, almost the same as that in 

Figure 7-2, curve 3. For curve 1 in bath D where no additives are present, co-

deposition of Sn and Ag occurs at potentials more negative than -0.88 V and again 

reaches a diffusion limiting current density plateau of ~20 mA/cm
2
, as the potential is 
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cathodically scanned. After the Sn deposition potential is reached, Ag therefore is co-

depositing with Sn at its limiting current density [97]. 

With the addition of PEG and formaldehyde, the shape of cathodic polarisation curves 

is significantly modified (Figure 7-3, curves 2 and 3). When only PEG 600 is 

introduced in bath E (curve 2), Sn deposition is highly inhibited, demonstrated by the 

depressed co-deposition current density in the curve. This is because glycol molecules 

are likely to be adsorbed on the freshly deposited Sn surface and therefore inhibit 

further deposition [120, 121]. 
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Figure 7-3 Cathodic potentiodynamic polarisation curves in baths D (curve 1), E (curve 2) and F (curve 

3) from Table 7-1, showing the effects of PEG and formaldehyde. Potential scan rate: 1 mV/s. 

In order to further examine the effect of PEG 600 on the deposition behaviour of Sn, 

different concentrations of PEG 600 (2, 4 and 10 ml/L) were added to bath E, as 

illustrated in Figure 7-4. At the various concentrations examined, PEG 600 shows 

very similar effects. Chen et al [120] explored the effect of PEG (molecular weights 

of 200, 600, 2000 and 4000) as an inhibitive agent on tin alloy deposition and 

concluded that a molecular weight of 200 showed the least effects. PEG with a 

molecular weight of 4000 exhibited the strongest inhibition because of its heavier and 

longer molecules. However, this would result in a very limited process window for the 

desirable near eutectic alloy composition, as such PEG 600 is proven to be a suitable 

choice. 
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Figure 7-4 Cathodic potentiodynamic polarisation curves from baths E, Table 7-1 with different 

concentrations of PEG and formaldehyde. Potential scan rate: 1 mV/s. 

It can also be seen that in bath F from Table 7-1, where formaldehyde is added to the 

solution, distinctive changes can be observed from the cathodic polarisation curve 

plotted (Figure 7-3, curve 3). At a potential of -1.2 V, the curve diverges from curve 2 

for bath D (no formaldehyde) with a sharp but limited increase in current density. 

Following a current arrest at approximately 0.3 mA/cm
2
, the current density rises 

quickly again all the way to the limiting current density (~20 mA/cm
2
) and this value 

remains stable until hydrogen evolution becomes evident. Such changes in the 

cathodic polarisation curves in Figure 7-3 indicate that the introduction of 

formaldehyde has affected the inhibitive effect of PEG 600 on Sn deposition.  
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Figure 7-5 Cathodic potentiodynamic polarisation curves investigating the effects of formaldehyde in 

baths of K4P2O7 1 mol/L and different formaldehyde concentrations: 0 mol/L (curve 1), 0.05 mol/L 

(curve 2) and 0.5 mol/L (curve 3). Potential scan rate: 1 mV/s. 

In order to further understand the effects of formaldehyde, cathodic polarisation 

curves were conducted in K4P2O7 (1 mol/L) + formaldehyde (0.05 mol/L and 0.5 

mol/L) solutions, with results shown in Figure 7-5. By comparing the three curves, 

increases in current density (curves 2 and 3) from a potential of around -1.2 V are 

found due to the addition of formaldehyde. When the concentration of formaldehyde 

is increased from 0.05 mol/L to 0.5 mol/L, a limiting current density plateau can be 

observed in curve 3, which demonstrates the reductive decomposition of the 

formaldehyde to methanol as shown in the equation below [122, 123]: 

2 32 2 2HCHO H O e CH OH OH                    Equation 7-5 

This equation explains the current density shoulder at about -1.2 V in Figure 7-3, 

curve 3. The reduction of formaldehyde to methanol occurs before the potential of Sn 

deposition is reached with both PEG 600 and formaldehyde present. This indicates 

that the deposition of Sn (and silver) is accompanied by the reduction of 

formaldehyde and the inhibitive effects of PEG. These synergetic effects result in a 

smooth and bright surface as is discussed in later sections of this chapter. 
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7.2 Characterisation of Sn-Ag Electrodeposits 

Samples of Sn-Ag electrodeposits on copper coupons were obtained in the baths listed 

in Table 7-1. Characterisation followed to analyse the deposits in terms of 

composition, phase identification and microstructural observation. 

7.2.1 Compositional Analysis 
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Figure 7-6 Ag content (wt.%) in the electrodeposited Sn-Ag films vs. galvanostatic current density 

utilising baths D, E and F from Table 7-1. Measurements carried out by WDX. Broken line represents 

the objective Ag content, 3.5wt.%. 

The composition of the as-electrodeposited Sn-Ag films under galvanostatic 

conditions in baths D, E and F from Table 7-1 is analysed by WDX. Figure 7-6 shows 

the Ag content in Sn-Ag films produced at galvanostatic current densities of 2, 5, 10, 

15 and 20 mA/cm
2
 respectively. The objective eutectic Sn-Ag alloy contains 3.5wt.% 

of Ag (represented by broken line in Figure 7-6). It can be seen from this figure that 

the Ag content decreases gradually with increasing current density from all the three 

baths examined. In bath D (no additives), the Ag content drops relatively smoothly 

from 23wt.% at a current density of 2 mA/cm
2
 to slightly below the eutectic content 

(3.5 wt.%) when the current density reaches up to 20 mA/cm
2
. In baths E and F, the 

Ag contents are approaching or even exceeding 50wt.% at 2 mA/cm
2
. This is likely to 

be attributed to the strong inhibitive effect of PEG on Sn electrodeposition as shown 

in Figure 7-3 and Figure 7-4. However, it is worth noting that the Ag content 
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decreases quickly to approximately the eutectic composition over a current density 

range from 10 to 20 mA/cm
2
 in baths E and F, making the deposition of near-eutectic 

Sn-Ag alloys (3.1–4.3wt.%Ag) feasible. 

7.2.2 Phase Identification 

The phases in the electrodeposited Sn-Ag alloy film in bath F from Table 7-1 at a 

current density of 15 mA/cm
2
 are identified by X-ray diffraction and shown in Figure 

7-7. Except the Cu (200) peak from the copper substrate, all the other peaks represent 

two phases: β-Sn and Ag3Sn. This means that the electrodeposited Sn-Ag alloy film 

from the pyrophosphate-iodide bath has a biphasic structure. This result agrees with 

the phase structure from the Sn-Ag thermal equilibrium phase diagram in Figure 3-3, 

showing phases of β-Sn and (Ag3Sn) at the composition investigated. 

 

Figure 7-7 XRD spectrum of the as-electrodeposited Sn-Ag film galvanostatically produced from bath 

F, Table 7-1 at a current density of 15 mA/cm2, electrical charge passed = 1500 C/dm2. 

7.2.3 Thermal Analysis 

The differential scanning calorimetry (DSC) measurements were conducted to 

characterise the thermal properties of Sn-Ag electrodeposits, data is illustrated in 

Figure 7-8. Test samples were prepared in bath D from Table 7-1 by varying the 

galvanostatic current density applied. Again, the endothermic curve for a pure tin 



Chapter 7 Electrodeposition of Sn-Ag Alloys 
 

107 

electrodeposit, showing a peak value of 234°C, is provided in Figure 7-8 as a 

reference. In the equilibrium phase diagram for Sn-Ag alloy (Figure 3-3), the eutectic 

composition (Sn-3.5wt.%Ag) shows a melting point of 221°C in the equilibrium form. 

For the three curves measured in Figure 7-8, peaks at approximately 222°C are 

observed, confirming the existence of eutectic constituents in the electrodeposits. 

However, variations can be observed in different curves. With a similar onset 

temperature of about 216°C, the off-eutectic compositions, 4.3wt.% and 11.3wt.% of 

Ag, tend to show a widened melting interval, particularly for the latter, compared to 

the near-eutectic composition (3.6wt.%). 

200 210 220 230 240

~234C

Temperature (C)

E
n

d
o

th
e

rm
a

l 
h

e
a

t 
fl
o

w

~222C

 

 

 

 Sn

 Ag=3.6wt.%

 Ag=4.3wt.%

 Ag=11.3wt.%

 

Figure 7-8 DSC measurements of Sn-Ag electrodeposits from bath D, Table 7-1. Scan rate at 10 K/min. 

Pure Sn presented as a reference. 

7.2.4 Surface Morphology and Microstructure 

The electrodeposited Sn-Ag films at galvanostatic current densities of 2, 10 15 and 20 

mA/cm
2
 in baths D, E and F respectively (Table 7-1) were analysed by SEM to study 

their surface morphologies. During each electrodeposition trial, the total electrical 

charge for each sample was again kept constant at 1500 C/dm
2
. SEM/FIB micro-

processing was applied to selected samples for cross-sectional observation. 

7.2.4.1 Electrodeposits from Additive-Free Bath 
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The surface morphology of electrodeposits from bath D in Table 7-1, where no 

additive is present, is shown in Figure 7-9. A relatively flat and non-porous surface 

with a few protrusions is produced as shown in image (a), at a low current density of 2 

mA/cm
2
. Although it shows a relatively smooth morphology, the composition of the 

deposit (22.9wt.% Ag) is far from the eutectic composition (3.5wt.% Ag), as 

measurements illustrated in Figure 7-6, curve 1. As the current density is increased to 

10 mA/cm
2
 (Figure 7-9, image (b)), a much more porous morphology was produced 

as voids can be easily seen in the image. The cross-sectional image taken by SEM/FIB 

in Figure 7-10 reveals that the electrodeposit consists of long columnar shape (tin) 

grains, with sizes smaller at the bottom close to the copper substrate. 

  

(a) current density = 2 mA/cm
2
 (b) current density = 10 mA/cm

2
 

  

(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

Figure 7-9 SEM micrographs of Sn-Ag films electrodeposited under galvanostatic conditions from bath 

D, Table 7-1, electrical charge passed = 1500 C/dm2. 
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Figure 7-10 SEM/FIB processed cross-sectional ISE image of the electrodeposited Sn-Ag film (Figure 

7-9, image (b)) under galvanostatic conditions from bath D, Table 7-1 (10 mA/cm2, electrical charge 

passed = 1500 C/dm2).  

Figure 7-9, image (c) shows a nodular characteristic on the sample surface. Nodules 

are of several microns in size and they seem to consist of smaller grains as shown in 

the SEM/FIB cross-sectional image in Figure 7-11. These nodules loosely pile up in 

the electrodeposits and the outermost ones appear to be of larger size than those 

underneath.  

Figure 7-9, image (d) shows a dendritic morphology from the highest current density 

examined (20 mA/cm
2
). These fern-like electrodeposits contain significant porosity. 

The SEM/FIB cross-sectional image of one dendrite is shown in Figure 7-12. As can 

be seen from this figure, each fern-like structure consists of grains loosely aggregating 

with easily seen pores in-between. According to the composition measurement in 

Figure 7-6, though these dendritic deposits are close to the eutectic composition, 

deposits of such morphologies are not desirable for electroplating Sn-Ag solder alloy 

proposed for flip-chip interconnection in electronics. It is commonly seen that the 

current densities, at which such dendritic and nodular morphologies are formed, are 

approaching or exceeding the limiting current density. At such high current density 

conditions, there can be a strong tendency for outward growth, which eventually leads 

to dendritic and nodular deposits.  
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Figure 7-11 SEM/FIB processed cross-sectional image of the electrodeposited Sn-Ag film (Figure 7-9, 

image (c)) under galvanostatic conditions from bath D, Table 7-1 (15 mA/cm2, electrical charge passed 

= 1500 C/dm2). 

 

Figure 7-12 SEM/FIB processed cross-sectional image of the electrodeposited Sn-Ag film (Figure 7-9, 

image (d)) under galvanostatic conditions from bath D, Table 7-1 (20 mA/cm2, electrical charge passed 

= 1500 C/dm2). 

There is one common feature that is worth mentioning and evident in all the three 

cross-sectioned images (Figures 7-10, 7-11 and 7-12). Small particles (white spots in 
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the images) precipitated evenly within all the deposits as can be seen in all the three 

images. These second phases are most likely the intermetallic phase (e.g. Ag3Sn, as is 

evidenced by XRD analysis in Figure 7-7) in the electrodeposits, demonstrating the 

existence of silver in the electrodeposit. 

7.2.4.2 Effects of PEG 

The inhibitive effects of PEG 600 on Sn deposition have been demonstrated by the 

cathodic polarisation curves in Figure 7-3 and Figure 7-4. Under such effects, the 

surface morphology of electrodeposits produced in bath E, with the presence of 2 

ml/L PEG 600, is shown in Figure 7-13. Compared to the electrodeposits in bath D, 

there are no dendritic or nodular morphologies. However, irregular shaped protrusions 

can be observed growing over the current density range examined, as shown in Figure 

7-13. This is probably owing to the adsorptive behaviour of PEG on the newly 

deposited Sn surface, which has left limited locations for the proceeding of outgrowth. 

Nevertheless, compared to images (b), (c) and (d), the morphology shown in image (a) 

appears to be unique with distinct flower-like deposits with a compact layer beneath 

them. 

  

(a) current density = 2 mA/cm
2
 (b) current density = 10 mA/cm

2
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(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

Figure 7-13 SEM micrographs of Sn-Ag films electrodeposited under galvanostatic conditions from 

bath E, Table 7-1, electrical charge passed = 1500 C/dm2. 

To understand its formation, such a flower-like feature was cross-sectioned and 

observed by SEM/FIB with results shown in Figure 7-14. Image (a) in this figure 

confirms a highly porous microstructure within the “flower”. EDX measurement 

shows that such a “flower” chemically consists of pure silver. The mechanism to 

explain this is that under the electrodeposition potential corresponding to the 

relatively low current density applied (2 mA/cm
2
), the electrodeposition of Sn has just 

commenced owing to the inhibitive effect of PEG 600. Therefore, the 

electrodeposition current (limiting current) for Ag primarily contributes to the total 

current value and as such a deposit of pure Ag “flowers” is consequently observed. 

This porous microstructure shows some similarity with previously analysed dendritic 

and nodular morphologies (Figure 7-9, images (c) and (d)) in terms of the non-

compact nature, when the corresponding current densities are approaching or 

exceeding the limiting value. 

In Figure 7-14, image (b), a compact layer grown above the copper substrate but 

underneath the “flower” feature can be observed. This layer is believed to be 

deposited before the formation of the “flower” features above and probably contains 

significant amount of both Sn and silver. As a result the whole deposit exhibits an 

average Ag content of 55wt.% as indicated in Figure 7-6. 
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Figure 7-14 SEM/FIB processed cross-sectional ISE images and EDX spectrum of the Sn-Ag 

electrodeposits (Figure 7-13, image (a)) under galvanostatic conditions from bath E, Table 7-1 (2 

mA/cm2, electrical charge passed = 1500 C/dm2). (a) general view of the cross-sectioned feature and 

EDX spot test spectrum; (b) magnified micrograph of the deposition layer on copper substrate and 

underneath the “flower”. 

7.2.4.3 Effects of PEG and Formaldehyde 

Finally, under the synergetic effects of both PEG 600 and formaldehyde, smooth and 

bright surfaces are achieved in a current density range from 10 to 20 mA/cm
2
 as 

shown in Figure 7-15. Near-eutectic composition is also achieved over this current 

density range as indicated in Figure 7-6 (3.1–4.3wt.%). However, when the current 

density is as low as 2 mA/cm
2
 (Figure 7-15, image (a)), a flower-like morphology can 

again be observed, the reason for which is similarly analysed in Section 7.2.4.2. 
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(a) current density = 2 mA/cm
2
 (b) current density = 10 mA/cm

2
 

  

(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

Figure 7-15 SEM micrographs of Sn-Ag films electrodeposited under galvanostatic conditions from 

bath F, Table 7-1, electrical charge passed = 1500 C/dm2. 

 

7.3 Wafer Bumping of Sn-Ag Alloy 

Based on the previous study, near-eutectic Sn-Ag solder bumps were produced on 

wafers using the pyrophosphate-iodide system developed. Figure 6-25 shows the as-

electrodeposited bumps in bath F with the presence of additives under potentiostatic 

conditions (-1.37 V), which corresponds to a current density of 15 mA/cm
2
 according 

to the cathodic polarisation curve (Figure 7-3). Near-eutectic Sn-Ag alloy composition 

is therefore achieved under such conditions. Image (b) of Figure 6-25 shows a cross-

sectioned image of a solder bump using FIB/SEM. It is clearly seen that Ag3Sn phase 

homogenously disperses within the solder bump, which is critical for a robust solder 

joint at later stages of the bump joining applications [124]. 
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Figure 7-16 Wafer bumping: (a) SEM micrograph of the as-electrodeposited Sn-Ag solder bumps 

formed under potentiostatic conditions from bath F, Table 7-1, at a potential of -1.37 V; (b) SEM/FIB 

processed cross-sectional image of a bump. 

7.4 Summary 

Near-eutectic Sn-Ag alloys were electrodeposited from a pyrophosphate-iodide 

system with the addition of PEG 600 and formaldehyde, the roles and effects of which 

were analysed by cathodic potentiodynamic polarisation curves. It was demonstrated 

that PEG had a strong inhibitive effect on Sn deposition, as a result producing Sn 

deposits with protrusions on the surface, whilst the synergetic effects of both PEG and 

formaldehyde enabled a smooth morphology of Sn-Ag film. The microstructure of 

electrodeposits from different baths was observed. Without additives, surface 
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morphology evolved from flat to nodular and dendritic features with an increasing 

applied current density. Compositional analysis revealed that near-eutectic Sn-Ag 

alloys (3.1–4.3wt.%Ag) were achievable with the addition of PEG and formaldehyde. 

XRD identified two phase, β-Sn and Ag3Sn in the electrodeposits. Near-eutectic Sn-

Ag solder bumps were fabricated at a wafer scale, with a uniform distribution of 

Ag3Sn throughout the bump. These bumps can be readily applied to solder 

interconnects through the flip chip assembly process. 
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Chapter 8  

 

Electrodeposition of Sn-Ag-Cu Alloys 

 

With knowledge from the electrodeposition of Sn-Ag alloys from a pyrophosphate-

iodide based electrolyte system in Chapter 7, the electrodeposition of near-eutectic 

Sn-Ag-Cu ternary alloys is investigated in this chapter. 

8.1 Cathodic Polarisation Studies 

8.1.1 Development of Electrolyte 

The pyrophosphate-iodide system has proved to be capable of producing near-eutectic 

Sn-Ag alloys with a smooth surface morphology under the effects of additives (PEG 

600 and formaldehyde), as discussed in Chapter 7. This electrolyte system has also 

shown excellent stability compared to the methanesulphonate based baths formulated 

for Sn-Cu alloy electrodeposition (Chapter 6). Therefore, such a pyrophosphate-iodide 

system was further investigated for producing near-eutectic Sn-Ag-Cu ternary alloys. 

The bath constituents were considered and adjusted on the basis of the binary Sn-Ag 

system, with Table 8-1 listing the combinations examined for the ternary Sn-Ag-Cu 

system. Cathodic potentiodynamic polarisation was carried out to investigate the 

characteristics of the baths under varying process conditions, such as agitation and 

operating bath temperature. 

Table 8-1 Bath constituents for near-eutectic Sn-Ag-Cu alloy electrodeposition 

Chemicals 
Baths constituents and concentrations (mol/L) 

A B C D 

K4P2O7 1.00 1.00 1.00 1.00 
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KI 2.00 2.00 2.00 2.00 

Sn2P2O7 0.25 0.25 0.25 0.25 

AgI – 0.005 0.008 0.008 

Cu2P2O7 – 0.0025 0.002 0.002 

PEG 600 (ml/L) – – – 2 

HCHO – – – 0.02 

8.1.2 Effects of Agitation 

The electrodeposition process of Sn-Ag-Cu alloys, as well as the effects of agitation, 

were investigated by potentiodynamic polarisation, as shown in Figure 8-1 (a) and (b), 

with plot (b) showing the magnified initial scans for a close analysis. Curve 1 

illustrates the electrodeposition behaviour of bath A from Table 8-1, where Sn is the 

only metallic species to deposit. Moreover, with the addition of Ag (AgI) and Cu 

(Cu2P2O7) into the electrolyte, i.e. bath B from Table 8-1, the co-deposition behaviour 

of ternary Sn-Ag-Cu alloy is characterised in curve 2. The effects of agitation 

(magnetic stirring at 300 rpm) on the cathodic electrodeposition behaviour of Sn-Ag-

Cu alloys are investigated in curve 3. 

In Figure 8-1, diagram (a), curve 1, as the scan starts from the open-circuit potential 

(around -0.5 V), the deposition of Sn commences from -0.88 V, where the current 

density increases to form a lengthy plateau (~20 mA/cm
2
). The mass-transport 

limitation of Sn ions (Sn
2+

) from the bulk electrolyte to the cathode surface is 

responsible for this plateau formation [125]. It is noticeable that in the other two 

curves (2 and 3) in diagram (a), similar current density increases can be observed at 

the same potential, which are also responsible for Sn deposition. The further increase 

in current density in curve 1 after a potential of approximately -1.2 V is due to 

concurrent hydrogen evolution.  
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Figure 8-1 Cathodic potentiodynamic polarisation curves for the deposition of Sn-Ag-Cu alloys under 

the effects of agitation: (a) overall range of scans; (b) magnified initial part of scans from “A” to “B”. 

Curve 1 is from bath A in Table 8-1; Curve 2 from bath B; Curve 3 from bath B plus agitation supplied 

by magnetic stirring at 300 rpm. Potential scan rate: 1 mV/s. 

After introducing Ag (AgI) and Cu (Cu2P2O7) into the Sn solution to form bath B 

from Table 8-1, compared to curve 1, the plateau is prolonged in curve 2 (diagram (a)) 

and as a result the initiation of observed hydrogen evolution is delayed from about -

1.2 V to approximately -1.3 V. This shift can be beneficial to the process, as hydrogen 

evolution should ideally be avoided so as to obtain a compact and dendrite-free 

electrodeposit. With agitation applied to the process (Figure 8-1, diagram (a), curve 3), 

the mass-transport dominated plateaux in both curves 1 and 2 are eliminated and 

replaced by an unsteady but gradually increasing current density. This increase 
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reaches values of more than 100 mA/cm
2
 with hydrogen evolution eventually 

becoming dominant. It is probably because the agitation has significantly enhanced 

the mass supply for the deposition behaviour at the cathode surface so that a much 

higher current density is achievable under an identical potential.  

In order to take a closer investigation of the initial stages in Figure 8-1, diagram (a), 

magnified details of all the three curves from points “A” to “B” are revealed in 

diagram (b). As curve 1 in this diagram shows, there is no noticeable current density 

measured until the beginning of Sn deposition at -0.88 V. For all the three curves, the 

deposition of Sn commences sharply once the driving potential, -0.88 V, is reached. 

When Ag (AgI) and Cu (Cu2P2O7) are introduced into the Sn solution to form bath B 

(curve 2), a current density plateau (approximately 0.2 mA/cm
2
) forms from a 

potential of -0.54 V, immediately after the scan commences. This plateau presumably 

originates from the electrodeposition of binary Ag-Cu alloys and consequently from -

0.88 V onward, i.e. during the plateaux in Figure 8-1 diagram (a) after point “B”, the 

co-deposition of Sn-Ag-Cu alloys can be achieved, with Ag and Cu being 

electrodeposited at their limiting current densities. The application of agitation 

(diagram (b), curve 3) significantly increases the mass transport and as a result, the 

limiting current density plateau attributed to Ag and Cu deposition is increased 

fourfold to around 1 mA/cm
2
 before the deposition of Sn commences. 

8.1.3 Effects of Temperature 

The effects of bath temperature on the electrodeposition behaviour of Sn-Ag-Cu 

alloys were also examined using bath B from Table 8-1 and cathodic potentiodynamic 

polarisation experiments are shown in Figure 8-2. Similar to the effects of agitation, 

increased bath temperature tends to accelerate the diffusion of metal ions (due to 

increased mobility) to the cathode and therefore potentially permits higher deposition 

rates [126]. Consequently, the current density plateaux for the deposition of both 

ternary Sn-Ag-Cu alloys (plateaux in Figure 8-2, diagram (a)) and binary Ag-Cu 

alloys (plateaux in Figure 8-2, diagram (b)) are to some extent increased, as the bath 

temperature is increased from 20°C to 40°C and 60°C. Specifically, the limiting 

current density for ternary Sn-Ag-Cu alloy deposition (Figure 8-2, diagram (a)) 

increases from approximately 20 mA/cm
2
 at 20°C to more than 40 mA/cm

2
 at 60°C 
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and from about 0.2 mA/cm
2
 at 20°C to around 0.5 mA/cm

2
 at 60°C for binary Ag-Cu 

alloys (Figure 8-2, diagram (b)). However, the deposition potentials, for example -

0.88 V for tin, have not been affected with varying the bath temperature.  
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Figure 8-2 Cathodic potentiodynamic polarisation curves for the deposition of Sn-Ag-Cu alloys under 

varying bath temperature using bath B from Table 8-1: (a) overall range of scans; (b) magnified initial 

part of scans from “A” to “B”. Bath temperatures: curves 1, 2 and 3 represent 20, 40 and 60°C 

respectively. Potential scan rate: 1 mV/s. 

8.1.4 Effects of Additives 

From cathodic polarisation trials in baths C and D from Table 8-1, the effects of 

additives (PEG 600 and formaldehyde) on the deposition of Sn-Ag-Cu ternary alloys 

are presented in Figure 8-3. In curve 1, free of additives, the current density increases 
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sharply to reach a lengthy plateau (0.1–0.2 mA/cm
2
) from the beginning of the scan. 

This plateau is believed to be the stage where the less noble metals, i.e. Ag and Cu, 

start to deposit at their limiting current densities as discussed in Section 8.1.3. The co-

deposition of ternary Sn-Ag-Cu alloy is then realised over the second plateau process 

in Figure 8-3, curve 1, with a further increase in current density after a potential of 

around -1.3 V owing to hydrogen evolution. 

In Figure 8-3, curve 2, with the addition of PEG 600 and formaldehyde, the most 

noticeable change is the elongated plateau stage for Ag and Cu deposition, which is 

attributed to the cathodic potential shift of Sn deposition from -0.88 V to -1.22 V 

under the synergetic effects of both PEG and formaldehyde as discussed in Section 

7.1.3. It is also noteworthy that with the additives involved, the hydrogen evolution is 

correspondingly delayed from -1.3 V to -1.6 V, bringing in another benefit by this 

additive combination and helping to obtain porosity-free deposits. 

-0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8

1E-3

0.01

0.1

1

10

100

C
a
th

o
d
ic

 c
u
rr

e
n
t 
d
e
n

s
it
y
/m

A
 c

m
-2

Potential vs. SCE/V

2

Sn+Ag+Cu

Ag+Cu

Sn+Ag+Cu

 1: No Additives

 2: With Additives

Ag+Cu

1

 

 

 

Figure 8-3 Cathodic potentiodynamic polarisation curves for the deposition of Sn-Ag-Cu alloys using 

bath C from Table 8-1. Potential scan rate: 1 mV/s. Curve 1: free of additives; Curve 2: with additives 

(PEG 600 and HCHO). 

To further elaborate the cathodic polarisation process for a fundamental understanding 

of the reduction of metallic species in the electrolyte, the sample employed for the 

cathodic polarisation test (Figure 8-3, curve 2) in bath D of Table 8-1 was analysed by 

SEM/FIB, with the cross-sectional ISE image shown in Figure 8-4. As can be seen in 

this figure, the first layer above the Cu substrate is likely associated with the Ag and 
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Cu binary deposition layer which corresponds to the Ag+Cu electrodeposition plateau 

process in Figure 8-3, curve 2. At this stage, Ag and Cu are deposited at their limiting 

current densities and a loosely-packed particle morphology was formed as can be 

observed in this micrograph. After the deposition of Sn is triggered by the negatively 

shifting potential, Sn deposition commences from a potential of approximately -1.22 

V shown in Figure 8-3. As a result, the Sn-Ag-Cu ternary alloy deposition can result 

in a fine-grained Sn+Ag+Cu layer which is formed above the layer of Ag+Cu shown 

in Figure 8-4. 

                             

Figure 8-4 SEM/FIB processed cross-sectional ISE images of the sample produced after the cathodic 

polarisation test (Figure 8-3, curve 2) from bath C, Table 8-1. 

8.2 Electrodeposition of Sn-Ag-Cu Alloy 

8.2.1 Surface Morphology of Electrodeposits 

The surface morphology of Sn-Ag-Cu alloy films deposited at room temperature 

without agitation is discussed. Figure 8-5 shows the SEM micrographs of 

electrodeposited Sn-Ag-Cu films from bath B (Table 8-1) at individual galvanostatic 

current densities of 5, 10, 15, 20 and 25 mA/cm
2
 respectively and the corresponding 

chronopotentiometry curves are shown in Figure 8-6. As can be observed, relatively 

smooth and compact surface morphologies are achieved at low current densities, i.e. 5, 

10 and 15 mA/cm
2
 in images (a), (b) and (c), although they tend to be more grainy as 

the current density is increased. Nodular and even dendritic deposits appear at higher 

current densities of 20 and 25 mA/cm
2
 in images (d) and (e). In other studies from the 

literature, it has been shown that a similar correlation between surface roughness and 
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the applied current densities exists, indicating the close dependency of morphology on 

the process current conditions in specific systems [88, 108]. 

The chronopotentiometry curves in Figure 8-6 explain this surface evolution in 

morphology. Although the driving potentials decrease with increasing galvanostatic 

current density, they remain relatively stable while the current density is low (curves 

(a), (b) and (c) for 5, 10 and 15 mA/cm
2
 respectively in Figure 8-6). Owing to this, 

relatively smooth deposit morphologies are achieved (Figure 8-5, images (a), (b) and 

(c)). However, when the current densities are approaching, or even above the limiting 

current density (approximately 20 mA/cm
2
 as revealed in Figure 8-1), the driving 

potentials required for Figure 8-5 images (d) and (e) have to be so negative (Figure 

8-6, curves (d) and (e)) at the beginning (around -1.6 V) to reach the applied current 

density that hydrogen evolution is dominant, thus achieving nodular or dendritic 

morphologies. 

  

(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm

2
 

  

(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
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(e) current density = 25 mA/cm
2
  

Figure 8-5 SEM micrographs of Sn-Ag-Cu films electrodeposited under galvanostatic conditions from 

bath B, Table 8-1, electrical charge passed = 1500 C/dm2. 
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Figure 8-6 Chronopotentiometry of Sn-Ag-Cu alloys electrodeposition from bath B, Table 8-1 recorded 

under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves (a), (b), (c), (d) and (e) 

represent 5, 10, 15, 20 and 25 mA/cm2 respectively. 

8.2.2 Compositional Analysis 

The compositions of the Sn-Ag-Cu deposits presented in Figure 8-5 were analysed by 

WDX, with results shown in Figure 8-7. Generally, the Ag contents in all the samples 

tend to decrease steadily as the current density increases, i.e. from 4.2wt.% at 5 

mA/cm
2
 to as low as 1.3wt.% at 25 mA/cm

2
. Similarly, the Cu content shows a 

descending tendency from 1.7wt.% at 5 mA/cm
2
 to only 0.8wt.% at 15 mA/cm

2
. 



Chapter 8 Electrodeposition of Sn-Ag-Cu Alloys 
 

126 

However, the Cu content increases sharply at higher current densities (e.g. 20 and 25 

mA/cm
2
). It is speculated that the deposits have such a porous microstructure (Figure 

8-5, images (d) and (e)) that the Cu substrates are not uniformly covered by the Sn-

Ag-Cu electrodeposits (copper substrate evident by visual observation of the sample 

shown in Figure 8-5, image (e)). Consequently, WDX measurements have, in all 

probability, detected information from the Cu substrates through the porous and 

uneven deposits, resulting in the abnormal increase in Cu content generated in the 

results. However, with compact microstructures (dendrite and nodule free), it is 

believed that the films are so thick (~11 μm by SEM/FIB cross-sectional measurement) 

that the Cu substrate should not be interfering with the Cu contents in the 

electrodeposits as WDX results illustrate. It is important to notice that near-eutectic 

compositions (2.5–4.2wt.% Ag and 0.7–1.5wt.% Cu) are achievable for the relative 

compact and smooth Sn-Ag-Cu electrodeposits as shown in Figure 8-5, images (a), (b) 

and (c). 
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Figure 8-7 Ag and Cu contents (wt.%) in the electrodeposited Sn-Ag-Cu films vs. galvanostatic current 

density utilising bath B from Table 8-1. Measurements carried out by WDX.  
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8.3 Effects of Agitation on Sn-Ag-Cu Alloy Electrodeposition 

8.3.1 Surface Morphology of Electrodeposits 

The cathodic potentiodynamic polarisation curves in Figure 8-1 have demonstrated a 

different deposition process when agitation is applied. It is therefore presumed that 

electrodeposits should present distinct characteristics accordingly under the effects of 

agitation. Figure 8-8 shows the SEM micrographs of the electrodeposited Sn-Ag-Cu 

films under galvanostatic conditions plus agitation by magnetic stirring at 300 rpm, 

with the examined current density ranging from 5 mA/cm
2
 up to 80 mA/cm

2
. At the 

lower end (5 mA/cm
2
), unlike the smooth surface in Figure 8-5 image (a) from a 

quiescent electrolyte, the deposit shows a rough and nodular microstructure. With the 

current densities increased, the deposits tend to grow smooth and compact again. This 

feature remains over a relatively wide current density range (10–70 mA/cm
2
). A 

typical nodular microstructure appears when the current density reaches 80 mA/cm
2
, 

as shown in Figure 8-8 image (i). This is because agitation largely enhances the mass 

transport (of metal ions) to the cathode surface and consequently increase the limiting 

current densities of the alloy [76], enabling much higher deposition rates as evidenced 

by the cathodic polarisation study and hence nodular crystals are only observed when 

the current density is reaching the increased limiting level. 

  

(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm

2
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(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
 

  

(e) current density = 25 mA/cm
2
 (f) current density = 30 mA/cm

2
 

  

(g) current density = 50 mA/cm
2
 (h) current density = 70 mA/cm

2
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(i) current density = 80 mA/cm
2
  

Figure 8-8 SEM micrographs of Sn-Ag-Cu films electrodeposited under galvanostatic conditions from 

bath B, Table 8-1, electrical charge passed = 1500 C/dm2, with agitation by magnetic stirring at 300 

rpm. 

Corresponding to the samples in Figure 8-8, chronopotentiometry curves in Figure 8-9 

are relatively stable except for curve (i), the highest current density of 80 mA/cm
2
 

examined. The deposition potentials become lower (more negative) with increasing 

galvanostatic current density. It is noted that the severe fluctuation of potential in 

curve (i) occurs in line with a nodular and porous characteristic morphology as Figure 

8-8 image (i) shows. Such a low potential (-1.8 V) required has involved hydrogen 

evolution, which contributes to the porous microstructure formation. This 

phenomenon (low potential leading to porous deposits) matches the cases (Figure 8-6, 

curves (d) and (e)) previously analysed without agitation. Therefore, it is concluded 

that stable chronopotentiometry is likely an indication of a smooth morphology, 

whilst fluctuations involving low potentials tend to suggest a porous microstructure 

with concurrent hydrogen evolution, as was also found in Kim et al’s study [108]. 
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Figure 8-9 Chronopotentiometry of Sn-Ag-Cu alloys electrodeposition recorded under galvanostatic 

conditions from bath B, Table 8-1 with agitation by magnetic stirring at 300 rpm, electrical charge 

passed = 1500 C/dm2. Curves (a), (b), (c), (d), (e), (f), (g), (h) and (i) represent 5, 10, 15, 20, 25 30, 50, 

70 and 80 mA/cm2 respectively. 

8.3.2 Compositional Analysis 

The composition of the Sn-Ag-Cu electrodeposits obtained over this wide current 

density range (5–80 mA/cm
2
) under the effects of agitation has shown a similar 

descending trend for both Ag and Cu contents as illustrated in Figure 8-10. At 5 

mA/cm
2
, the Ag and Cu contents in the nodular deposits (Figure 8-8, image (a)) are as 

high as 26.9wt.% and 17.2wt.% respectively. This means that Ag and Cu, deposited at 

their agitation-enhanced limiting current densities, contributed largely to the total 

current applied, resulting in this nodular morphology which is typical in such 

occasions. At the higher current density end, the content of Ag comes close to the 

eutectic range (from 3.9wt.% to 3.2wt.% over 60–80 mA/cm
2
), while Cu is relatively 

constant at approximately 1.1wt.% over this current density range. 
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Figure 8-10 Ag and Cu contents (wt.%) in the electrodeposited Sn-Ag-Cu films vs. galvanostatic 

current density utilising baths B from Table 8-1 with agitation by magnetic stirring at 300 rpm. 

Measurements carried out by WDX. 

8.4 Effects of Temperature on Sn-Ag-Cu Alloy 

Electrodeposition 

8.4.1 Surface Morphology of Electrodeposits 

Figure 8-11 demonstrates SEM micrographs of Sn-Ag-Cu alloy electrodeposits in 

bath B from Table 8-1 at 20°C, 40°C and 60°C at individual current densities (5, 15 

and 25 mA/cm
2
, specifically). In images (a), (b) and (c) investigated at 5 mA/cm

2
, 

only image (c) at 60°C shows a distinctive dendritic deposit, whilst smooth surfaces 

are seen with images (a) and (b). This distinctive difference is partly attributed to the 

large compositional differences shown in Figure 8-13 from sample (c) to (a) and (b). 

In image (c), the total content of Ag and Cu is greater than 40wt.%, therefore, 

dendrites are the typical morphology when the significant constituents of the deposits 

(Ag and Cu) are deposited at their limiting current densities, although such current 

densities have already been largely enhanced by the increased bath temperature as 

presented in Figure 8-2. Electrodeposits generated at 15 mA/cm
2
 (Figure 8-13, images 

(d), (e) and (f)) show some grainy but relatively smooth morphologies, regardless of 

the bath temperature investigated. However, the largely increased mass transport at 

60°C has made the morphology in image (i) different from (g) and (h), although all 
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films were deposited at the same current density (25 mA/cm
2
). Dendrites and nodules 

are dominant in images (g) and (h), but a relatively smooth and compact surface is 

evident in image (i), with limited crevices observed.  

  

(a) bath temperature=20°C, current 

density = 5 mA/cm
2
 

(b) bath temperature=40°C, current 

density = 5 mA/cm
2
 

  

(c) bath temperature=60°C, current 

density = 5 mA/cm
2
 

(d) bath temperature=20°C, current 

density = 15 mA/cm
2
 

  

(e) bath temperature=40°C, current 

density = 15 mA/cm
2
 

(f) bath temperature=60°C, current 

density = 15 mA/cm
2
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(g) bath temperature=20°C, current 

density = 25 mA/cm
2
 

(h) bath temperature=40°C, current 

density = 25 mA/cm
2
 

 

 

(i) bath temperature=60°C, current 

density = 25 mA/cm
2
 

 

Figure 8-11 SEM micrographs of Sn-Ag-Cu films electrodeposited under galvanostatic conditions from 

bath B, Table 8-1, electrical charge passed = 1500 C/dm2. Bath temperatures of 20, 40 and 60°C, at 

current densities of 5, 15 and 25 mA/cm2, respectively. 

Chronopotentiometric data for elevated bath temperatures are given in Figure 8-12. 

Compared to the chronopotentiometry at 20°C (Figure 8-6), over the examined 

current density range (5 to 25 mA/cm
2
), the potential curves only show significant 

fluctuations at 25 mA/cm
2
 (Figure 8-12, diagram (a), curve (e)) when the bath 

temperature is increased to 40°C, generating nodular deposits as a result (Figure 8-11, 

image h). The curves stay stable over the whole current density range investigated 

(Figure 8-12, diagram (b)) at a higher bath temperature of 60°C. These stable curves 

are prone to produced dendrite and nodule free deposits, as Figure 8-11 indicates 

(images (c), (f) and (i)), except for the lowest current density examined (image (c)) 

with the reason already discussed above. 
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Figure 8-12 Chronopotentiometry of Sn-Ag-Cu alloys electrodeposition from bath B, Table 8-1 

recorded under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Bath 

temperature=40°C (diagram (a)) and 60°C (diagram (b)). Curves (a), (b), (c), (d) and (e) represent 5, 10, 

15, 20 and 25 mA/cm2 respectively. 

8.4.2 Compositional Analysis 

The effects of bath temperature on the composition of Sn-Ag-Cu alloy electrodeposits 

are illustrated in Figure 8-13. It is clearly seen that there is an obvious decrease for 

both Ag and Cu contents as the current density increases, regardless of bath 

temperature, although this is more evident at the lower current densities for 60°C. The 

abnormal increase in Cu content in Figure 8-13, diagram (b), curve 1 is most likely 

due to the porous dendritic microstructure revealing the Cu substrate, as mentioned in 

Section 8.2.2. Generally, as can be concluded from Figure 8-13, for the same current 
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density, the contents of both Ag and Cu tend to be higher at a higher bath temperature. 

However, this tendency gradually diminishes as the current density increases. 
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Figure 8-13 Ag (diagram (a)) and Cu (diagram (b)) contents (wt.%) in the electrodeposited Sn-Ag-Cu 

films vs. galvanostatic current density at varying bath temperature utilising bath B from Table 8-1. 

Measurements carried out by WDX. Curve 1, 2 and 3 represent 20, 40 and 60°C respectively. 

8.5 Effects of Additives on Sn-Ag-Cu Alloy Electrodeposition 

8.5.1 Surface Morphology of Electrodeposits 

The surface morphology of electrodeposited Sn-Ag-Cu films, characterised by SEM 

in Figure 8-14, has been modified with the addition of PEG 600 and formaldehyde as 
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additives. As the current density increases from 5 to 15 mA/cm
2
, there is a tendency 

for the surface to get smoother as shown in images (a), (b) and (c). This is due to the 

gradually increasing influence of the additives (PEG 600 and formaldehyde) on the 

deposition process, as the driving potential changes from -1.35 V to approximately -

1.45 V shown in the chronopotentiometry curves (from (a) to (c)) in Figure 8-16. The 

reason for this morphology modification can be attributed to the potential-dependent 

characteristics of additives used, as discussed in Figure 7-3.  

It is known that the additives (PEG and formaldehyde) operate synergistically and 

result in a smooth shiny surface, as shown in Figure 8-14, image (c). However, a 

rough and porous surface is observed in images (d) and (e). This is again due to the 

current densities approaching or exceeding the limiting value, as indicated by the 

noisy “V” shaped potential curves (Figure 8-16, curves (d) and (e)), including -1.7 V 

which is in the hydrogen evolution range as the polarisation curve indicates (Figure 

8-3, curve 2). 

  

(a) current density = 5 mA/cm
2
 (b) current density = 10 mA/cm

2
 

  

(c) current density = 15 mA/cm
2
 (d) current density = 20 mA/cm

2
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(e) current density = 25 mA/cm
2
  

Figure 8-14 SEM micrographs of Sn-Ag-Cu films electrodeposited under galvanostatic conditions from 

bath D, Table 8-1, electrical charge passed = 1500 C/dm2. 

In order to further reveal the bright surface generated as a result of the additives, an 

AFM morphological study was performed on the sample produced in bath D from 

Table 8-1 at a current density of 15 mA/cm
2
 (Figure 8-14, image (c)). Figure 8-15 

presents the AFM image obtained over a 3 μm × 3 μm scanned area. More details of 

the surface morphology can be achieved in this image, compared to the almost 

feature-free SEM figure (Figure 8-14, image (c)). As can be estimated from Figure 

8-15, the size of the nodular clusters are of nano-scale (ca. 100 nm on average). This 

may explain the bright appearance as presented, which is a result of such fine 

structures resulting from the effects of the additives. More specifically, the quantified 

surface roughness from the AFM measurement shows a root-mean-square value (Rq) 

of only 18.6 nm. 
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Figure 8-15 AFM image (3 μm × 3 μm) of the as-electrodeposited Sn-Ag-Cu film electrodeposited 

under galvanostatic conditions (15 mA/cm2, electrical charge passed = 1500 C/dm2, Figure 8-14, image 

(c)) from bath D, Table 8-1. 
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Figure 8-16 Chronopotentiometry of Sn-Ag-Cu alloys electrodeposition from bath D, Table 8-1 

recorded under galvanostatic conditions, electrical charge passed = 1500 C/dm2. Curves (a), (b), (c), (d) 

and (e) represent 5, 10, 15, 20 and 25 mA/cm2 respectively. 

8.5.2 Compositional Analysis 

The compositions of the electrodeposited Sn-Ag-Cu films shown in Figure 8-14 at 

individual galvanostatic conditions are plotted in Figure 8-17 accordingly. The sample 

produced at a galvanostatic current density of 5 mA/cm
2
 (Figure 8-14, image (a)) 
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shows relatively high contents of Ag and Cu (Ag 4.9wt.% and Cu 1.7wt.%). With the 

current density increased, the compositions of Ag and Cu in the deposit remain 

relatively stable, particularly for Cu. This enables a relatively wide process window to 

produce deposits with the lowest fluctuations in composition and consequently 

achieves compositional uniformity over samples. For the electrodeposit with a smooth 

surface (Figure 8-14, image (c)), the result indicates a composition of Ag 3.8wt.% and 

Cu 0.8wt.%, which falls into the range of eutectic Sn-Ag-Cu compositions. Combined 

with the morphological analysis, it can be concluded that Sn-Ag-Cu alloy produced at 

a current density of around 15 mA/cm
2
 gives a near-eutectic composition, whilst a 

smooth and fine-grained surface is also achievable. 
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Figure 8-17 Ag and Cu contents (wt.%) in the electrodeposited Sn-Ag-Cu films vs. galvanostatic 

current density utilising bath D from Table 8-1. Measurements carried out by WDX.  

8.6 Thermal Analysis of Electrodeposits 

The differential scanning calorimetry (DSC) measurements were conducted to 

characterise the thermal property of the Sn-Ag-Cu electrodeposits. 
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Figure 8-18 DSC measurements of Sn-Ag-Cu electrodeposits from bath F, Table 8-1. Scan rate at 10 

K/min. Pure Sn presented as a reference. 

Figure 8-18 compares the melting curves of three distinct Sn-Ag-Cu alloys with 

constituents characterised by WDX. As can be seen from this diagram, the sample 

with a measured composition of Sn-4.8wt.%Ag-1.6wt.%Cu shows a shape most 

similar to the reference pure tin, with only a single peak at ~218°C. This means, in 

terms of melting behaviour, this Sn-Ag-Cu electrodeposit has a melting property 

closer to the eutectic. This result to some extent agrees with the conclusions of Miller 

et al [127], who found a ternary eutectic melting temperature at 217°C and placed its 

composition at Sn-4.7wt.%Ag-1.7wt.%Cu. However, there are still discussions 

ongoing as to the eutectic point that is closely associated with the ternary alloy 

composition. Gebhardt and Petzow [128] proposed a composition of Sn-4.0wt.%Ag-

0.5wt.%Cu whilst Moon et al [64], using thermal cycling experiments and Loomans 

et al [129] by thermal analysis of the signal from the monovariant binary eutectics 

concluded eutectic compositions of Sn-3.5wt.%Ag-0.9wt.%Cu and Sn-3.66wt.%Ag-

0.91wt.%Cu respectively. For the other two alloys examined (Sn-7.1wt.%Ag-

2.1wt.%Cu and Sn-3.5wt.%Ag-0.9wt.%Cu), widened endothermic processes can be 

observed. This should be attributed to their off-eutectic behaviour in terms of the 

melting process, such as widened solidus and liquidus temperature range, under the 

current testing conditions. 
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8.7 Microstructure of Electrodeposits 

8.7.1 Phase Identification 

The XRD analysis of the near-eutectic Sn-Ag-Cu film galvanostatically 

electrodeposited at a current density of 15 mA/cm
2
 (Figure 8-14, image (c), Ag 3.8wt.% 

and Cu 0.8wt.%) is presented in Figure 8-19. As shown in this diagram, all the 

diffraction peaks are attributed to three phases: β-phase Sn, Ag3Sn and Cu6Sn5 (except 

one from the Cu substrate as indicated). Kaneko [130] and Zhang [131] et al have 

reached similar results for phase analysis in their electrodeposited Sn-Ag-Cu films, 

which is in agreement with the phase structure from the Sn-Ag-Cu thermal 

equilibrium phase diagram [132]. The XRD analysis confirms the crystalline nature of 

the deposited film and the presence of Sn, Ag and Cu phases. Similar XRD patterns 

are also obtained for films deposited at other current densities examined. 

 

Figure 8-19 XRD spectrum of the Sn-Ag-Cu film galvanostatically electrodeposited from bath D 

(image (c)) from Table 8-1 at a current density of 15 mA/cm2, electrical charge passed = 1500 C/dm2. 

8.7.2 Electrodeposits From A Bath Free of Additives 

To further examine the microstructure of the Sn-Ag-Cu deposits, SEM/FIB micro-

machining and TEM were used. Figure 8-20 shows the representative ISE micrograph 

of the cross-sectional as-electrodeposited Sn-Ag-Cu film from bath B (Table 8-1) free 
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of additives, with (image (b)) and without (image (a)) agitation. In both micrographs, 

the microstructure of the deposits is a compact aggregate of Sn grains, the sizes of 

which in image (b) are smaller than that in image (a) under the effects of agitation. 

Ag3Sn and Cu6Sn5 intermetallic phases (bright contrast in the images) proven by XRD 

in Figure 8-19, are apparent both in Sn grains and along grain boundaries. These 

micrographs show the Ag3Sn and Cu6Sn5 phases co-exist in the Sn-Ag-Cu 

electrodeposits. Moreover, TEM micrographs present more details as shown in Figure 

8-21. 

  

Figure 8-20 SEM/FIB processed cross-sectional ISE images of the as-electrodeposited Sn-Ag-Cu film 

produced under galvanostatic conditions from bath B, Table 8-1. Image (a) 10 mA/cm2; Image (b) 70 

mA/cm2. Electrical charge passed = 1500 C/dm2, with agitation by magnetic stirring at 300 rpm. 
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Figure 8-21 TEM micrographs and EDX spectra of Ag3Sn (images (a) and (b)) and Cu6Sn5 (images (c) 

and (d)) in the Sn-Ag-Cu film electrodeposited under galvanostatic conditions (10 mA/cm2, electrical 

charge pass = 1500 C/dm2) from bath B, Table 8-1. Image (1) shows the general review. EDX analyses 

carried out at points “1”, “2”, “3” and “4”, with resultant spectra for points “1” and “3” shown in 

images (b) and (d). 

Ag3Sn particles as marked in Figure 8-21 image (a), with sizes of less than 100 nm, 

are seen located in the Sn matrix. Kerr et al [133] also observed a similar structure in 

eutectic Sn-Ag alloys. Quantitative EDX measurements (spectrum (b)) show that 

point “1” has a composition of 72.6at.% Ag and 27.4at.% Sn. Referring to the phase 

structure from the Sn-Ag thermal equilibrium phase diagram [134], this result 

suggests a composition close to Ag3Sn, whilst 100at.% Sn is measured at point “2”, 

allowing the conclusion that Ag3Sn intermetallic particles lie in a Sn matrix. Similarly, 

image (c) illustrates the morphology of Cu6Sn5 particles in the Sn matrix. These are 

larger in size than Ag3Sn in the shown image. The EDX spectrum in image (d) shows 

constituents of Sn, Cu and Mo at point “3”, with Mo peaks emanating from the Mo 

grid used for TEM foil mounting (instead of the commonly used Cu grid to eliminate 
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the potential compositional interference). Quantitative results show a composition of 

42.9at.% Cu, 40.1at.% Sn and 17.0at.% Mo for point “3”, which reveals a 

stoichiometry close to Cu6Sn5, whilst only Sn and Mo are detected for point “4”, the 

electrodeposit matrix. 

8.7.3 Electrodeposits in Bath With Additives 

Figure 8-22 shows the representative SEM/FIB micrograph of the cross-section of as-

electroplated Sn-Ag-Cu films with additives. Aggregation of fine and columnar Sn 

grains can be seen throughout the structure. It is such long Sn grains that make up the 

clusters on the smooth surface observed in Figure 8-15 from the AFM analysis. 

Also clearly noticeable in this image are the widely but uniformly spread particles 

with bright contrast. As indicated in the XRD phase analysis in Figure 8-19, these 

particles show the Ag3Sn and Cu6Sn5 phases probably co-exist in the as-electroplated 

deposits, as confirmed by the TEM analysis in Figure 8-23. Compared to Figure 8-20, 

the intermetallic particles (Ag3Sn and Cu6Sn5) are also refined under the effects of 

additives. 

 

Figure 8-22 SEM/FIB processed cross-sectional ISE images of the as-electrodeposited Sn-Ag-Cu film 

produced under galvanostatic conditions from bath D, Table 8-1 (15 mA/cm2, electrical charge pass = 

1500 C/dm2).  

The cross-sectional TEM micrographs of the as-electroplated Sn-Ag-Cu deposits with 

additives is shown in Figure 8-23. As can be observed in image (a), the width of the 
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columnar Sn grains is about 200 nm, with a distinctive view of grain boundaries. 

Ag3Sn and Cu6Sn5 particles, with a size of the order of tens of nanometres (images (b) 

and (c)), are dispersed homogeneously either within Sn grains or along grain 

boundaries in this near-eutectic structure. The EDX measurements in TEM show the 

compositions of points “1” to “7” with results summarised in Table 8-2. These 

compositional tests confirm the co-existence of Ag3Sn and Cu6Sn5 particles in the 

structure of Sn-Ag-Cu electrodeposit. 

Table 8-2 TEM-EDX quantitative compositional measurements of points shown in Figure 8-23 

Point Sn (L) at.% Ag (L) at.% Cu (K) at.% 

1 27.9 72.1 – 

2 100 – – 

3 100 – – 

4 46.5 – 53.5 

5 45.8 – 54.2 

6 100 – – 

7 100 – – 
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Figure 8-23 TEM micrographs of the Sn-Ag-Cu film electrodeposited under galvanostatic conditions 

(10 mA/cm2, electrical charge pass = 1500 C/dm2) from bath D, Table 8-1. Image (a) general view of 

Sn gains and Ag3Sn, Cu6Sn5 particle; Image (b) magnified view of Ag3Sn particle in-between Sn grains; 

Image (c) magnified view of Cu6Sn5 particles in-between Sn grains. EDX quantitative measurements of 

points “1” to “7” summarised in Table 8-2. 

It can be noted in Figure 8-23, image (b), that ordered “stitch-like” structures can be 

found at the tin grain boundaries. There are believed to be dislocations similar to those 

seen in other studies [135, 136]. Figure 8-24 shows a highly magnified view of two 

other dislocation features found in the as-electrodeposited Sn-Ag-Cu alloy. However, 

these features are only found in the electrodeposit from bath D, under the effects of 

additives (PEG 600 and formaldehyde). 
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Figure 8-24 TEM micrographs of dislocations in the Sn-Ag-Cu film electrodeposited under 

galvanostatic conditions (10 mA/cm2, electrical charge pass = 1500 C/dm2) from bath D, Table 8-1 with 

the presence of additives. 

Common reasons for dislocation formation include mechanical and thermal histories 

[137]. However, as the electrodeposit didn’t undergo any mechanical deformation or 

thermal processing, it is believe that internal stress in the Sn-Ag-Cu electrodeposits, 

popularly existing in electrodeposits in baths with [138] or without the presence of 

additives [139], has caused the dislocations, as this is an efficient way to release the 

stress and potential energy. Therefore, the bright Sn-Ag-Cu electrodeposit under the 

effects of PEG 600 and formaldehyde might have been stressed during the 
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electrodeposition process. However, this needs to be confirmed by internal stress 

measurements. 

8.8 Wafer Bumping of Sn-Ag-Cu Alloy 

On the basis of previous study on Cu coupons, Sn-Ag-Cu solder bumps were 

produced potentiostatically on wafers from baths B and D from Table 8-1 to examine 

the process with and without the presence of additives and the resultant solder bumps. 

In bath B, free of additives, a potential of -1.1 V was used which equates to a current 

density of around 15 mA/cm
2
 as indicated in both the polarisation and 

chronopotentiometry curves (Figure 8-1 and Figure 8-6 respectively). Figure 8-25 

shows the as-electrodeposited bumps with a pitch size of 50 μm (25 μm diameter). It 

can be noticed that without additives, although having a compact microstructure, a 

rough surface on the bumps is typical, which has been indicated by studies on Cu 

coupons (Figure 8-5, image (a)).  

  

Figure 8-25 SEM micrographs of the as-electrodeposited Sn-Ag-Cu solder bumps formed under 

potentiostatic conditions at a potential of -1.1 V from bath B, Table 8-1, pitch size = 50 μm (25 μm 

bump diameter): (a) plan view; (b) magnified side view. 

As PEG 600 and formaldehyde are included in the electrolyte, Sn-Ag-Cu solder 

bumps of a near eutectic composition were also produced potentiostatically at a 

potential of -1.45 V, which equates to a current density of approximately 15 mA/cm
2
 

as the polarisation and chronopotentiometry curves confirm (Figure 8-3 and Figure 

8-16). Figure 8-26 shows the as-electroplated bumps with a pitch size of 50 μm (25 

μm diameter). The plan view (image (a)) shows a good uniformity of bumps, which is 

critical for fine pitch chip scale packaging. From the side view of the bumps (image 
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(b)), the smooth surface resulting from the influence of additives remains consistent 

with the samples produced on Cu coupons. This result promises the possibility of 

generating consistent, uniform and high yield bumps of ultrafine pitch on a wafer 

scale. Consequently, this has demonstrated the feasibility of producing optimised fine 

pitch near-eutectic Sn-Ag-Cu solder bumps for miniaturised flip-chip application. 

  

Figure 8-26 SEM micrographs of the as-electrodeposited Sn-Ag-Cu solder bumps formed under 

potentiostatic conditions at a potential of -1.45 V from bath D, Table 8-1 with the presence of additives, 

pitch size = 50 μm (25 μm bump diameter): (a) plan view; (b) magnified side view. 

8.9 Summary 

Pyrophosphate and iodide based baths and processes for the electrodeposition of near-

eutectic Sn-Ag-Cu alloys were investigated through cathodic potentiodynamic 

polarisation and characterisation of electrodeposits under different process conditions. 

Ternary Sn-Ag-Cu alloys were produced when the driving potential for Sn 

electrodeposition was reached (-0.88 V vs.SCE) after the mass-transport limited stage 

for noble metals deposition (Ag and Cu). The morphologies of deposits tended to be 

relatively smooth at lower current densities (5 to 15 mA/cm
2
) with a near-eutectic 

composition (2.5–4.2wt.% Ag and 0.7–1.5wt.% Cu), though the Ag and Cu contents 

tended to be lower with increasing current density. Nodular deposits were generated 

when the current density was approaching or above the limiting deposition current 

densities of the alloy. As agitation was applied during the electroplating process, the 

Ag and Cu contents were as high as 26.9wt.% and 17.2wt.% respectively when the 

current density was only 5 mA/cm
2
. However, nodular deposits did not appear until 

the current density reached 80 mA/cm
2
. This was because the agitation significantly 

enhanced the mass transport to the cathode surface and as a result, Sn grains produced 
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were smaller compared to the non-agitation process. It was also demonstrated that 

increased bath temperature had similar effects on the mass transport. With the 

addition of PEG 600 and formaldehyde, electrodeposits with bright surfaces were 

generated at a current density 15 mA/cm
2
 while achieving a near-eutectic composition 

of Sn-3.8wt.%Ag-0.8wt.%Cu. AFM confirmed a root-mean-square value (Rq) of only 

18.6 nm for this bright surface.  

XRD analysis revealed that regardless of the process conditions, the deposited Sn-Ag-

Cu alloy films included Sn, Ag3Sn and Cu6Sn5 phases. TEM micrographs illustrated 

that Ag3Sn and Cu6Sn5 intermetallic particles were present either in Sn grains or along 

grain boundaries. Under the effects of additives, Ag3Sn and Cu6Sn5 intermetallic 

particles, with a size of tens of nanometres, were uniformly spread within the whole 

deposit. Dislocations were observed at tin grain boundaries under the effects of 

additives. This was probably owing to the internal stress induced in the 

electrodeposits. Fine pitch (50 μm) near-eutectic Sn-Ag-Cu solder bumps were 

produced on a wafer scale utilising the electrolyte and optimised process parameters. 

The surface morphology of the bumps obtained was significantly improved with the 

addition of additives and solder bumping with excellent consistency and uniformity 

on a wafer scale has been achieved.  
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Chapter 9  

 

Conclusions and Future Work 

 

9.1 Conclusions 

Experimental investigations carried out in the current study have realised the 

electrodeposition of near-eutectic Sn-Ag, Sn-Cu and Sn-Ag-Cu alloys for solderable 

finishes on electronic components as well as for the fabrication of solder bumps for 

flip chip interconnection. The following conclusions can be drawn from those studies: 

9.1.1 Electrodeposition of Sn-Cu System 

As one of the recognised lead-free candidates, near-eutectic Sn-Cu solder alloy 

system was achieved by electrodeposition as one of the objectives for the current 

study. The electrolyte was formulated and Sn-Cu electrodeposits characterised. The 

summary of the results is as follows: 

1. Based on a methanesulphonate system, the electrolyte was formulated using tin 

methanesulphonate and copper sulphate as the ion sources for tin and copper 

respectively. Tin methanesulphonate has proved an efficient source providing tin 

ions which were the main constituent of the objective near-eutectic Sn-Cu solder 

alloy. 

2. The effects through the addition of thiourea, OPPE and MSA to the tin 

methanesulphonate and copper sulphate electrolyte were analysed through 

cathodic potentiodynamic polarisation investigations. Forming complexes with Cu 

ions (Cu
2+

), thiourea facilitated the co-deposition of Sn-Cu alloy by bringing their 

deposition potentials close, although not showing any significant contribution to 

electrodeposit microstructural improvement. OPPE demonstrated strong inhibitive 

effects on Sn deposition and rough electrodeposit surface morphologies, such as 
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dendrites and nodules, were effectively eliminated with its presence and 

characteristic crystalline facets were seen on the electrodeposits as observed by 

SEM. While improving the bath’s shelf life owing to its reducing acid attribute, 

MSA not only gave benefits of achieving uniform Sn-Cu coating by significantly 

enhancing the conductivity of the electrolyte, it also refined the electrodeposited 

tin grains as evidenced by SEM/FIB cross-sectional observation. 

3. From a bath consisting of tin methanesulphonate at 70 g/L and copper sulphate at 

0.007 mol/L respectively with the presence of thiourea, OPPE and MSA, 

compositional analyses, by WDX measurements, demonstrated that the objective 

near-eutectic Sn-Cu alloys (0.6–0.8wt.%Cu) were achievable over a current 

density range of 10–20 mA/cm
2
, generating relatively smooth and compact 

electrodeposits. DSC thermal scanning results showed that all the Sn-Cu 

electrodeposits exhibited a melting peak commencing at approximately 227°C, 

matching the melting temperature of eutectic Sn-Cu alloy as seen from the 

equilibrium Sn-Cu phase diagram. Another melting peak at around 233°C, 

resembling the melting behaviour of pure tin, was also evident for samples with 

copper composition below the eutectic point (0.7wt.%Cu). This was probably 

owing to the insufficient copper content in the electrodeposits. 

4. XRD investigations indicated two phases, β-Sn and Cu6Sn5, in the electrodeposits. 

This was further confirmed by SEM/FIB and TEM observations, as well as EDX 

analysis. Cross-sectional TEM micrographs showed that with sizes typically no 

more than 100 nm, column packed Cu6Sn5 intermetallics were predominantly 

spread along Sn grain boundaries. 

9.1.2 Electrodeposition of Sn-Ag and Sn-Ag-Cu System 

A pyrophosphate-iodide based electrolyte system was established for the 

electrodeposition of near-eutectic Sn-Ag solder alloy. With modifications, this system 

was further extended to the electrodeposition of ternary eutectic Sn-Ag-Cu alloy, one 

of the most promising lead-free alternatives. The main conclusions utilising this 

electrolyte system for Sn-Ag and Sn-Ag-Cu alloys are as follows: 
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1. As well as using tin pyrophosphate and silver iodide as the sources for tin and 

silver ions respectively, potassium pyrophosphate at a concentration of 1.0 mol/L 

was included in the electrolyte to fully complex with the tin ions (Sn
2+

). This, 

therefore, effectively reduced the concentration of free tin ions, inhibited the tin 

ion oxidation from Sn
2+

 to Sn
4+

 (by ambient oxygen) and significantly improved 

the bath shelf-life as a result. Potassium iodide at 2.0 mol/L was also added to the 

bath for complexation with silver ions and consequently brought the deposition 

potential of silver closer to that of tin for Sn-Ag co-deposition. 

2. From cathodic potentiodynamic polarisation data and depending on the objective 

alloy, binary/ternary Sn-Ag/Sn-Ag-Cu alloys were produced when the driving 

potential for Sn electrodeposition was reached (-0.88 V vs. SCE) after the mass-

transport limited stages for noble metals’ deposition (Ag for Sn-Ag and Ag-Cu for 

Sn-Ag-Cu systems). Polyethylene glycol (PEG) 600 and formaldehyde were 

employed in the system as additives to improve the properties of the 

electrodeposits. PEG showed strong inhibitive effects on tin deposition as the 

reduced current density in cathodic polarisation curves demonstrated. 

Formaldehyde was found to reduce to methanol from a potential of -1.2 V vs. SCE, 

after which synergetic effects with PEG were evident on the alloy 

electrodeposition process. 

3. As observed by SEM, regardless of the alloy composition, the morphology of 

electrodeposits tended to evolve from compact and flat feather-like to nodular and 

dendritic characteristics as the current density was increased to approach the 

limiting levels. The sole addition of PEG 600 did not produce a smooth surface, 

but instead long protrusions were observed owing to limited locations for 

deposition outgrowth as a result of the adsorptive behaviour of PEG. However, the 

synergetic effects of both PEG and formaldehyde achieved bright surface, with 

AFM confirming a root-mean-square roughness value (Rq) of only 18.6 nm. The 

surfaces of samples from the absence of additives were so rough that appropriate 

AFM measurements were disqualified. 

4. Cross-sectional microstructural analysis of Sn-Ag and Sn-Ag-Cu electrodeposits 

of different surface morphologies under varying conditions were carried out by 

SEM/FIB and TEM observations. As confirmed by XRD spectra and in-depth 
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observation in TEM micrographs, Ag3Sn particles, as well as Cu6Sn5 for Sn-Ag-

Cu alloys, were widely spread within β-Sn grains or along grain boundaries in the 

electrodeposits, regardless of the deposits being compact, nodular or dendritic. 

Under the effects of additives (PEG and formaldehyde), Ag3Sn and Cu6Sn5 

intermetallic particles, with a size of tens of nanometres, were uniformly spread 

within the whole Sn-Ag-Cu deposit and the long-shape fine Sn grains had a width 

of 200 nm or less. Such a fine grained microstructure explained the bright surface 

of the deposited films. Dislocations were observed at tin grain boundaries in TEM 

micrographs under the effects of additives. This was probably owing to the 

internal stress in the electrodeposits. 

5. The effects of other process parameters, including agitation and bath temperature, 

were investigated for the ternary Sn-Ag-Cu system. As agitation was applied to 

the electroplating process, the Ag and Cu contents were as high as 26.9wt.% and 

17.2wt.% respectively when the current density was relatively low, 5 mA/cm
2
. 

However, nodular deposits did not appear until the current density reached 80 

mA/cm
2
. This was because the agitation significantly enhanced the mass transport 

to the cathode surface, with another effect being smaller Sn grains produced 

compared to the non-agitation process as revealed by SEM/FIB observations. 

Increased bath temperatures had similar effects on mass transport in the current 

system. At 5 mA/cm
2
, 60 °C, mainly silver dendrites were observed, which was 

due to the increased Ag limiting deposition current density produced by the 

elevated bath temperature. Higher bath temperatures, i.e. 40 and 60 °C, also 

achieved increased limiting current density for tin, although less effectively than 

agitation. 

6. Compositional analysis by WDX revealed that, in general, the contents of Ag and 

Cu in the electrodeposits tended to decrease with increasing current density 

applied. However, with the presence of additives (PEG and formaldehyde) 

promising a fine-grained compact microstructure, near-eutectic Sn-Ag (3.1–

4.3wt.%Ag) alloys were achievable over a current density range of 10 to 20 

mA/cm
2
. Regarding the ternary Sn-Ag-Cu alloy, with a near-eutectic composition 

(2.5–4.2wt.% Ag and 0.7–1.5wt.% Cu) achievable at current densities from 5 to 
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15 mA/cm
2
, a composition of Sn-3.8wt.%Ag-0.8wt.%Cu was recorded with the 

presence of additives. 

7. Through DSC thermal scanning revealing the melting behaviour, electrodeposits 

of Sn-3.6wt.%Ag and Sn-4.8wt.%Ag-1.6wt.%Cu, measured by WDX, showed 

single peak curves with the peaks recorded at 222°C and 228°C respectively. 

Electrodeposits with other measured compositions showed widened endothermic 

processes. 

9.1.3 Lead-Free Wafer Level Solder Bumping 

As one of the main objectives and applications for the current project, lead-free (Sn-

Ag, Sn-Cu and Sn-Ag-Cu) solder bumps were produced on test wafers utilising the 

electrolyte systems developed and characterised. 

1. Regardless of the lead-free alloy employed, the developed processes demonstrated 

two most important merits of using electrodeposition as the wafer bumping 

methodology: efficiency and fine pitch. All the solder bumps were fabricated with 

high yield across the whole wafer in one operation. Pitch size of 50 μm, bump 

diameter of 25 μm were demonstrated, which could be further scaled down 

depending on the photoresist pattern produced on the wafer. 

2. Near-eutectic Sn-Cu solder bumps were produced on the wafer through the 

methanesulphonate electrolyte system developed. With a bath including all the 

required constituents, Sn-Cu solder bumps were produced with fine β-Sn grains 

and Cu6Sn5 particles predominantly and uniformly existing along tin grain 

boundaries. 

3. Utilising the pyrophosphate-iodide based electrolyte system and under the effects 

of PEG and formaldehyde, both near-eutectic Sn-Ag and Sn-Ag-Cu solder bumps 

with smooth surfaces were demonstrated on test wafers. Such bumps were of 

refined grain structure, also with Ag3Sn and Cu6Sn5 particles uniformly spreading 

within the whole bump. This process was helpful to achieve solder bumping with 

excellent consistency and uniformity on wafers, which is important for producing 

reliable solder joints at later fabrication stages. 
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9.2 Recommendations for Future Work 

1. Because of the oxidation of tin ions, the shelf life of the developed tin 

methanesulphonate solution remains a issue. Proper steps, such as finding 

appropriate anti-oxidants, should be taken for improvement, whilst any other 

addition to the electrolyte should be comprehensively characterised in terms of its 

potential effects on the electrochemical process as well as the properties of the 

electrodeposits. 

2. Owing to its brittle nature, over growth of IMC, such as Ag3Sn and Cu6Sn5, could 

be detrimental to the reliability of solder joints [140]. Since Ag3Sn and Cu6Sn5 

widely exist in the as-electrodeposited solder bumps as proven, it is worth 

studying their impact on IMC formation during later stages, such as during the 

reflow process and over the service life of the electronic devices.  

3. Owing to electrochemical heterogeneity over the cathode surface resulting from 

factors such as complex geometry of the work piece (cathode) and localised 

electrochemical environment in the bath, non-uniform electrodeposition could 

commonly happen and result in un-even deposition, such as non-uniform bump 

height and composition in terms of wafer level lead-free solder bumping [141]. 

Specially designed bath jigs are normally required to properly accommodate the 

work piece, such as a wafer with specific size and deposition pattern. An 

appropriate method of agitation should also be considered to improve the 

uniformity across the wafer [142]. 

4. Copper pillars have been an option for wafer level bumping in situations where 

the requirement for fine pitch is so strong that even the spherical geometry of 

solder bumps after reflow is not acceptable [143]. Compared to solder materials, 

other advantages of using copper as the bumping materials include greater 

electrical and thermal conductivity, as well as better resistance to electromigration. 

Figure 9-1 shows a copper pillar on wafers with a solderable cap that can be 

reflowed and therefore connected to the substrate. After the copper pillar is 

produced (normally by electrodeposition), lead-free solder caps, i.e. Sn-Ag, Sn-Cu 

and Sn-Ag-Cu alloys, depending on requirements, can be electrodeposited on to 

the copper pillars from the developed process in the current study. 
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Figure 9-1 Illustration of a copper pillar on a wafer with a lead-free solder cap for flip chip 

interconnection 
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