
Lead Free Solders
Edited by Abhijit Kar

Edited by Abhijit Kar

This book provides some of the most advanced research observations and in-depth 
knowledge behind lead-free soldering.  Readers will find a description of different 

cutting-edge techniques used for improving the reliability of interconnects 
manufacturing. Some of the most unconventional topics covered in this book include 

solder joint formation for microelectronic devices at room temperature and the 
possibility of soldering ceramic materials, which is limited due to the poor wettability of 
ceramic substrates with commercial solders following  classical soldering techniques. We 
also discuss the possibilities of nanoscale preparation of solder joints for bringing down 

the processing temperature so that it does not affect the packaging technologies. Readers 
will find that precise, systematic discussion of solder joint formation and its interfacial 
characterization has been depicted for each technique used in different chapters. This 

book is of interest to both fundamental researchers and also to practicing scientists and 
will prove invaluable to all those working in industry and academia.

Published in London, UK 

©  2019 IntechOpen 
©  PORAMATEPILAY / iStock

ISBN 978-1-78985-459-6

Lead Free Solders





Lead Free Solders
Edited by Abhijit Kar

Published in London, United Kingdom





Supporting open minds since 2005



Lead Free Solders
http://dx.doi.org/10.5772/intechopen.76955
Edited by Abhijit Kar

Assistant to the Editor(s): Monalisa Char

Contributors
Shuye Zhang, Tiesong Lin, Peng He, Kyung-Wook Paik, Roman Koleňák, Martin Provazník, Igor Kostolný, 
Mitsuhiro Watanabe, Eiichi Kondoh, Anantha Padmanaban D, Arun Vasantha Geethan, Abhijit Kar, 
Monalisa Char

© The Editor(s) and the Author(s) 2019
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2019 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Lead Free Solders
Edited by Abhijit Kar
p. cm.
Print ISBN 978-1-78985-459-6
Online ISBN 978-1-78985-460-2
eBook (PDF) ISBN 978-1-83962-278-6



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,300+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

130M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Abhijit Kar received his PhD in Chemistry-Materials Science 
from Jadavpur University, India. Dr. Kar carried out his postdoc-
toral research in different parts of the world, e.g. Sungkyunkwan 
University, South Korea, Swiss Federal Laboratory at Zürich, 
Switzerland, and as a visiting scientist at Rühr Universität, Ger-
many. Dr. Kar has about 17 years of research and teaching expe-
rience. His current research interest comprises the application of 

nanotechnology for advanced materials. He has worked on a number of similar and 
dissimilar materials joining methods and techniques. He is one of the first research 
scientists to work on lead-free solder for electronics/microelectronics applications 
in India. He has developed expertise on different materials characterization tech-
niques and the mechanical and functional property evaluation of materials. Dr. Kar 
has published around 40 research papers in journals, edited the book Nanoelectron-
ics and Materials Development, and contributed a book chapter on electron micros-
copy. He serves as a reviewer of many international peer-reviewed journals from 
Elsevier and Springer. He is editorial board member of Journal of Materials Sciences 
and Applications, American Association for Science and Technology, Journal of Energy 
and Natural Resources, etc.



Contents

Preface III

Chapter 1 1
Introductory Chapter: Overview of Pb-Free Solders and Effect of Multilayered  
Thin Film of Sn on the Lead-Free Solder Joint Interface
by Monalisa Char and Abhijit Kar

Chapter 2 9
Role of Intermetallics in Lead-Free Alloys
by Dattaguru Ananthapadmanaban and Arun Vasantha Geethan

Chapter 3 25
Soldering by the Active Lead-Free Tin and Bismuth-Based Solders
by Roman Koleňák, Martin Provazník and Igor Kostolný

Chapter 4 47
Room-Temperature Formation of Intermixing Layer for Adhesion  
Improvement of Cu/Glass Stacks
by Mitsuhiro Watanabe and Eiichi Kondoh

Chapter 5 63
A Review: Solder Joint Cracks at Sn-Bi58 Solder ACFs Joints
by Shuye Zhang,Tiesong Lin, Peng He and Kyung-Wook Paik



Contents

Preface XIII

Chapter 1 1
Introductory Chapter: Overview of Pb-Free Solders and Effect of Multilayered 
Thin Film of Sn on the Lead-Free Solder Joint Interface
by Monalisa Char and Abhijit Kar

Chapter 2 9
Role of Intermetallics in Lead-Free Alloys
by Dattaguru Ananthapadmanaban and Arun Vasantha Geethan

Chapter 3 25
Soldering by the Active Lead-Free Tin and Bismuth-Based Solders
by Roman Koleňák, Martin Provazník and Igor Kostolný

Chapter 4 47
Room-Temperature Formation of Intermixing Layer for Adhesion 
Improvement of Cu/Glass Stacks
by Mitsuhiro Watanabe and Eiichi Kondoh

Chapter 5 63
A Review: Solder Joint Cracks at Sn-Bi58 Solder ACFs Joints
by Shuye Zhang,Tiesong Lin, Peng He and Kyung-Wook Paik



Preface

This book deals with some of the most advanced research observations and their
applications in electronic device manufacturing in a very concise and structured 
way. It will help readers to gain in-depth knowledge about lead-free solder and its
significance. Generally, the electronics world has been shifting towards lead-free
electronic devices because of strict rules, government legislation, and serious health
and environmental issues arising out of the use of lead in electronic devices.

It is now a great challenge for academia and industry to study and analyze lead-free
solder joints and to recommend the manufacturing of reliable lead-free electronic
devices. Moreover, the task becomes more complicated when miniaturization hit
the electronics world recently.

All five chapters were written by acclaimed researchers from all over the world 
describing detailed and necessary facts and figures on all aspects and scopes of
lead-free soldering, its application, and the immense possibilities of advanced 
materials development.

Chapter 1 gives a general overview and discusses the need for lead-free solder
research. It also proposes some of the very recent observations towards achieving 
reliable lead-free solder joints. Kar et al. observe very interesting effects of using 
multilayers of Sn for controlling intermetallic compounds growth at the lead-free
solder join interface. Chapter 2 describes the importance of intermetallics in lead-
based and Pb-free solder alloys starting from their formation, characteristics, and 
effects on material joints. Since the growth of intermetallics over time is determined 
by solid-state diffusion rules and varies from system to system, readers will get
a broad overview of the interaction of intermetallics with substrates and will be
able to determine the exact effect on solder properties. The chapter explains how
the mechanical properties and growth kinetics of intermetallics at the solder joint
interface can be altered by the addition of rare earth elements. Chapter 3 discusses
the soldering of metallic and ceramic materials by lead-free active Sn and Bi-In-
based solders. Readers will gain detailed knowledge of the possibilities of soldering 
ceramic materials, which is limited due to the poor wettability of ceramic substrates
with commercial solders at classical soldering technologies because of the different
thermal expansions of soldered materials. This chapter describes how the technol-
ogy of soldering with active solders is selected for joining ceramic materials along 
with applications of ultrasound for mechanical activation of solders, which disrupts
the surface oxides, changes the surface energy of ceramic materials, and supports
the diffusion processes in the interface. Chapter 4 explains the room temperature
formation of intermixing layers between a Cu/glass stack. For fabricating highly
reliable Cu/glass structures, atomically scaled interface bonding is currently neces-
sary. This chapter describes how these nanoscale ZnO adhesion layers are prepared 
and used for reducing the processing temperature so that it does not affect the
packaging technologies. Chapter 5 discusses ways of improving lead-free micron-
sized solder joint cracks. These can be used in flex-on-board interconnections, 
which have become very popular in mobile electronics applications. However, crack
formation within these micron-sized solder joints remains a major problem, which
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occurs in low-temperature curable acrylic polymer resins after bonding processes. 
The authors describe how the elastic modulus of an anisotropic conductive film 
resin assembly can be altered for low-melting solder materials and electronic device 
packaging so that these cracks can be controlled and reliability maintained. In this 
study, the mechanism of an Sn-58Bi solder joint crack with low-temperature curable 
acrylic adhesive is investigated.

The main focus of this book is to make scientists/researchers aware of the most 
advanced developments and applications in lead-free solders. We hope this book 
will be helpful not only for those who work in the field of solder jointing and its 
applications but also for researchers and scientists working on photonics and 
semiconductor devices. Finally, we would like to thank all the contributing authors 
for their hard work in the preparation of this book.

Abhijit Kar
Jagadis Bose National Science Talent Search,

Kolkata, India
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Chapter 1

Introductory Chapter: Overview
of Pb-Free Solders and Effect
of Multilayered Thin Film of Sn
on the Lead-Free Solder Joint
Interface
Monalisa Char and Abhijit Kar

1. Introduction

All electronic devices starting from a small remote-controlled car to large aero-
space vehicles require numerous interconnects within the circuit to complete the
electrical pathways for its smooth functionality. For making these contact points, 
soldering plays the most important role. Until recently, Sn63-Pb37 (Sn-Pb eutectic) 
solders were used widely for making these contact points. The whole electronic
industry was depending on the Sn-Pb alloy due to their low cost, good solder ability, 
low melting temperature, and satisfactory mechanical and functional properties. 
However, it has been observed that there arise serious environmental and health
hazards caused due to the extensive use of electronic gadgets containing lead. So, 
there came strict restrictions imposed by the Restriction of Hazardous Substance
(2002/95/EC (RoHS 1)) and Waste Electrical and Electronic (WEEE) directives and 
other similar bodies in use of lead in the electronic gadgets. Hence, the need for the
development of lead-free solder alloy for electronics and microelectronic devices
has come into the limelight.

However, the miniaturization of electronic devices aiming at high performance
has made the task very complex for all the researchers to develop reliable and cost-
effective electronic joining materials/technologies. Scientists have developed dif-
ferent lead-free soldering alloys for making consumer electronic devices; however, 
after more than couples of decades, it is yet to conclude the best possible solder that
can withstand different harsh environmental conditions and provide good reliabil-
ity and improve the service life of the device/joints (compared to the Sn-Pb eutectic
solder). In recent days, we have observed that the service life of any electronic
gadgets have been reduced drastically. These early failures of various consumer
electronic gadgets have been often linked with the absence of a good lead-free
solder material, which can withstand various service-exposed conditions [1–8].

After many years of research, different lead-free solder alloys like SAC105, 
SAC205, SAC305, SAC405, SN100C, Sn-Zn-, Sn-Cu-, and Sn-Bi-based solders have
been explored by the industry and academia [9–11]. However, SAC305 (Sn-3.0Ag-
0.5Cu), a lead-free solder alloy, has been identified as a nearest substitute of the
conventionally used Sn37Pb solder.
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Although SAC305 alloy is widely used in electronic industry, there is still a large 
scope for its modification or introduction of other joining technologies/procedures 
in order to get the optimized reliable joints, which we lack even now. Joints pro-
duced using such alloys have been investigated extensively by different research-
ers. It has been found that the interfacial microstructure, orientation of IMC at 
the interface, and its volume fraction are the key factors for optimizations of the 
mechanical and functional properties of the joints [12–15].

It has been realized that focusing only on Pb-free solder alloy development 
would certainly reduce the environmental pollution. But while achieving this, rise 
in processing temperature (because of the higher melting point of the lead-free 
solder) would in turn enhance the energy consumption while manufacturing the 
solder joints, thereby causing thermal pollution again. So, we have focused on 
finding suitable method/s for lowering the processing temperature and controlling 
the interfacial intermetallics growth of lead-free soldering, thereby increasing the 
reliability of the gadgets.

In this regard for lowering the processing temperature, we have used the transient 
liquid phase (TLP)-like soldering technique to join two copper substrates along with 
solder alloy Sn-3.0Ag-0.5Cu (SAC305). In case of high-temperature metal joining 
(welding/brazing), it is observed that the TLP bonding along with some interlayers 
generally produces IMC layer at the interface with lesser thickness compared to that 
in the conventional brazing/welding. Also, it produces homogeneous interface [16]. 
By dint of TLP-like soldering technique, we have prepared lead-free solder joint of 
Cu using thin multilayer structure of tin along with SAC305 solder alloy, hereafter 
termed as Cu-Sn/SAC/Sn-Cu solder system. In order to compare the effect of this 
thin multilayered structure, conventional solder joint of copper pads using SAC305, 
hereafter termed as Cu-SAC-Cu, has been prepared. We have produced the solder 
joints at 230°C, which is about 15–30°C lower than that of the conventional reflow 
soldering process generally used for making the lead-free solder joints [17].

Already reported studies in the literature show that joints produced at high 
processing temperature consist of higher volume fraction of IMCs with inhomoge-
neous interfacial microstructure (mostly scallop shaped), which essentially produce 
internal stress and exhibit premature failure [18].

It is found that the interfacial morphology and distribution of the IMC across 
the interface plays the key role in determining the quality and reliability of any 
solder joints [4, 19, 20]. Therefore, researchers have attempted to develop homoge-
neous interfacial microstructure with restricted growth of intermetallics in order to 
produce solder joints with better mechanical and functional properties. But, it is yet 
to conclude the best suitable and optimized temperature or processing technique 
that would give us reliable lead-free solder joint with improved service life of the 
electronic gadgets [21–24].

For Sn-3.0Ag-0.5Cu/Cu solder joint prepared at 250°C, Tong et al. showed that 
after long hours of aging (˃288 h) at 150°C, the growth rate of Cu3Sn surpasses the 
growth rate of Cu6Sn5 phase, where the total IMC thickness increases by almost 
97.56% after aging of only 500 h [25].

Compared to conventional Cu-SAC-Cu solder joints (Figure 1), we have been 
able to produce Cu-Sn/SAC/Sn-Cu solder joints at 230°C (Figure 2), which exhibit a 
reduced growth rate with respect to the total IMC thickness and show homogeneous 
interfacial microstructure structure across the solder joint interface. Interestingly, 
even after aging of 1200 h at 150°C, it has been observed that there is only 68.85% 
increment in the total IMC thickness for Cu-Sn/SAC/Sn-Cu solder joint (Figure 3a), 
whereas there is an increment in the total IMC thickness of about 78% for conven-
tional Cu-SAC-Cu solder joint (Figure 4a). It has also been observed that the growth 
rate of conventional Cu-SAC-Cu solder joint is increasing rapidly from 0.005 to 
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around 0.01 μm/h at 1200 h of aging (Figure 4b). Whereas a reduced growth rate of 
total IMC thickness has been detected for Cu-Sn/SAC/Sn-Cu solder joint across the 
solder joint interface, which is gradually decreasing from 0.008 (as soldered condi-
tion) to 0.001 μm/h at 1200 h of aging, suggesting that the IMC formation has been 
controlled with the help of thin multilayer of tin film as shown in Figure 3b.

Figure 1. 
Optical images of the IMC microstructure of Cu-SAC-Cu solder joint with varying aging time at 150°C. (a) As 
cast, (b) 100 h aging, (c) 300 h aging, (d) 500 h aging, (e) 700 h aging, and (f) 1200 h aging.

Figure 2. 
Optical images of the IMC microstructure of Cu-Sn/SAC/Sn-Cu solder joint with varying aging time at 150°C. 
(a) As cast, (b) 100 h aging, (c) 300 h aging, (d) 500 h aging, (e) 700 h aging, and (f) 1200 h aging.

Figure 3. 
(a) Total IMC thickness of Cu-Sn/SAC/Sn-Cu solder joint with variation of aging time in hours. (b) First 
derivative of total IMC thickness of Cu-Sn/SAC/Sn-Cu solder joint with aging time in hours.
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In order to control the IMC thickness across the solder joint interface, many 
researchers have also tried to add the fourth element, which would get mixed up 
with the solder alloy and would restrict the diffusion of Cu from substrate toward 
solder and thereby restricting tin to get diffused from solder toward substrate. But, 
an optimized growth rate of IMC formation has not been achieved yet. Ni-doped 
SAC solder alloy has been studied by Benabou et al. Ni is considered to be one of 
the best elements in restricting the diffusion of copper across the interface [26]. 
Study shows that though Ni-doped solder alloy produces joints with thinner IMC 
layer, it could not be able to restrict the formation of voids in Cu3Sn layer with aging 
time and it produces cavities in (Cu, Ni)6Sn5 phase, which would be the point of 
initiation of failure of solder joint. Also, it increases the electrical resistivity of the 
solder joint system due to the discontinuity in the electrical pathways because of the 
presence of the voids.

Kang et al. have reported SAC solder alloy with surface finish of Ni(P)/Au, 
which produces Ni3Sn4 IMC layer, which grows faster than Cu-Sn IMC (Cu6Sn5 and 
Cu3Sn phases) on bare Cu and remains detached from the substrate. This detach-
ment of the Ni3Sn4 phase from the substrate decreases the shear strength as well as 
increases the electrical resistivity of the solder joint due to the discontinuity in the 
electrical pathways [27]. However, our proposed multilayer structure in the Cu-Sn/
SAC/Sn-Cu solder joint shows neither void at the Cu3Sn phase nor any cavities at 
Cu6Sn5 phase; moreover, a controlled rate of IMC formation has been observed. 
This may be attributed due to the formation of solid solution of β-Sn phase in the 
interface, which restricts the Cu diffusion from substrate to solder. On the other 
hand, a significant improvement in the electrical properties has been observed for 
the solder joints produced using this TLP-like soldering and multilayered structure.

2. Electrical conductivity

The electrical resistivity across the solder joints has been investigated by four 
probe methods. For the Cu-Sn/SAC/Sn-Cu solder joint it was found 1.4*10−5 Ω-mm 
for as soldered samples and 2.66*10−5 Ω-mm after 1200 h of thermal aging, whereas 
the electrical resistivity of the conventional Cu-SAC-Cu solder joint has been found 
to be 4.9*10−5 Ω-mm at 1200 h of thermal aging, which is almost twice that of 
Cu-Sn/SAC/Sn-Cu solder joint aged up to 1200 h. Thinner interfacial IMC layers 
cause lower associated localized Joule heating, resulting in enhanced electronic 
transport across the joints.
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The rate of increment of resistivity is also slow in case of Cu-Sn/SAC/Sn-Cu 
solder joints than that of the Cu-SAC-Cu solder joint, as revealed from the slope of 
the curve (Figure 5). This may be attributed due to controlled IMC formation at the 
interface achieved by using thin multilayers of Sn film for Cu-Sn/SAC/Sn-Cu solder 
joints. Sn has lower resistivity than SAC solder paste (resistivity value: Sn ≈ 1.15 
and SAC ≈ 3.57 μΩ cm). Also, ionization enthalpy of Sn is lower than that of Cu 
(CuIonization Energy = 745.5 and SnIonization Energy = 708.6 kJ/mol); therefore, Sn loses its 
outermost electron much earlier than Cu after getting little amount of energy, so it 
provides more number of charge carriers to conduct electricity, thereby reducing 
its resistance and increasing the conductivity in comparison with the Cu-SAC-Cu 
solder joints where no multilayers are been used.

3. Conclusion

This introductory chapter discusses the overview of the lead-free solders, its 
importance, and necessity in the cutting-edge research carried out across the globe 
for making environment friendly electronic devices. For any solder joints, the 
interfacial characteristics like mechanical and functional properties along with the 
microstructural morphology play the mostly vital role. Therefore, a systematic and 
detailed knowledge of the interfacial products and their structures are of funda-
mental interest for understanding the behavior of the solder joints. The concept of 
transient liquid phase-like soldering technique has been discussed, and the effect 
of thin multilayered film of Sn has been reported toward obtaining a more reliable 
lead-free solder joint.

We have demonstrated that incorporation of thin multilayer of Sn film along 
with SAC305 paste could produce good solder joints at 230°C. Cu pads have been 
joined by TLP-like soldering. For Cu-Sn/SAC/Sn-Cu solder joints, homogeneous 
interfacial microstructures have been formed across the solder joint interface 
as compared to scallop like IMC in the conventional Cu-SAC-Cu solder joint. 
Incorporation of thin multilayers of Sn film is capable of reducing the IMC growth 

Figure 5. 
Resistivity plot of Cu-Sn/SAC/Sn-Cu solder system and Cu-SAC-Cu solder joint system with varying aging time.
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Chapter 2

Role of Intermetallics in Lead-Free 
Alloys
Dattaguru Ananthapadmanaban and Arun Vasantha Geethan

Abstract

Intermetallics are intermediate compounds formed between two metals. They 
are usually brittle. The presence of intermetallics leads to deterioration in mechani-
cal properties. This chapter reviews the intermetallic compounds formed during 
the manufacture of lead-free alloys. Intermetallic compounds formed in ordinary 
lead-based alloys are also discussed. The role of rare earth, especially indium and 
lanthanum, additions on intermetallic formation is examined. Microstructures 
of intermetallics are analysed. Hardness values of lead-free alloys are compared 
with emphasis on type and nature of intermetallics. SEM photographs of lead-free 
solders are discussed with regard to type of fracture, and the role of intermetallics 
in nature of fracture is examined. Lastly, the general mechanisms of formation of 
intermetallics are touched upon, and these mechanisms are extended to intermetal-
lic formation in lead-free alloys.

Keywords: lanthanum based alloy, indium based alloy, hardness, characterization

1. Introduction

Intermetallic is a type of metallic compound that exhibits definite stoichiometric 
ratio of atoms. It also has a definite crystal structure. Their role is twofold. In small 
quantities, they can strengthen the soldering joint. However, when the amount 
of intermetallics increases, they may render the joint brittle. For example, La3Sn 
intermetallics are known to be present in lanthanum-based lead-free alloys. These 
are known to increase the hardness of the alloys. Ag3Sn, Cu3Sn and Cu6Sn are some 
known intermetallics in tin-, copper- and silver-based lead-free alloys. Mostly, the 
interaction of these intermetallics with the substrates has to be studied in detail in 
order to determine the exact effect on the solder properties. The growth of these 
intermetallics with time is determined by solid-state diffusion rules and varies from 
system to system.

2. Intermetallics in lead-based and lead-free solders

Way back in 1972, Lois Zackreysak has reported intermetallics in lead-free 
alloys. Tin-based lead-free alloys showed the presence of Sn▬Cu intermetallic 
when soldered on a copper-based substrate. It was found that throughout the early 
stages of the growth process, the Cu3Sn and the Cu6Sn5 thicknesses are approxi-
mately equal. As tin is depleted from the solder matrix, Cu6Sn5 growth slows down, 
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system to system.

2. Intermetallics in lead-based and lead-free solders

Way back in 1972, Lois Zackreysak has reported intermetallics in lead-free 
alloys. Tin-based lead-free alloys showed the presence of Sn▬Cu intermetallic 
when soldered on a copper-based substrate. It was found that throughout the early 
stages of the growth process, the Cu3Sn and the Cu6Sn5 thicknesses are approxi-
mately equal. As tin is depleted from the solder matrix, Cu6Sn5 growth slows down, 
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while the Cu3Sn continues to grow at the expense of the tin-rich intermetallic. The 
presence of insoluble alloying elements affects the intermetallic growth rate to a 
minor degree. The general theory for the diffusion-controlled growth of plates 
appeared to be applicable to this metallic system [1].

Just after soldering, Cu6Sn5 formed between the solder and copper pad. It should 
be noted that in most of the soldering joints, there are generally three layers formed. 
The three layers are substrate, intermetallic and solder. The intermetallic layers 
are sandwiched between the two substrate layers. In the study mentioned above, 
microwave energy has been used for soldering [2].

3. Growth kinetics

A study of growth kinetics of any solidification process will be useful to predict 
the type of microstructure formed and the morphology of the microstructures. 
Generally, as the alloys solidify under normal cooling conditions, we can expect a 
dendritic solidification morphology, just like in castings.

During soldering of lead-free alloys, the Cu6Sn5 intermetallic sublayer is clearly 
visible, and the Cu3Sn sublayer is noticeable only for the sample annealed at 150°C [1].

Comparison of the 63Sn▬37Pb joints and the lead-free joints shows that the 
initial thickness of the intermetallic layer is not significantly impacted by the higher 
temperature used during the lead-free assembly process. All the values are in a 
range of 1.6–2.3 microns [3].

The growth of these intermetallic layers can be modelled using parabolic growth 
kinetics [4]:

 w = w0 + D√t  (1)

where w = thickness of the intermetallic layer, w0 = initial thickness of the layer, 
D = diffusion coefficient and t is the time of annealing.

Arrhenius type of growth kinetics is seen.
Li et al. have studied the growth kinetics of Sn-based lead-free solders on copper 

substrate. The results show that IMC layer is formed at solder-Cu substrate interface 
within a short time. It was found that Fick’s law was not followed. Fick’s law states 
that the mean total thickness increases linearly with the square root of the time. In 
most of the systems during solidification processing, welding and other manufac-
turing processes tend to follow Fick’s law under equilibrium or near equilibrium 
conditions. In the case of soldering, cooling is very fast, especially when copper is 
used as substrate. It deviates from Fick’s law at the early stage of the growth process 
and then approaches the parabolic law [5].

The growth behaviour of intermetallic compounds (IMCs) at the liquid-solid 
interfaces in Cu/Sn/Cu interconnects during reflow at temperatures in the range 
of 200–300°C on a hot plate, which was investigated by Zhao et al. The interfacial 
IMCs showed clearly asymmetrical growth during reflow. The growth of Cu6Sn5 
IMC at the cold end was significantly enhanced while that of Cu3Sn IMC was 
hindered especially at the hot end. It was found that the temperature gradient had 
caused the mass migration of Cu atoms from the hot end towards the cold end, 
resulting in sufficient Cu atomic flux for interfacial reaction at the cold end while 
inadequate Cu atomic flux at the hot end. The growth mechanism was considered as 
reaction/thermomigration-controlled at the cold end and grain boundary diffusion/
thermomigration-controlled at the hot end [6].

Guo et al. [7] found that the interfacial Cu6Sn5 was much thicker at the cold end, 
whereas the consumption of Cu was much faster at the hot end in Cu/Sn▬2.5Ag/
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Cu solder joints during reflow at 260°C on a hot plate, due to the rapid migration of 
Cu atoms under a simulated temperature gradient of 51°C/cm. Qu et al. [1, 8] in situ 
studied the soldering interfacial reactions under a temperature gradient of 82.2°C/
cm at 350°C using synchrotron radiation real-time imaging technology, and asym-
metrical growth and morphology of interfacial IMCs between the cold and hot ends 
were clearly observed.

4. Hardness results

Hardness, especially microhardness is a very simple engineering measurement 
that gives information about the material being tested. In the case of volume of 
measurement being small as is the case of solders, then microhardness measure-
ments are done from the periphery to the centre along any diagonal. In the case of 
solders, hardness values are an indication of whether intermetallic phases are pres-
ent or not. For example, if the hardness of a material of a particular composition is 
higher than the normal solder alloy of the same composition, there is a possibility of 
intermetallic formation. Microstructural analysis should also be used to confirm the 
presence of intermetallics.

These hardness results are taken from the author’s research work on lead-free 
alloys. All the values quoted here are experimental values obtained by the author 
and his team of coresearchers, and they have been published recently [9, 10].

4.1 Indium-based Sn▬Zn alloys

All hardness values described in this section are taken along two perpendicular 
diagonals of a square-shaped specimen. Results are shown in (Table 1).

Sn▬37Pb solders normally used for soldering have a hardness of 12 HV [11]. So, 
on an average, both the new alloys have hardness higher than the traditionally used 
lead-based soldering alloys.

Hardness values are shown below in Tables 2 and 3.
Small changes in Zn and Al do not change the hardness much, and literature 

has shown that even small additions of lanthanum affect the hardness. So, it 
can be assumed with reasonable certainty that the hardness changes are due to 
changes in lanthanum content. Small additions of indium have been shown to 
improve the microhardness and also produce considerable changes in the micro-
structure [12]. Small amounts of indium addition have been found to refine grain 
size and improve hardness [13, 14].

Specimen Hardness, HV 0.2 Average

Sn▬7Zn▬3Al▬3In 18.4 19.9 19.1 18.8 19.3 19.1

Sn▬6Zn▬2Al-2.5In 18.6 17.7 18.1 18.3 17.9 18.1

Table 1. 
Results of hardness testing.

Specimen 88Zn▬7Zn▬2Al▬2.5In Hardness, HV 0.2

Diagonal 1 22.42 22.46 24.32 19.92 20.53

Diagonal 2 22.42 19.19 25.21 16.89 19.5

Table 2. 
Hardness value of specimen 88Sn▬7Zn▬2Al▬2.5In.



Lead Free Solders

10
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microwave energy has been used for soldering [2].
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range of 1.6–2.3 microns [3].
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turing processes tend to follow Fick’s law under equilibrium or near equilibrium 
conditions. In the case of soldering, cooling is very fast, especially when copper is 
used as substrate. It deviates from Fick’s law at the early stage of the growth process 
and then approaches the parabolic law [5].

The growth behaviour of intermetallic compounds (IMCs) at the liquid-solid 
interfaces in Cu/Sn/Cu interconnects during reflow at temperatures in the range 
of 200–300°C on a hot plate, which was investigated by Zhao et al. The interfacial 
IMCs showed clearly asymmetrical growth during reflow. The growth of Cu6Sn5 
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hindered especially at the hot end. It was found that the temperature gradient had 
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resulting in sufficient Cu atomic flux for interfacial reaction at the cold end while 
inadequate Cu atomic flux at the hot end. The growth mechanism was considered as 
reaction/thermomigration-controlled at the cold end and grain boundary diffusion/
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Cu solder joints during reflow at 260°C on a hot plate, due to the rapid migration of 
Cu atoms under a simulated temperature gradient of 51°C/cm. Qu et al. [1, 8] in situ 
studied the soldering interfacial reactions under a temperature gradient of 82.2°C/
cm at 350°C using synchrotron radiation real-time imaging technology, and asym-
metrical growth and morphology of interfacial IMCs between the cold and hot ends 
were clearly observed.

4. Hardness results

Hardness, especially microhardness is a very simple engineering measurement 
that gives information about the material being tested. In the case of volume of 
measurement being small as is the case of solders, then microhardness measure-
ments are done from the periphery to the centre along any diagonal. In the case of 
solders, hardness values are an indication of whether intermetallic phases are pres-
ent or not. For example, if the hardness of a material of a particular composition is 
higher than the normal solder alloy of the same composition, there is a possibility of 
intermetallic formation. Microstructural analysis should also be used to confirm the 
presence of intermetallics.

These hardness results are taken from the author’s research work on lead-free 
alloys. All the values quoted here are experimental values obtained by the author 
and his team of coresearchers, and they have been published recently [9, 10].

4.1 Indium-based Sn▬Zn alloys

All hardness values described in this section are taken along two perpendicular 
diagonals of a square-shaped specimen. Results are shown in (Table 1).

Sn▬37Pb solders normally used for soldering have a hardness of 12 HV [11]. So, 
on an average, both the new alloys have hardness higher than the traditionally used 
lead-based soldering alloys.

Hardness values are shown below in Tables 2 and 3.
Small changes in Zn and Al do not change the hardness much, and literature 

has shown that even small additions of lanthanum affect the hardness. So, it 
can be assumed with reasonable certainty that the hardness changes are due to 
changes in lanthanum content. Small additions of indium have been shown to 
improve the microhardness and also produce considerable changes in the micro-
structure [12]. Small amounts of indium addition have been found to refine grain 
size and improve hardness [13, 14].

Specimen Hardness, HV 0.2 Average

Sn▬7Zn▬3Al▬3In 18.4 19.9 19.1 18.8 19.3 19.1

Sn▬6Zn▬2Al-2.5In 18.6 17.7 18.1 18.3 17.9 18.1
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Results of hardness testing.

Specimen 88Zn▬7Zn▬2Al▬2.5In Hardness, HV 0.2

Diagonal 1 22.42 22.46 24.32 19.92 20.53

Diagonal 2 22.42 19.19 25.21 16.89 19.5

Table 2. 
Hardness value of specimen 88Sn▬7Zn▬2Al▬2.5In.
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4.2 Lanthanum-based lead-free alloys

Two solders are analysed for their hardness. Both are lanthanum-based alloys 
with similar composition. Results are given in Tables 4 and 5.

The average hardness for sample 1 is 17.8 HV.
The average hardness for sample 2 is 18.4 HV.
Muhammed Aamir et al. [15] investigated that the inclusion of 0.4 wt.% of La in 

to Sn▬Ag▬Cu (SAC) solder system results in intermetallic growth. Intermetallics 
are hard in nature. Hence, our findings are in line with reported work, which 
indicates increase in hardness on addition of lanthanum.

4.3 Sn▬Cu lead-free alloys

Referring Table 6 above silver and manganese content are more in sample 1. 
Manganese is known to increase hardness. This could be the reason for higher 
hardness in sample 1. Since hardness of sample 1 is higher than sample 2, this could 
indicate the presence of more intermetallics in sample 1. With the addition of La, 
the microhardness of 𝛽𝛽-Sn and eutectic area was enhanced from 13.8 to 16.4 Hv and 
from 16.8 to 18.8 Hv, respectively [16]. Cu6Sn5, Ag3Sn and MnSn2 are present in den-
dritic Sn-rich solid solution (ẞ Sn). These intermetallics are found in both samples 
as seen in the microstructures of the samples. However, % age of intermetallics 
in each of the samples may be different. Average hardness of the second sample is 
considerably lower than the first one. This indicates that the presence of intermetal-
lics is lesser in the second sample. More detailed analysis using XRD is required to 

Specimen 88Sn▬7.5Zn▬2.5Al▬2In Hardness, HV 0.2

Diagonal 1 17.5 20.9 22.42 22.52 21.9

Diagonal 2 18.6 21.6 21.6 22.41 22.2

Table 3. 
Hardness value of specimen 88Sn▬7.5Zn▬2.5Al▬2In.

S. No Diagonal 1 (μm) Diagonal 2 (μm) Microhardness value (HV 0.5) average

1 17.8 17.0 17.4

2 17.45 18.45 17.9

3 20.1 20.5 20.3

4 17.5 15.5 16.2

5 17.8 16.8 17.4

Table 4. 
Microhardness value for sample 1 of composition 1 Sn-87.5% Zn-7.5% Bi-4% La-1%.

Diagonal 1 (μm) Diagonal 2 (μm) Microhardness value (HV 0.5)

16.5 16.5 16.5

17.3 18.1 17.7

18.6 22.6 20.2

19.5 19.0 19.3

17.6 19.6 18.2

Table 5. 
Microhardness value for sample 2 of composition 2 Sn-87% Zn-7% Bi-4.5% La-1.5%.
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come to a final conclusion. Zhang et al. showed that addition of 0.05% rare earth 
Yb suppressed the growth of intermetallics and the morphology of Cu6Sn5 layer can 
be changed to a relatively flat morphology (Table 6) [17].

4.4 Sn▬Zn-lanthanum lead-free alloys

Two samples with slight compositional differences have been analysed, and the 
results were presented in Tables 7 and 8.

Sample 1 has a composition of Sn-87.5% Zn-7.5% Bi-4% La-1%.
The average hardness for sample 1 is 18.4 HV.
Sample 2 has a composition of Sn-87% Zn-7% Bi-4.5% La-1.5%.
The average hardness for sample 2 is 18.2 HV.
For Sn▬8Zn▬3Bi, with increasing temperature, the amount of hard Bi segrega-

tion increases which is the main cause of the rise in hardness.
Microstructral analysis done in a recent research work by the authors has been 

analysed.

5. Microstructural and EDAX analysis of Sn▬Zn▬Al-In alloys

5.1 Analysis of low Al-low indium alloys

Results of experimental work on 88Sn▬7.5Zn▬2.5Al▬2In and 
88Sn▬7Zn▬2Al▬2.5 in lead-free soldering alloys are presented below.

S No 1 2 3 4 5 6 Avg

Sample 1 26.7 26.4 28.4 32.5 28.5 30.4 28.8

Sample 2 18.1 19.0 17.8 18.3 17.8 15.4 17.7

Table 6. 
Hardness values for the two alloys.

Diagonal 1 (μm) Diagonal 1 (μm) Microhardness value (HV 0.5)

22.42 22.42 19.3

22.46 19.19 16.7

24.32 25.21 18.2

19.92 16.89 17.4

22.32 19.05 20.4

Table 7. 
Microhardness value for sample 1.

Diagonal 1 (μm) Diagonal 1 (μm) Microhardness value (HV 0.5)

17.5 18.6 16.8

20.9 21.6 17.3

22.42 21.6 20.5

22.52 22.41 19.1

23.44 24.03 17.2

Table 8. 
Microhardness value for sample 2.
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4.2 Lanthanum-based lead-free alloys

Two solders are analysed for their hardness. Both are lanthanum-based alloys 
with similar composition. Results are given in Tables 4 and 5.
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indicate the presence of more intermetallics in sample 1. With the addition of La, 
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from 16.8 to 18.8 Hv, respectively [16]. Cu6Sn5, Ag3Sn and MnSn2 are present in den-
dritic Sn-rich solid solution (ẞ Sn). These intermetallics are found in both samples 
as seen in the microstructures of the samples. However, % age of intermetallics 
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considerably lower than the first one. This indicates that the presence of intermetal-
lics is lesser in the second sample. More detailed analysis using XRD is required to 
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come to a final conclusion. Zhang et al. showed that addition of 0.05% rare earth 
Yb suppressed the growth of intermetallics and the morphology of Cu6Sn5 layer can 
be changed to a relatively flat morphology (Table 6) [17].

4.4 Sn▬Zn-lanthanum lead-free alloys

Two samples with slight compositional differences have been analysed, and the 
results were presented in Tables 7 and 8.

Sample 1 has a composition of Sn-87.5% Zn-7.5% Bi-4% La-1%.
The average hardness for sample 1 is 18.4 HV.
Sample 2 has a composition of Sn-87% Zn-7% Bi-4.5% La-1.5%.
The average hardness for sample 2 is 18.2 HV.
For Sn▬8Zn▬3Bi, with increasing temperature, the amount of hard Bi segrega-

tion increases which is the main cause of the rise in hardness.
Microstructral analysis done in a recent research work by the authors has been 

analysed.

5. Microstructural and EDAX analysis of Sn▬Zn▬Al-In alloys

5.1 Analysis of low Al-low indium alloys

Results of experimental work on 88Sn▬7.5Zn▬2.5Al▬2In and 
88Sn▬7Zn▬2Al▬2.5 in lead-free soldering alloys are presented below.

S No 1 2 3 4 5 6 Avg

Sample 1 26.7 26.4 28.4 32.5 28.5 30.4 28.8

Sample 2 18.1 19.0 17.8 18.3 17.8 15.4 17.7

Table 6. 
Hardness values for the two alloys.

Diagonal 1 (μm) Diagonal 1 (μm) Microhardness value (HV 0.5)

22.42 22.42 19.3

22.46 19.19 16.7

24.32 25.21 18.2

19.92 16.89 17.4

22.32 19.05 20.4

Table 7. 
Microhardness value for sample 1.

Diagonal 1 (μm) Diagonal 1 (μm) Microhardness value (HV 0.5)

17.5 18.6 16.8

20.9 21.6 17.3

22.42 21.6 20.5
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Table 8. 
Microhardness value for sample 2.
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Microstructures taken at different locations in the prepared solders showed 
variations, and the detailed analysis of the microstructures is given below.

Figure 1 shows the microstructure, and Figure 2 shows the corresponding EDAX 
line spectrum. The weight % of sigma phase is 0.6%, when we consider the aluminium 
peak and 1.55% in the zinc peak. The indium cluster is seen in the middle and this 
showed 0.23% sigma phase. Sigma phase is a hard, brittle phase and generally not 
desirable. The presence of indium seems to have decreased the amount of sigma phase.

Indium peaks are not seen in Figures 3 and 4, when EDAX image is considered, 
and sigma phase is around 0.93% in both the Zn peak(first from the left) and the 
aluminium peak(second from the left). Sigma phase % age is more in this case 
compared to the previous microstructure (Figures 5 and 6).

Figure 1. 
Spectrum 1 electron image.

Figure 2. 
Spectrum 1 EDAX graph.

Figure 3. 
Spectrum 2 electron image.

15

Role of Intermetallics in Lead-Free Alloys
DOI: http://dx.doi.org/10.5772/intechopen.85515

Figure 4. 
Spectrum 2 EDAX graph.

Figure 5. 
Spectrum 3 electron image.

Figure 6. 
Spectrum 3 EDAX graph.

Figure 7. 
Spectrum 10 electron image.
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It is seen that 1.91% sigma phase is present in the Zn peak, whereas the indium 
peak, which occurs as two small peaks in the tin cluster, shows 0.20% sigma phase.

Figures 7 and 8 show the microstructure and EDAX at another location. Here, 
sigma phase is 1.50% in the Zn peak and 0.55% in the aluminium peak. Indium 
peaks show 0.1% sigma and 1.425 sigma, respectively.

5.2 Analysis of high Al-high indium alloys

Similar results on the microstructure and EDAX analysis of 87Sn▬7Zn▬3Al▬3In 
and 87.5Sn▬6Zn▬2Al▬2.5 in lead-free soldering alloys are presented below.

5.2.1 Microstructural analysis

Needle shaped Zn phase and leaf shaped Aluminium phase are equally distrib-
uted in the microstructure. with the former contributing to increase in strength of 
the alloy. In the first alloy, the chemical composition of the needle- and leaf-shaped 
morphologies is given as follows: Leaf-shaped morphology (Al, 88%; Zn, 12%) and 
needle-shaped morphology (In, 72%; Zn, 27.96%; and Sn, 0.02%). In the second 
alloy, composition of the leaf- and needle-shaped morphologies is given as follows: 

Figure 8. 
Spectrum 10 EDAX graph.

Figure 9. 
Examination on leaf shape of the specimen.

Figure 10. 
Examination on needle shape of the specimen.
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Leaf-shaped morphology (Al, 91.6%; Zn, 8.4%) and needle-shaped morphology 
(In, 66.36%; Zn, 31%; and Sn, 2.64%) (Figures 9–12).

5.2.2 EDAX analysis

EDAX analysis for both the alloys is presented in Figures 13–16. In both cases, 
the leaf-shaped morphology showed no intermetallics, whereas the needle-shaped 
morphology showed intermetallics.

Rod-like zinc-rich phases have been observed when cerium and lanthanum of 
the order of 0.1 wt.% are added [18]. In the current work, since the weight % of 
rare earth element indium added is relatively high, in all probability, the needle-like 
phase is rich in indium (72 and 66.36%, respectively) and zinc percentage is lesser, 

Figure 11. 
Examination on leaf shape of the specimen.

Figure 12. 
Examination on needle shape of the specimen.

Figure 13. 
Chemical composition of the leaf-shaped specimen-alloy 1.
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It is seen that 1.91% sigma phase is present in the Zn peak, whereas the indium 
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peaks show 0.1% sigma and 1.425 sigma, respectively.
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5.2.1 Microstructural analysis

Needle shaped Zn phase and leaf shaped Aluminium phase are equally distrib-
uted in the microstructure. with the former contributing to increase in strength of 
the alloy. In the first alloy, the chemical composition of the needle- and leaf-shaped 
morphologies is given as follows: Leaf-shaped morphology (Al, 88%; Zn, 12%) and 
needle-shaped morphology (In, 72%; Zn, 27.96%; and Sn, 0.02%). In the second 
alloy, composition of the leaf- and needle-shaped morphologies is given as follows: 

Figure 8. 
Spectrum 10 EDAX graph.

Figure 9. 
Examination on leaf shape of the specimen.

Figure 10. 
Examination on needle shape of the specimen.
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Leaf-shaped morphology (Al, 91.6%; Zn, 8.4%) and needle-shaped morphology 
(In, 66.36%; Zn, 31%; and Sn, 2.64%) (Figures 9–12).

5.2.2 EDAX analysis

EDAX analysis for both the alloys is presented in Figures 13–16. In both cases, 
the leaf-shaped morphology showed no intermetallics, whereas the needle-shaped 
morphology showed intermetallics.

Rod-like zinc-rich phases have been observed when cerium and lanthanum of 
the order of 0.1 wt.% are added [18]. In the current work, since the weight % of 
rare earth element indium added is relatively high, in all probability, the needle-like 
phase is rich in indium (72 and 66.36%, respectively) and zinc percentage is lesser, 

Figure 11. 
Examination on leaf shape of the specimen.

Figure 12. 
Examination on needle shape of the specimen.

Figure 13. 
Chemical composition of the leaf-shaped specimen-alloy 1.
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agreeing with published literature on cerium and lanthanum addition. Gadolinium 
addition has been found to refine grains of Mg▬5Sn▬Zn▬Al [19].

In some cases, there have been reports of intermetallic formation suppression as 
a result of the addition of rare earth metals. A study by Huan Lee et al. showed that 
addition of praseodymium reduced the formation of intermetallics at the junctions 
of a Sn▬Zn▬Ga solder [20].

5.3 Microstructural analysis of Sn▬Cu lead-free solders

Figure 17(a, b) shows the dendritic structure of 87Sn▬7Cu▬3.0Mn▬3Ag. The 
dendrite structure is not seen in the second sample. We can infer that the dendrites are 
broken down in the second sample. Han et al. [10] and Yang et al. [21] also have reported 
the influence of Ni-coated carbon addition on the microstructure of Sn3.5Ag0.7Cu 
nanocomposite solder. It is found that the morphology of Ag3Sn and Cu6Sn5 was 

Figure 14. 
Chemical composition of the needle-shaped specimen-alloy 1.

Figure 15. 
Chemical composition of the leaf-shaped specimen-alloy 2.

Figure 16. 
Chemical composition of the needle-shaped specimen-alloy 2.
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uniformly distributed in the solder matrix. But the addition of another fourth element to 
form a quaternary changes the microstructure. Some researchers produced intermetal-
lics, which react with Sn, thus refining the microstructure of Sn, Ag and Cu solder. Other 
researchers chose to add some low solubility and diffusivity in Sn, such as Al2O3, TiO2, 
SiC and POSS. In general, it was found that until a critical value of alloying element con-
tent, properties are enhanced, and above this % age, it becomes detrimental to the alloy.

So, addition of Manganese seems to have increased the melting point. The 
slight difference in melting temperatures could be due to the difference in alloy-
ing elements in each sample. Addition of 0.2% iron to SnAg Cu alloys results in 
two exothermic peaks at 220 and 235°C. When adding 0.6 wt.% Fe, only a single 
endothermic peak at 221.35°C was found, showing that it has a eutectic composition 
[22]. Based on the ternary SnAgCu phase diagram [23], there are two steps in the 
DSC. This could be because of melting of ternary eutectic β-Sn + Ag3Sn + ηCu6Sn5 
phase and melting of primary β-Sn.

6. SEM fractography

SEM micrographs are generally used to give information about the type of 
fracture. Here, since tensile tests have not been done, SEM has been used to identify 
Sn whiskers. There have been some studies showing Sn whiskers in the SEM micro-
graphs of SnCu alloys.

The abovementioned SEM micrographs are of two samples of slightly varying 
chemical composition. Figures 18 and 19 show the absence of tin whiskers in both 

Figure 17. 
Microstructures of (a) 87Sn▬7Cu▬3.0 Mn ig. 5. Microstructures of (b) 87.5Sn▬7.5Cu▬2.5Mn▬2.5Ag.

Figure 18. 
Sample 1.
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the alloys. The presence of tin whiskers results in deterioration of electrical proper-
ties. Chuang and Lin [24] showed that 0.5% Zn addition into SnAgCu solder refined 
the microstructure and suppressed whisker growth.

Sn▬Zn alloys have been used as a substitute for Pb▬Sn alloys. However, Sn▬Zn 
alloys are susceptible to oxidation and ZnO forms easily (Figures 20 and 21) 
[25–27].

SEM micrographs are for two different compositions of Sn▬Zn▬La lead-
free solders (composition as mentioned in the Hardness Tables 4 and 5). Some 

Figure 20. 
SEM micrographs of Sn▬Zn▬La alloys.

Figure 21. 
SEM micrographs of Sn▬Zn▬La alloys.

Figure 19. 
Sample 2.
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precipitates are seen, which may have an effect on the hardness and tensile strength 
of the solders. However, in this case, it was found that hardness for both alloys is 
around 18 HV. Hence, the effect of precipitates seems to be marginal for this lead-
free alloy. These SEM micrographs have been taken from unpublished work done by 
the author as part of undergraduate project work.

EDAX Studies.
EDAX Studies of two samples (Figures 22 and 23).
There is not much difference between the EDAX of the two samples. There do 

not seem to be intermetallics present in this alloy. Hardness values also corroborate 
this statement.

7. Conclusion

This chapter starts with the importance of intermetallic systems in lead-free 
solders. The effect of some rare earths like lanthanum and indium on intermetallic 
formation in lead-free alloys has been explained. Tin-zinc-lanthanum and tin-zinc-
aluminium-indium have been chosen for detailed analysis. Microhardness surveys 
have been done along two perpendicular diagonals of a square-shaped specimen, 
and the results of the microhardness surveys have been analysed. Microstructures in 
both these systems have been discussed with respect to the phases present and their 
distribution. Based upon both the microhardness and microstructure of the two 
alloys chosen, the presence of intermetallics and the types of intermetallics has been 
discussed. Growth kinetics of intermetallics has been briefly analysed. SEM fracto-
graphs have been taken to show the type of fracture. EDAX has been employed to 
show the distribution of phases.

Figure 22. 
EDAX of Sn▬Zn▬La sample.

Figure 23. 
EDAX of Sn▬Zn▬La of slightly different composition.
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Chapter 3

Soldering by the Active Lead-Free 
Tin and Bismuth-Based Solders
Roman Koleňák, Martin Provazník and Igor Kostolný

Abstract

The chapter deals with Sn and Bi-In-based lead-free solders. The term 
“active solders” is used for the solders which contain one or more elements with 
enhanced affinity to some element contained in the substrate material. Mainly, 
Ti, In, lanthanides, etc. belong amongst the active metals. The role of an active 
element is to ensure a good wetting by a reactive decomposition of the surface 
layer of substrate. The perspective solders for joining the combined materials, as 
ceramics/metal, are mainly the tin-based, lead-free solders, which are enriched 
with titanium (usually up to 4 wt. %). The advantage consists in the fact that 
they offers a sufficient plasticity reserve, by what they are capable to compensate 
undesired residual stresses formed in the joint. Titanium also reacts with carbon, 
nitrogen or oxygen of the ceramic material, eventually it forms the intermetal-
lic phases, which increase the strength of joint interface. The Sn-Ti, Sn-Ag-Ti 
and Bi-In-Sn solders were selected for the experiments. These solders were 
applied for fabrication of Al2O3 ceramics/Cu joints. The phase composition and 
microstructure of solders and soldered joints was analysed. Interactions in the 
interface of ceramic/solder and Cu substrate/solder were determined. The shear 
strength of soldered joints was measured

Keywords: active solder, ceramics, metals, ultrasonic soldering, shear strength

1. Introduction

1.1 Soldering with active solders

The term ‘active solders’ is occurring in the technologies oriented to fabrica-
tion of combined joints already for several decades. These solders contain an 
active element which reacts with the surface of the parent material during sol-
dering process. This reaction takes place owing to the fact that an active element 
exerts higher affinity to the elements in the chemical composition of the sub-
strate. The role of an active element is to ensure a good wetting of substrate with 
solder by reactive decomposition of the surface layer of the parent metal and by 
reducing the interfacial stress in the ceramics-solder interface. The active solder 
then may be used for fabrication of joints with different, either ceramic or metal, 
substrates. The most used active metals are titanium, zirconium or hafnium [1]. 
The chemical bonds in the interface of an active solder (with titanium content) 
and a solid substrate (ceramics/metal) are shown in Figure 1. Concentration of 
an active element should be sufficiently high in order to cause the wetting on a 
ceramic substrate, while it must not cause the formation of brittle intermetallic 
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Soldering by the Active Lead-Free 
Tin and Bismuth-Based Solders
Roman Koleňák, Martin Provazník and Igor Kostolný

Abstract

The chapter deals with Sn and Bi-In-based lead-free solders. The term 
“active solders” is used for the solders which contain one or more elements with 
enhanced affinity to some element contained in the substrate material. Mainly, 
Ti, In, lanthanides, etc. belong amongst the active metals. The role of an active 
element is to ensure a good wetting by a reactive decomposition of the surface 
layer of substrate. The perspective solders for joining the combined materials, as 
ceramics/metal, are mainly the tin-based, lead-free solders, which are enriched 
with titanium (usually up to 4 wt. %). The advantage consists in the fact that 
they offers a sufficient plasticity reserve, by what they are capable to compensate 
undesired residual stresses formed in the joint. Titanium also reacts with carbon, 
nitrogen or oxygen of the ceramic material, eventually it forms the intermetal-
lic phases, which increase the strength of joint interface. The Sn-Ti, Sn-Ag-Ti 
and Bi-In-Sn solders were selected for the experiments. These solders were 
applied for fabrication of Al2O3 ceramics/Cu joints. The phase composition and 
microstructure of solders and soldered joints was analysed. Interactions in the 
interface of ceramic/solder and Cu substrate/solder were determined. The shear 
strength of soldered joints was measured

Keywords: active solder, ceramics, metals, ultrasonic soldering, shear strength

1. Introduction

1.1 Soldering with active solders

The term ‘active solders’ is occurring in the technologies oriented to fabrica-
tion of combined joints already for several decades. These solders contain an 
active element which reacts with the surface of the parent material during sol-
dering process. This reaction takes place owing to the fact that an active element 
exerts higher affinity to the elements in the chemical composition of the sub-
strate. The role of an active element is to ensure a good wetting of substrate with 
solder by reactive decomposition of the surface layer of the parent metal and by 
reducing the interfacial stress in the ceramics-solder interface. The active solder 
then may be used for fabrication of joints with different, either ceramic or metal, 
substrates. The most used active metals are titanium, zirconium or hafnium [1]. 
The chemical bonds in the interface of an active solder (with titanium content) 
and a solid substrate (ceramics/metal) are shown in Figure 1. Concentration of 
an active element should be sufficiently high in order to cause the wetting on a 
ceramic substrate, while it must not cause the formation of brittle intermetallic 
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phases. Though a good wetting is achieved at higher content of active elements 
in a soldering alloy, nevertheless the joint then exerts poorer mechanical proper-
ties [2]. The commercially used active solders usually contain relatively small 
amounts of active elements (not more than 4 wt. %). Addition of indium to 
solder supports the wetting of substrate and lowers the soldering temperature 
and thus also the thermal expansivity of the fabricated joint [3]. The additional 
elements with higher affinity to oxygen (cerium and lanthanum) may protect the 
active solders against excessive oxidation of an active element during soldering 
in the air. At the same time also, the elements supporting wetting, for example, 
gallium [4, 5], are added to active solders.

The active element is moved from the entire solder volume to both soldered 
materials during the soldering process. Thus, a reaction layer in the thickness of 
several μm, containing the reaction products of an active element and substrate, 
is formed in the interface of soldered joint. The thickness of this reaction layer 
depends on the solder type and soldering conditions. The active element with a high 
affinity to oxygen, which reacts with the ceramics during soldering, creates the 
bonds in an interatomic level. The active element (e.g. Ti) contained in the solder 
bonds the oxygen from the surface layers of oxide ceramics. The following oxide 
types are formed on the ceramics by the reaction of an active element: TiO, Ti2O3, 
Ti3O5, Ti4O5 and TiO2. The reaction product alters the surface energy of ceramics 
and enables wetting of the solder [6]. The following type of reaction takes place 
between the active element and Al2O3 ceramics [7].

  M /  AO  x   → M / m .  MA  a   / n .  M  b    A  c    O  d   /  AO  x    

where
M metal element of the solder/interface.
AOx ceramic element
O may be an oxide
n different combined oxides
M different intermetallic compounds
This type of chemical reaction is valid for the active soldering with an active 

element as Ti, Zr and/or Hf. The layer formed after such a reaction will depend on 
the soldering parameters (temperature and time) and environment atmosphere 
(vacuum oven and inert gas). For the active element Ti on Al2O3 substrate, it is 
valid [7]:

  Ti /  Al  2    O  3   → Ti /  Ti  3   Al /  TiAlO  x   /  Al  2    O  3    

In the selection of an active element for soldering ceramic materials, it is neces-
sary to take into account the fact that higher concentration of an active metal may 
result in joint embrittlement. This is caused by the formation of brittleness phases 
in the ceramic-solder zone [8].

Figure 1. 
Chemical bonds in the interface of (a) solder-ceramics, (b) solder-metal.
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The use of Ti as an active element in a solder has been investigated by many 
authors. Titanium in the SnAgTi4 solder provided a reduction in the wetting angle 
to the sapphire substrate. The absorption of Ti together with the release of Al from 
the sapphire substrate provides an interaction between the solder and the substrate 
[9]. Another investigated aspect of the Sn-Ag-Ti-based solder was its spreadability 
on porous graphite when applying ultrasonic vibrations. The authors’ results [10, 11] 
have shown that the application of ultrasonic waves during soldering allows the active 
solder to spread on the surface of the graphite at a relatively low temperature under 
atmospheric conditions. The oxide layer on the molten solder forms a compact layer 
of a certain thickness which prevents the liquid solder from wetting the base material. 
The reduction of Ti oxide formation is possible by the addition of Y, as documented 
by the authors [12]. They found that the oxide layer of the solder consists mainly of 
titanium dioxide. A small amount of Y improves the resistance to oxidation because it 
suppresses the oxidation of Ti in the molten solder and reduces the amount of oxygen 
atoms entering the molten solder. The composition of the surface oxide of SnAg4Ti2Y0.5 
solder was mainly Y2O3 and a low amount of titanium dioxide. After ultrasonic applica-
tion, the oxide layer was disrupted, and the solder was able to wet the materials. The 
authors found that the spreadability and wettability of Sn-Ag-Ti-based solders on the 
graphite substrate could be improved by increasing the time of ultrasound activation. 
Similar observations were published in [13], where the authors deal with the soldering 
of aluminium-graphite composite material using a SnAg3.5Ti4Cu0.5 solder at soldering 
temperature of 250°C. Aluminium from the composite was dissolved in the active sol-
der and formed a solid solution of Al-Ag-Sn at the interface. The average shear strength 
of the Al-Gr/Al-Gr joints was 8.15 MPa.

The main factors affecting the solder selection comprise different melting points 
of soldered materials, different surface stresses of the substrates and the residual 
stresses formed during solidification process. Therefore such a solder is proposed 
where the matrix exerts a sufficient plasticity reserve, capable to compensate the 
residual stresses formed in the joint [14]. To overcome the mentioned problems, the 
solder meeting a complex set of desired criteria for the quality of resultant joint is 
selected. The active solders, similarly as the commercial solders, are classified by 
the melting temperature to solders, brazing alloys and high-temperature solders. 
The active solders are further classified by the mechanism of bond formation to 
high-temperature and mechanically activated ones. For reaction capacity of an 
active element, the soldering temperature in the case of high-temperature-activated 
solders must be higher than 780°C. The classification of active solders and their 
chemical composition is shown in Table 1.

1.2 Active solders

The primary materials of an active solder are usually tin, lead, bismuth, zinc 
or indium and the alloys based on these metals. Active solders allow to join also 
unusual combinations of metallic materials (e.g. CrNi steel, Mo, W, Ti, Cr, etc.) 
and non-metallic materials as siliceous glass, sapphire, carbon, silicon and several 
types of ceramics. In soldering with active solders, the solder is capable to com-
pensate the stresses formed due to different thermal expansivity of joined materi-
als by its plastic strain, shear mechanism or yield. In such a manner, the highest 
reduction of residual stresses may be achieved at a preserved joint stability. In the 
case of soldering untraditional material combinations with extremely different 
coefficients of thermal expansivity (e.g. glass with aluminium/copper), heavier 
solder thickness should be selected, in order to prevent the cracks in the joint 
interface. Such joints are used mainly in electrotechnics, where lower strength and 
thermal resistance of joint are sufficient. These solders also allow to fabricate the 
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titanium dioxide. A small amount of Y improves the resistance to oxidation because it 
suppresses the oxidation of Ti in the molten solder and reduces the amount of oxygen 
atoms entering the molten solder. The composition of the surface oxide of SnAg4Ti2Y0.5 
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der and formed a solid solution of Al-Ag-Sn at the interface. The average shear strength 
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Figure 2. 
Detailed view of Al2O3-Cu joint fabricated with S-Bond solder [20].

vacuum-tight joints used in the vacuum and cryogenic technology, where indium-
based solder has proved as suitable. The solders containing lead are not suitable for 
soldering in vacuum, since considerable evaporation of lead and also oven con-
tamination may occur. In the case of soldering with lead, it is necessary to employ 
the through-flow atmosphere of pure argon, eventually helium [15]. The active 
solders may be activated mechanically (by scrapping or ultrasound) in dependence 
on material which they wet (metal/ceramics) within the temperature interval from 
200 to 400°C. An essential group of these solders applicable at lower soldering 
temperatures comprises the tin-based, lead-free solders which are enriched by a 
small amount of an active element as titanium. An example of such active solders 
destined for soldering a wide scope of materials is the solders type S-Bond, where 
also SnAg3.5Ti4(Ce,Ga) solder [16, 17] may belong.

Titanium is moved from the solder matrix to the interface; combines with car-
bon, nitrogen or oxygen from the ceramic material; and thus creates intermetallic 
compounds which allow the wetting of ceramic substrate and creation of a metal-
lurgical bond. Fluxless soldering process in the air is concerned, where no corrosion 
owing to flux remnants occurs [18, 19].

The active solders for high-temperature activation necessitate considerably 
higher soldering temperature and may be used only in a vacuum and/or shielding 
atmosphere. Soldering temperature of the tin- and lead-based solders varies within 
850–950°C. The solders for mechanical activation (e.g. SnAg3.5Ti4(Ce,Ga)) may be 
used also for high-temperature activation. However, greater wetting angles than in 
the case of mechanical activation are attained [14]. As an example of using S-Bond 
220-1 (SnAg3.5Ti4(Ce,Ga)) solder in electrotechnics, joining of Al2O3 with copper in 
Figure 2 may be mentioned. This solder allows to join the materials with different 

Active solders Application temperature Chemical composition

Solders From cryogenic temperatures 
up to 200°C

High-temperature activation, based on Sn, In 
and Pb (e.g. Sn90Ag10Ti3)

Mechanical activation based on Sn (e.g. 
SnAg3.5Ti4(Ce,Ga))

Brazing alloys Up to 400°C Based on Ag, Cu and Au (e.g. Ag72CuTi1.5)

High-temperature 
solders

Up to 900°C Based on Ni, Co, Pd and Pt (e.g. Ni70Hf30)

Table 1. 
Classification of active solders by the melting point.
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coefficients of thermal conductivity and expansivity (metals, light metals,  
ceramics, composites with metal matrix, carbides, glass, etc.) [20].

The solder type S-Bond contains Ti as an active element and elements from the 
group of lanthanides. These active elements migrate to the interface of the soldered 
joint and act upon the material surface by the active disruption and removal of 
oxides. Disruption of oxide layer, which prevents the formation of contact between 
the solder and substrate surface, is called as ‘activation’. As soon as the oxide layer 
is disrupted, the solder volume reacts with the substrate surface, and a strong bond 
with the joined surface is thus formed.

The bond is formed by two mechanisms:

• Metallurgic bonding—for example, with Cu and/or Al surfaces. Besides the active 
element, also other elements of solder, as Sn-Ag-Ti, react with the substrate ele-
ments. These contribute to bond formation by creation of phases as Al-Ti, Cu-Sn, 
Ag-Sn, etc. system. This process may be used for a wide scope of metallic materials.

• Gravity bond—in the case of metals with very thin dielectric surface oxides. 
These are, for example, Ti or stainless steel with TiO2 eventually Cr3O2 oxides. 
Bonding is ensured by the gravity of surfaces with opposite electric charge. The 
active elements of solder and the elements of joined substrate are attracted across 
the interface by the van der Waals forces.

1.2.1 High-temperature activation of an active solder

In the case of active solders containing Ti (or other reactive elements), the high-
temperature activation in shielding atmosphere of vacuum is employed. The active 
element reacts with the surface oxides of substrates at the soldering temperatures 
of 850–950°C. Similarly also nitrides, carbides or silicides of the active element are 
formed in the solder in the case of non-oxide ceramics. One of the greatest disad-
vantages of this process consists in the necessity of a vacuum.

The work cycle in Figure 3 consists of a rapid heating to soldering temperature, 
dwell time for about 9 minutes and a long free cooling down (for about 320 min-
utes) in the oven. The short dwell time at the soldering temperature prevents 
formation of brittle phases and grain coarsening. The slow cooling down is needed 
in order to prevent high residual stresses, which may cause the joint cracking.

The diffusion processes take place during slow cooling down, which will be 
exerted in the growth of diffusion zone in the parent metal and the solubility zone in 
the solder. Soldering with an active solder may be performed in a vacuum furnace at 

Figure 3. 
Scheme of thermal cycle of vacuum soldering [21].
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Figure 2. 
Detailed view of Al2O3-Cu joint fabricated with S-Bond solder [20].
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Figure 3. 
Scheme of thermal cycle of vacuum soldering [21].
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Figure 4. 
Interface of ZnSiO2, Sn3.5Ag4Ti(Ce,Ga), Cu joint [23].

the pressure of 10−1–10−3 Pa. In some special cases, soldering may be performed also 
in the overpressure of argon or helium. Nitrogen cannot be used as a shielding gas 
since it deteriorates the wetting of ceramics. This is caused by the fact that nitrogen 
has a high affinity to Ti, and thus it depletes the solder by Ti. The high-temperature 
activation cannot be used for soldering of metallic materials with the coatings of 
Au, Ag, Cu, Al and Mg, which exert a high dilution rate in Sn solder. The working 
parameters exert a significant effect upon the properties of soldered joints [21].

1.2.2 Mechanical activation of solder

Mechanical activation seems to be a new trend in the field of active solders at 
present. Soldering is realised at temperatures of 250–280°C with the dwell time 
from 30 seconds up to 3 minutes. The time- and power-demanding high-tempera-
ture activation is in this process replaced with the mechanical activation of an active 
element. In this way, the necessity of a vacuum, shielding atmosphere or multistep 
solder deposition is eliminated [21].

Mechanical activation may be realised by:

• scratching

• spreading with a metal brush

• vibrations

• ultrasound

The primary reason for activation consists in the fact that the surface of metallic 
materials is covered by an oxide layer, which must be gradually disrupted during 
the soldering process. Activation of surface layers on ceramic materials is possible 
exclusively by the application of ultrasound.

In order to allow soldering in the air without the necessity of flux, the active 
solder is alloyed with the elements from the group of lanthanides. These are the rare 
earth metals, for example, Ce and Ga, which protect Ti against oxidation during 
heating and soldering [22]. The soldered joint fabricated with Sn3.5Ag4Ti(Ce,Ga) 
solder is shown in Figure 4.

The work cycle of soldering with ultrasound activation is considerably shorter 
than in the case of high-temperature activation. The soldering temperatures are also 
significantly lower than at high-temperature activation. The structure of soldered 
materials is less affected, and therefore lower residual stresses are formed.
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1.3 Activation mechanism of an active element by ultrasound

The surface of soldered materials is covered with an oxide layer which must be 
gradually disrupted during soldering. This is performed by the mechanism called 
‘solder activation’. For the soldering of metals, it is mostly sufficient to activate 
mechanically by scratching; however, in the case of ceramic materials, it is neces-
sary to employ the ultrasonic activation with the frequency over 20 kHz.

Mechanical activation is realised by:

• scratching and spreading with a metal brush (suitable for soldering metals as 
Cu, Al, Ni, CrNi steel, etc.)

• vibrations (50–60 Hz)

• ultrasound with the frequency over 20 kHz (suitable for soldering ceramic and 
non-metallic materials)

The most used technologies for fabrication of combined soldered joints type 
ceramics-metal are derived from ultrasonic soldering. This results from the finding 
that only ultrasonic activation is sufficiently efficient for disrupting the surface layers 
on ceramic materials [15, 21]. The physical principle of ultrasonic soldering consists 
in the fact that cavitation of sufficient intensity occurs in liquids and molten metals 
affected by ultrasonic field. The erosive activity of cavitation attacks, disrupts and 
removes the oxides from the surface of the soldered part. If a solder with a sufficient 
content of active elements is used, the reliable, diffusion and metallurgical bonding 
with the parent material is attained. Ultrasonic cavitation reduces the surface tension 
and enhances the spreadability and capillarity of solders. It also significantly affects 
the distribution of an active element in the solder matrix and supports the diffusion 
processes in the phase interface. The time of solder activation by ultrasound partially 
depends on the resistance of surface oxide layers against the cavitation erosion. 
However, the times of working cycles are incomparably shorter than the times of 
activation at high temperatures in vacuum. Application of ultrasonic method is 
sometimes limited by the soldering material used. In the case of brittle substrates, the 
damage of specimen by cracking the surface layers may occur [24].

1.3.1 Principle of solder activation by power ultrasound

Majority of power ultrasound applications, where also ultrasonic soldering 
belongs, necessitate semi-wave transducers with the resonance frequencies of 
20–60 kHz. Ultrasonic transducer transfers the electric power to mechanical—the 
so-called ultrasonic—oscillations. Ultrasonic head consists of an oscillating system 
fastened in a case made of plastic. The protective case serves for an ergonomic grasp-
ing of the tool, eventually its clamping on a stand. The oscillating system is formed 
by a piezoelectric transducer, a concentration adapter and an exchangeable working 
tool. The exchangeable tools—sonotrodes—which are screwed on the adapter may 
be of different shapes. In most cases it is a conical point made of titanium alloy [25]. 
The principal scheme of an equipment for ultrasonic soldering is shown in Figure 5.

The sonotrode point is oscillating with the frequency of alternating current sup-
plied by the generator through the connecting cable. The amplitude of oscillation is 
variable, and it is altered with the frequency of the supplied current. It generally varies 
at the level of 10−4 mm. The rate and intensity of applied UT oscillation vary within a 
certain range, and it is selected with regard to the process conditions and the character 
of materials. In this way, it is possible to affect both the strength characteristics of the 



Lead Free Solders

30

Figure 4. 
Interface of ZnSiO2, Sn3.5Ag4Ti(Ce,Ga), Cu joint [23].
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joint and its technological parameters (e.g. the joint width) as well [26]. The work cycle 
of soldering with application of mechanical activation by ultrasound is roughly 10 
times shorter than in the case of high-temperature activation (Figure 6).

Acting upon the active solder by ultrasound may be performed in several ways. 
The technology depends on the size and geometry of the joint, soldering temperature, 
type of parent metal, number of produced pieces and other parameters. The most used 
technique of laboratory activation of melts by ultrasound comprises the method, where 
the solder is molten on the surface of a joined unit by an external heat source, and the 
ultrasonic power is supplied through the solder from a sonotrode point on the part sur-
face. This method makes it possible to solder selectively the localised surfaces on large 
parts or to cover the entire surfaces of parts. This principle is shown in Figure 7 [24].

Figure 6. 
Work cycle of soldering with application of mechanical activation.

Figure 7. 
Manual soldering with ultrasound assistance.

Figure 5. 
Principal scheme of an equipment for ultrasonic soldering.
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2. Active solders for ultrasonic activation

2.1 SnTi2 solder

Figure 8 shows the microstructure of SnTi2 solder. This solder was 
manufactured by free casting in a vacuum. The solder exerts heterogeneous 
composition. The matrix consists of 100% Sn. The round, dark and oblong 
grey phases are the intermetallic compounds of the Ti-Sn system. The zones of 
solder containing 35.2% Ti and 64.8% Sn consist of Ti6Sn5 phase. Composition 
of SnTi2 solder in the selected spots is shown in Table 2. Diffraction analysis 
performed on a sample of SnTi2 (Figure 9) solder has revealed the presence of 
the following phases: Ti6Sn5, Ti3Sn, Sn3Ti5 and Sn5Ti6. Solder microstructure 
consists of a tin matrix (100% Sn) with non-uniformly distributed phases of 
the Ti-Sn system. The coarse dark-grey phases in Figure 8 represent the Ti6Sn5 
phase; the smaller bright-grey phases with Sn designation contain 3.6% Ti and 
96.4% Sn.

2.2 SnAg3.5Ti4(Ce,Ga) solder

The SnAg3.5Ti4(Ce,Ga) solder shown in Figures 10 and 11 consists of a tin 
matrix with non-uniformly distributed constituents of intermetallic phases of 
binary Ti-Sn, Ag-Sn and Ag-Ti systems. The dark-grey phases contain an average of 
31.5% Ti and 68.5% Sn, while the constituents of the Ti6Sn5 phase are concerned. 
The dark, clearly limited zones are formed by almost pure Ti. The composition of 
SnAg3.5Ti4(Ce,Ga) solder in the selected spots is shown in Table 3.

Figure 8. 
Microstructure of the binary Ti-Sn system (SEM).

Ti [wt. %] Sn [wt. %]

A1 35.2 64.8

A2 4.36 95.64

A3 13.8 86.2

A4 0 100

Table 2. 
Solder composition.
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Figure 9. 
X-ray record of SnTi2 solder.

Figure 10. 
Microstructure of SnAg3.5Ti4(Ce,Ga) solder (SEM) + concentration profiles of elements.

Figure 12 shows the record of the diffraction analysis of SnAg3.5Ti4(Ce,Ga) sol-
der. The following phases were revealed: Ti6Sn5, Ag3Sn, Ag3Ti and Ti2Sn. The solder 
consists of a tin matrix with non-uniformly distributed constituents of intermetal-
lic Ti-Sn phases and the constituents of Ag3Sn and Ag3Ti (93% Sn, 6.5% Ag, 0.5% 
Ti) phase. The dark-grey phases shown in Figure 11 in average contain 31.5% Ti 
and 68.5% Sn, while the Ti6Sn5 phase is concerned. The dark zones are composed of 
100% Ti.

2.3 Bi-In25Sn18 solder

Figure 13 shows the microstructure of bismuth-based BiIn25Sn18 solder of 
eutectic composition. The solder was manufactured in the form of cast ingot. It 
exerts a fine multi-crystalline structure. All phases are uniformly distributed in the 
solder, without any traces of formation of conglomerates and/or clusters causing 
the heterogeneity in the chemical composition of solder elements. Composition 
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of the selected zones in BiIn25Sn18 solder is shown in Table 4. The ternary 
Bi-In-Sn system exerts two eutectics with a very low melting point. The composi-
tion of BiIn25Sn18 solder is very close to a ternary eutectics of Bi-In-Sn system, 
with a melting point of 77.5°C. Diffraction analysis performed on a specimen of 
BiIn25Sn18 solder (Figure 14) has revealed the presence of the following phases: Bi, 
Sn, In, BiIn2, In3Sn, InSn4, BiIn and Bi3In5. The solder exerts very fine and uniformly 
distributed multiphase structure. The grey matrix contains in average 80% Bi, 
12.5% In and 7.5% Sn. The white phase is composed of Bi-In (32.5% In and 67.5% 
Bi) constituents, while the Bi-In phase is concerned. The dark-grey constituents in 
Figure 13 show an increased tin content (13.5% Bi, 6.5% In, 80% Sn).

Figure 11. 
The SnAg3.5Ti4(Ce,Ga) solder (SEM).

Ti [wt. %] Ag [wt. %] Sn [wt. %]

A1 99.15 0 0.85

A2 31.08 0.73 68.19

A3 0.5 6.56 93.14

Table 3. 
SnAg3.5Ti4(Ce,Ga) solder composition.

Figure 12. 
X-ray record of SnAg3.5Ti4(Ce,Ga) solder.
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Figure 13. 
The BiIn25Sn18 solder (SEM).

2.4 Results of shear strength

Figure 15 shows the values of shear strength of the analysed joints fabricated 
with SnTi2, BiIn25Sn18 and SnAg3.5Ti4(Ce,Ga) solders. The values give the average 
results of three measurements performed for each type of joint.

The highest strength on the copper and ceramic substrate was achieved with 
SnAg3.5Ti4(Ce,Ga) solder. On the Al2O3 ceramics, it attained the strength of 33 MPa, 
while on the copper, it was 35 MPa. In the case of this solder, the difference between the 
shear strength values on the side of ceramics and the copper was smallest from amongst 

Bi [wt. %] In [wt. %] Sn [wt. %]

A1 80.55 12.3 7.15

A2 11.7 0 88.3

A3 64.5 35.5 0

Table 4. 
BiIn25Sn18 composition.

Figure 14. 
X-ray record of BiIn25Sn18solder.
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all solders. The lowest shear strength values were attained with BiIn25Sn18 solder, both 
on the side of copper (12.2 MPa) and on the side of Al2O3 ceramics (6.6 MPa). The aver-
age shear strength values of SnTi2 solder varied within the range from 16 to 42 MPa.

3. Analysis of soldered joints

3.1 Analysis of Al2O3-BiIn25Sn18 joint

Figure 16 shows a combined soldered joint of BiIn25Sn18-Al2O3 ceramics. A 
longitudinal crack was observed in the interface of BiIn25Sn18-Al2O3 joint, which 
has occurred along the entire specimen length. This crack was formed during the 
metallographic preparation of specimen due to poor plastic-elastic properties of the 
solder used.

Figure 15. 
Shear strength of SnTi2, BiIn25Sn18 and SnAg3.5Ti4(Ce,Ga) solders.

Figure 16. 
Interface of Al2O3-BiIn25Sn18 joint (SEM) + concentration profiles of elements.
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Based on the performed SEM and EDX analyses, it can be supposed that In 
primarily contributes to bond formation by creating indium oxide—In2O3. Besides 
In, Bi also partially contributes to bond formation. The presence of Sn is indifferent, 
and it does not exert any effect on the bond formation. Its presence was revealed in 
the grey phase. The interface contains exclusively a pale matrix composed of Bi and 
In. The formed reaction products are brittle with poor toughness that caused the 
crack formation in the bond plane.

3.2 Analysis of Cu-BiIn25Sn18 joint

Figure 17 shows the interface of BiIn25Sn18-Cu joint. In the interface of 
BiIn25Sn18 solder and copper, a noticeable increase in the proportion of the darker 
phase, formed mostly of Sn, may be seen. A continuous transition zone of reaction 
elements is formed in the solder interface. Based on the study of binary diagrams 
and performed analyses, formation of the following phases is supposed: Cu3Sn, 
Cu6Sn5 and Cu9In4. A thinner, non-wettable phase rich in Cu (Cu3Sn), which is 
followed with Cu6Sn5 phase, is formed in the joint interface. From the map of 
quantitative proportion of chemical elements, it is obvious that in the copper-solder 
interface mainly, the presence of In and Sn is exerted. However, Bi does not play any 
significant role in bond formation and does not create any phases with copper.

3.3 Analysis of Al2O3-SnAg3.5Ti4(Ce,Ga) joint

Figure 18 shows the interface of Al2O3-SnAg3.5Ti4(Ce,Ga) joint. A con-
tinuous reaction layer containing Ti was observed in the interface of Al2O3-
SnAg3.5Ti4(Ce,Ga) joint. This reaction layer allows the wetting of ceramic material 
and the tin-silver matrix of solder guarantees the desired strength and sufficient 
plastic properties of soldered joint to compensate the strains and stresses formed 
during cooling down. Slightly increased concentration of cerium was also observed 
in the joint interface. The presence of gallium and/or its effect upon bond formation 
was not observed (Figure 19).

3.4 Analysis of Cu-SnAg3.5Ti4(Ce,Ga) joint

Figures 20 and 21 show the interface of Cu-SnAg3.5Ti4(Ce,Ga) joint. A con-
tinuous layer of reaction elements is formed in the interface of solder and copper. 
Primary effect upon bond formation is exerted by Sn. Cu is dissolved in Sn matrix 

Figure 17. 
Interface of Cu-BiIn25Sn18 joint (SEM) + concentration profiles of elements.
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and forms the Cu3Sn and Cu6Sn5 phases which grow in the direction from the phase 
interface to solder matrix. Similarly to the case of soldering Al2O3, rapid dilution on 
the side of parent materials has not occurred. Sn matrix prevails in the solder, while 
the darker zones are formed by binary alloys of Sn with Ti and/or Ag.

Figure 18. 
Microstructure of interface of Al2O3-SnAg3.5Ti4(Ce,Ga) joint (SM).

Figure 19. 
Interface of Al2O3-SnAg3.5Ti4(Ce,Ga) joint (SEM) + concentration profiles of elements.

Figure 20. 
Microstructure of interface of Cu-SnAg3.5Ti4(Ce,Ga) joint (a) (SEM) and (b) (SE).



Lead Free Solders

38

Based on the performed SEM and EDX analyses, it can be supposed that In 
primarily contributes to bond formation by creating indium oxide—In2O3. Besides 
In, Bi also partially contributes to bond formation. The presence of Sn is indifferent, 
and it does not exert any effect on the bond formation. Its presence was revealed in 
the grey phase. The interface contains exclusively a pale matrix composed of Bi and 
In. The formed reaction products are brittle with poor toughness that caused the 
crack formation in the bond plane.

3.2 Analysis of Cu-BiIn25Sn18 joint

Figure 17 shows the interface of BiIn25Sn18-Cu joint. In the interface of 
BiIn25Sn18 solder and copper, a noticeable increase in the proportion of the darker 
phase, formed mostly of Sn, may be seen. A continuous transition zone of reaction 
elements is formed in the solder interface. Based on the study of binary diagrams 
and performed analyses, formation of the following phases is supposed: Cu3Sn, 
Cu6Sn5 and Cu9In4. A thinner, non-wettable phase rich in Cu (Cu3Sn), which is 
followed with Cu6Sn5 phase, is formed in the joint interface. From the map of 
quantitative proportion of chemical elements, it is obvious that in the copper-solder 
interface mainly, the presence of In and Sn is exerted. However, Bi does not play any 
significant role in bond formation and does not create any phases with copper.

3.3 Analysis of Al2O3-SnAg3.5Ti4(Ce,Ga) joint

Figure 18 shows the interface of Al2O3-SnAg3.5Ti4(Ce,Ga) joint. A con-
tinuous reaction layer containing Ti was observed in the interface of Al2O3-
SnAg3.5Ti4(Ce,Ga) joint. This reaction layer allows the wetting of ceramic material 
and the tin-silver matrix of solder guarantees the desired strength and sufficient 
plastic properties of soldered joint to compensate the strains and stresses formed 
during cooling down. Slightly increased concentration of cerium was also observed 
in the joint interface. The presence of gallium and/or its effect upon bond formation 
was not observed (Figure 19).

3.4 Analysis of Cu-SnAg3.5Ti4(Ce,Ga) joint

Figures 20 and 21 show the interface of Cu-SnAg3.5Ti4(Ce,Ga) joint. A con-
tinuous layer of reaction elements is formed in the interface of solder and copper. 
Primary effect upon bond formation is exerted by Sn. Cu is dissolved in Sn matrix 

Figure 17. 
Interface of Cu-BiIn25Sn18 joint (SEM) + concentration profiles of elements.
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and forms the Cu3Sn and Cu6Sn5 phases which grow in the direction from the phase 
interface to solder matrix. Similarly to the case of soldering Al2O3, rapid dilution on 
the side of parent materials has not occurred. Sn matrix prevails in the solder, while 
the darker zones are formed by binary alloys of Sn with Ti and/or Ag.

Figure 18. 
Microstructure of interface of Al2O3-SnAg3.5Ti4(Ce,Ga) joint (SM).

Figure 19. 
Interface of Al2O3-SnAg3.5Ti4(Ce,Ga) joint (SEM) + concentration profiles of elements.

Figure 20. 
Microstructure of interface of Cu-SnAg3.5Ti4(Ce,Ga) joint (a) (SEM) and (b) (SE).
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It was found out that Ti does not contribute at all in bond formation and its 
effect upon bond formation was unobservable. Ag element did not exert any signifi-
cant interaction with the parent material; however, its presence in the interface was 
observed. The Ce and Ga elements occurred in the boundary in such low amounts 
that they could not be identified at all.

3.5 Analysis of Al2O3-SnTi2 joint

Figure 22 shows the interface of SnTi2-Al2O3 joint. From the map of planar 
distribution of elements, it is obvious that the active Ti element significantly con-
tributes in bond formation. It forms a continuous reaction layer, similarly as in the 
case of SnAg3.5Ti4(Ce,Ga) solder. This reaction layer is formed by Ti reaction with 
oxygen from ceramics at formation of titanium oxides, which alter the surface ten-
sion of ceramics and thus allow its wetting by solder. The effect of other elements 
(except Ti) upon bond formation was not observed (Figure 23).

3.6 Analysis of Cu-SnTi2 joint

Figure 24 shows the interface of SnTi2-Cu joint. A continuous layer of reaction 
elements is formed in the interface of SnTi2 solder and copper by dissolving Cu in 

Figure 21. 
Interface of Cu-SnAg3.5Ti4(Ce,Ga) joint (SEM) + concentration profiles of elements.

Figure 22. 
Microstructure of interface of Al2O3-SnTi2 joint (SE).
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Sn matrix. We suppose the formation of similar Cu6Sn5 and Cu3Sn phases as in the 
case of SnAg3.5Ti4(Ce,Ga) solder. The thickness of layer of intermetallic compounds 
depends on the level of soldering temperature and partially also on the dwell time 
at soldering temperature. Based on the records from EDW analyses, it may be 

Figure 23. 
Microstructure of interface of Al2O3-SnTi2 joint (SEM) + concentration profiles of elements.

Figure 24. 
Microstructure of interface of Cu-SnTi2 joint (SE).

Figure 25. 
Microstructure of interface of Cu-SnTi2 joint (SEM) + concentration profiles of elements.
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concluded that Ti does not contribute in bond formation, but it is locally bound in 
the dark phases contained in solder matrix (Figure 25).

4. Conclusions

The aim of this chapter was to study the soldering of metallic and ceramic 
materials by the lead-free active solders based on Sn and Bi. Possibility of solder-
ing ceramic materials is in considerable measure limited by the poor wettability of 
ceramic substrates with commercial solders at classical soldering technologies and 
owing to different thermal expansivity of soldered materials. Solderability study 
includes the application and subsequent study of soldering technology with ultra-
sound assistance applicable for ceramic materials and design of solder which allows 
to fabricate qualitatively acceptable soldered joint. From amongst the numerous 
methods used at present for joining ceramic materials, the technology of soldering 
with active solders was selected. This technology allows to wet both the metallic 
and also non-metallic materials as glass, ceramics, silicon, composites, etc. The 
power ultrasound was selected for mechanical activation of solders. Wetting of 
hard-to-wet materials is achieved just by ultrasound application, since it generates 
the cavitation in the liquid solder which disrupts the surface oxides, changes the 
surface energy of ceramic materials and supports the diffusion processes in the 
interface. The solders and soldered joints were subjected to a wide scope of analyses 
and experiments. The microstructure of solders was assessed in an initial state. The 
phase composition of solders was identified by the diffraction analysis.

Also static shear test was ranked to the tests of technological solderability of 
soldered joints. A series of combined soldered joints of Cu/Al2O3, fabricated with 
SnTi2, SnAg3.5Ti4(Ce,Ga) and BiIn25Sn18 solders was assessed by the performed 
experiments. The interfaces of soldered joint were analysed by the optical and 
scanning microscopy and by the SEM technique with EDX microanalysis. By 
the gradual selection, based on the desired properties, the soldering alloy type 
SnAg3.5Ti4(Ce,Ga) was finally identified as the most perspective solder. This solder 
exerts a narrow melting interval from 221.4 to 224.6°C. The attained tensile strength 
was 53 MPa, whereas the shear strength varies within the range from 29 to 45 MPa. 
Regarding the mechanism of bond formation, it was revealed that the joint between 
the SnAg3.5Ti4(Ce,Ga) solder and substrate is created by the formation of a continu-
ous reaction layer of Ti with the surface layers of Al2O3 ceramics.
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Chapter 4

Room-Temperature Formation of 
Intermixing Layer for Adhesion 
Improvement of Cu/Glass Stacks
Mitsuhiro Watanabe and Eiichi Kondoh

Abstract

Reliable and high-precision Cu/glass stacks are particularly desirable for micro-
electromechanical systems and packaging technologies. One solution for improving 
the adhesion strength of Cu/glass stacks is to form adhesion layers between the Cu 
films and the glass substrate. Many studies have shown that a strong adhesion layer 
is formed at the interface by high-temperature annealing when a Cu alloy is used 
instead of pure Cu. It is important to reduce the temperature and process time in order 
to reduce the thermal budget and fabrication cost. Therefore, the room-temperature 
process for fabrication of Cu/glass stack is desirable. In this chapter, typical advanced 
low-temperature processes including room-temperature process are introduced.

Keywords: adhesion improvement, low-temperature process, room-temperature 
process, intermixing, Cu/glass stack

1. Introduction

In microelectromechanical system (MEMS) and packaging technologies, high 
reliability of Cu metallization of glass substrates is strongly required. In the field of 
structural materials, fusion welding such as arc welding and laser welding is usually 
applied for dissimilar-metal or dissimilar-material welding, but in these welding 
methods, extremely high energy are needed for melting of metals, and it is difficult for 
joining of micrometer-scale or nanometer-scale precision. Recently, solid-state weld-
ing methods such as friction stir welding and magnetic pulse welding are developed. 
These methods have no high energy comparing with the fusion welding because these 
methods are achieved for joining at solid state. However, atomic diffusion for achieve-
ment of joining needs to be accelerated at solid state. For acceleration of the atomic 
diffusion, friction is usually generated between the welding materials. Therefore, 
brittle materials such as glass and silicon wafer are broken when the solid-state welding 
methods are applied for the MEMS stacks. Also, these fusion welding and solid-state 
welding methods usually produce thick brittle intermixing layer such as intermetal-
lic compound with a scale of micrometers or larger. The brittle layer produced at the 
interface lowers the mechanical strength of the joint. Therefore, atomically scaled 
interface bonding is demanded for fabricating a highly reliable Cu/glass structure.

One of the solutions for strengthening the interface bonding is the formation of an 
adhesion layer between a Cu film and a glass substrate. It is a common sense in vacuum 
engineering to insert a reactive metal such as Al or Ti between Cu and glass. However, 
this technique is not very useful in three-dimensional MEMS/packaging, because 
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Figure 1. 
Surface activation bonding method [11].

these metals must be deposited with sequential high-vacuum deposition methods, 
which do not give a good step coverage. In addition, reactions between Cu and those 
metals can lead to a significant increase in resistance when the Cu film is thin.

Koike et al. have investigated the interfacial properties of the annealed Cu-Mn/
glass structure and reported that adhesion improvement was observed by forma-
tion of a several nm thick Mn oxide layer at the interface [1, 2]. Yi et al. reported the 
formation of interfacial layer by annealing in Cu-Mg/glass and showed that the adhe-
sion strength improved by formation of a Mg oxide layer at the interface [3]. Other 
elements, such as Al, Ti, and Cr, added to Cu were studied previously, and they were 
reported to improve the adhesion strength between Cu and various substrates (not 
only glass) [4–6]. These studies mentioned above indicate that the effective adhesion 
layers contain elements that are easily oxidizable and miscible in Cu. However, it 
should be noted that these studies required heat treatment during/after deposition. 
For achieving the general trend of temperature reduction during microelectronic fab-
rication, room-temperature or lower-temperature adhesion improvement is required.

2. Low-temperature bonding using ion beam etching

For bonding at lower temperature, surface refresh is one of the effective methods, 
because contamination such as oxide scale and inclusion is formed at material surface 
exposed in the atmosphere. The contamination usually prevents from bonding of the 
materials. High-energy ion beam irradiation is useful for cleaning of the contaminated 
material surface. When the ion beam irradiation and the bonding of materials having 
the refreshed surface are done at same high-vacuum environment (without exposing 
atmosphere), bonding of both activated surfaces is achieved without suing a high 
temperature. This method is usually called “surface activation method” (Figure 1) [7].

Research group of Suga has studied several combination of similar- and dissimilar-
material bonding (Si/Si [8, 9], Al/Al [10], Cu/Cu [8], Si/SiO2 [11]) using the surface 
activation method. Especially, aluminum always has strong oxide scale at the 
surface, but smooth and clear bonding interface without voids is formed by using 
this method (Figure 2) [10]. This indicates that ion beam irradiation is an effective 
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method for removing the oxide scale. Also, achievement of bonding of Si and Si 
suggests that this method can be used for brittle materials. In addition, Takagi et al. 
reported the bonding of Si and SiO2 using the surface activation method [11]. This 
indicates that this method can be achieved by the dissimilar-material bonding. A 
report on Cu/glass (Cu/SiO2) bonding using the surface activation method also 
existed [12]. When the bonding temperature is increased to 423 K, good adhesion is 
obtained (Figure 3). The process temperature is very low than that of conventional 
diffusion bonding. This is considered to indicate that the surface cleaning by the ion 
beam irradiation is effective for the lower-temperature bonding.

3.  Room-temperature formation of adhesion layer utilizing for adhesion 
improvement of Cu/glass stacks

As mentioned in Section 1, formation of adhesion layer at Cu/glass interface is 
an effective method for improvement of adhesion. Recently, we demonstrate room-
temperature formation of Cu/glass stack with high adhesion strength [13, 14]. This 
adhesion improvement is due to effect of ZnO-based adhesion layer formed at room 

Figure 2. 
TEM images of (a) Al/Al [10] and (b) Cu/Cu [8] interfaces fabricated by surface activation bonding.

Figure 3. 
Cu/SiO2 interface fabricated by surface activation bonding [12].
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Figure 1. 
Surface activation bonding method [11].
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temperature. The formation process is simple and affordable and is similar to that of 
electroless plating (ELP) of Cu. The research process leading to the development of 
this fabrication process is described below.

ZnO has gained considerable attention in microelectronics as an alternative 
transparent conductor [15, 16], because Zn is a recyclable, abundant, and affordable 
element. ZnO can be deposited by various techniques such as sputtering (SPT) [17, 18],  
sol-gel [19], chemical vapor deposition [20, 21], and supercritical fluid chemical 
deposition [22, 23]. In addition, Zn is miscible in Cu up to 38.27 at% Zn [24], and 
ZnO generally shows good adhesion to glasses or oxides [25, 26], indicating that 
ZnO is a potential adhesion layer in Cu/glass structures. Indeed, past research 
studies demonstrated that a ZnO layer works as an effective adhesion layer between 
Cu and glass [27, 28]. However, the films employed in those studies had micrometer 
thicknesses and a high-roughness surface topography, obviously inappropriate 
for micro-/nanoelectronic applications. Recently, we demonstrated that thin ZnO 
layers improve the adhesion between Cu and glass.

The relationship between the adhesion strength evaluated by a microscratch tester 
following JIS R3255 specifications and the Cu deposition method is shown in Figure 4.  
No delamination was observed in stack in which Cu was deposited by electroless 
plating (ELP) on a ZnO/glass substrate (ELP-Cu/ZnO/glass), whereas the adhesion 
strength of stack in which Cu was deposited using vapor deposition (VD) on a ZnO/
glass substrate (VD-Cu/ZnO/glass) was low as well as that of the Cu/glass structure. 
Note that the glass substrate is fractured at the applied load of 500 mN; namely, the 
fracture of glass substrate occurred before the delamination in ELP-Cu/ZnO/glass 
stack. This means that the ELP-Cu/ZnO/glass stack has excellent adhesion.

Figure 5 shows the cross-sectional scanning transmission electron microscope 
(STEM) images and STEM-EDX (energy dispersive X-ray spectrometer equipped 
with STEM) maps of (a) the VD-Cu/ZnO/glass and (b) ELP-Cu/ZnO/glass stacks. In 
the VD-Cu/ZnO/glass stack, the Cu film, ZnO layer, and glass substrate were sepa-
rately observed. At the Cu/ZnO interface, several voids were formed, as indicated by 

Figure 4. 
Relationship between adhesion strength and deposition method.
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arrows in STEM image, indicating that the low adhesion strength is due to no inter-
mixing at each interface. In contrast, the ELP-Cu/ZnO/glass stack exhibited a smooth 
interface, but no clear ZnO layer was observed. Careful observation revealed that the 
formation of an approximately 10-nm-thick layer was produced at Cu/glass inter-
face. Strong Cu signals were obtained over the entire ELP-Cu film region, whereas a 
slight low Cu intensity was observed in the 10-nm-thick layer. Zn was detected at all 
regions of Cu film, 10-nm-thick layer, and glass substrate. Pd is a catalyst element 
used in the ELP, and it was observed in the 10-nm-thick layer. This indicates that Pd 
diffused into the ZnO layer during the ELP process, losing its original particulate 
shape (Figure 6). O and Si signals were detected in the 10-nm-thick layer. That is, 
the 10-nm-thick layer consists of Cu, Pd, Zn, O, and Si. The formation of such an 
intermixing layer at the Cu/glass interface significantly improved the adhesion.

When the VD process (processed at room temperature) was used to deposit 
the Cu films, an intermixing layer was not formed, and the ZnO layer was clearly 
observed, and voids were formed at the Cu/ZnO interface. On the other hand, 
it should be considered that the intermixing layer was formed during the ELP 
process, which was carried out at a deposition/plating temperature of almost room 
temperature (308 K). Also, ZnO layer was removed after Cu electroless plating. 
In addition, the SPT-Cu/ZnO/glass stack has also high adhesion strength like the 
ELP-Cu/ZnO/glass stack when pretreatment of Cu electroless plating was applied 
to the ZnO/glass substrate. In general, high temperatures were used to form such a 
reaction layer. The accelerated diffusion reaction is considered to be due to effect 
of catalytic role of Pd. We assume that the thinning of the ZnO layer decreased the 
diffusion distance of Cu and Si, which enhanced the Pd-promoted intermixing of 
Cu, Zn, O, and Si.

Figure 5. 
Cross-sectional STEM images and STEM-EDX maps of (a) VD-Cu/ZnO/glass and (b) ELP-Cu/ZnO/glass stacks.
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As mentioned above, the formation of intermixing layer at Cu/glass interface 
was found to result in adhesion improvement of Cu/glass stack. The intermixing 
layer is formed at room temperature, but reaction between Cu and glass does not 
occur at room temperature in general. For understanding the formation mechanism 
of intermixing layer at room temperature, the interfacial reaction at each process is 
necessary to be investigated.

At first, in order to confirm the incorporation of Zn into the glass (SiO2) surface, 
the interfaces of ZnO/SiO2 were examined before removing the ZnO layer [14]. This 
is because ZnO layer deposited at 673 K by metal organic chemical vapor deposi-
tion (MOCVD) was used in the results shown so far. Figure 7 shows transmission 
electron microscope (TEM) images and Zn, Si, and O maps of the interfaces of  
(a) as-deposited MOCVD-, (b) as-deposited MBE-, and (c) annealed MBE-ZnO/
glass stacks. Deposition temperatures of MOCVD- and MBE-ZnO were 673 K and 
room temperature, respectively. The MBE-ZnO/glass stack was then annealed at 
623 K for 60 min. In the as-deposited MOCVD- and the annealed MBE-ZnO/SiO2 
stacks, approximately 5-nm-thick layer formation was observed at SiO2 side of the 
ZnO/SiO2 interfaces, whereas no reaction layer was observed at the as-deposited 
MBE-ZnO/SiO2 interface. The Zn and Si signals were observed in the interfacial 
layer regions in the as-deposited MOCVD- and the annealed MBE-ZnO/SiO2 stacks, 
whereas the as-deposited MBE-ZnO/SiO2 stack showed very sharp transition between 
the Zn and Si intensities. These results indicate that Zn was diffused approximately 
5 nm into the SiO2 when the stacks were processed at high temperatures; i.e., the SiO2 
surface was doped with Zn by heat treatment during or after ZnO deposition.

Figure 8 shows a high-resolution TEM (HRTEM) image of the ZnO/SiO2 
interface. A typical amorphous structure having no fringe contrast can be observed 
in the glass substrate region. The lattice image is clearly observed in the interfacial 
layer regions as in the ZnO layer region, obviously proving that the interfacial layer 
is crystalline. Figure 9(a) shows a high-angle annular dark-field (HAADF) image 
of the ZnO/SiO2 interface. The interfacial layer was composed of high-contrast 
regions (A in Figure 9(b)) and low-contrast regions (B in Figure 9(b)). TEM-EDX 
revealed that the A-region is Zn-containing SiO2 (SiO2(Zn)) and the B-region is an 
equilibrium Zn2SiO4 phase (Table 1).

Figure 6. 
Surface morphology of Pd-catalyzed ZnO/glass stack.
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Figure 7. 
TEM images and TEM-EDX maps of the interfaces of (a) as-deposited MOCVD-, (b) as-deposited MBE-, 
and (c) annealed MBE-ZnO/SiO2 stacks. MBE means molecular beam epitaxy.
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The effect of dip to acid solution of ZnO/SiO2 substrate was investigated. The 
dip to acid solution of substrate is surface treatment for substrate in conventional 
pretreatment of electroless plating. This process results in removing the ZnO layer. 

Figure 9. 
(a) HAADF image of the ZnO/SiO2 interface and (b) schematic illustration of (a).

Atomic percentage

Zn Si O

A-region (higher-contrast region) 42 18 40

46 16 38

36 21 43

B-region (lower-contrast region) 27 17 56

29 19 52

33 17 50

Table 1. 
TEM-EDX results of higher- and lower-contrast regions formed in interfacial layer.

Figure 8. 
HRTEM image of ZnO/SiO2 interface.
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TEM observation of the ZnO/glass stack after removing ZnO layer revealed the 
presence of an extremely thin surface layer (Figure 10(a)). Zn, Si, and O maps 
indicate that the surface layer consists of Zn, Si, and O (Figure 10(b)), and this 
composition distribution was similar to that of the interfacial layer formed at 
the ZnO/SiO2 interface by heat treatment. This means that the interfacial layer 
remained at the SiO2 surface as a Zn-doped layer even after the original thick ZnO 
layer being removed.

The relationship between noble metal particle and Zn-surface-doped layer was 
investigated. The noble metal particles (Pt in this case) and Cu films were deposited 
on the Zn-surface-doped SiO2 and non-doped SiO2, and the adhesion strength was 
investigated. When the Zn-surface-doped SiO2 was used, remarkable adhesion 
improvement (>500 mN) was observed, whereas adhesion improvement was insuf-
ficient (26 mN) when the nondoped SiO2 was used. This indicates that the doping of 
SiO2 surface with Zn was effective for improving the adhesion at Cu/glass interface.

In order to know the effect of the noble metal particle on adhesion improve-
ment, Cu was sputtered on the Zn-doped SiO2 with/without Pt, Pd, or Pt-Pd 
particles, and the adhesion strength was evaluated. Remarkable adhesion improve-
ment (>500 mN) was observed when Pt, Pd, or Pt-Pd particles were employed. This 
proves that Pt, Pd, and Pt-Pd particles are effective catalysts and, moreover, the 
combination of the Zn dope and the noble metal catalyzation enhances the adhesion 
between Cu films and SiO2 substrate.

Figure 11 shows cross-sectional TEM image and EDX maps of the Cu/Pt/
Zn-doped SiO2 stack. The results were similar to that of the Cu/Pd/Zn-doped glass 
stack (Figure 5(b)). An extremely thin intermixing layer was clearly formed at the 
interface, and its composition was Cu42Pt18Zn0.8Si15O22. From these observations, it is 
safely said that the formation of this intermixing layer results in the adhesion improve-
ment. In the previous study, the formation of such an intermixing layer was observed 
when we used Pd as a catalyst, which shows the intermixing acceleration [13].

The effect of the kind of glass substrate on adhesion strength was investigated 
[29]. Each stack was fabricated by using each glass substrate (borosilicate glass, 
soda glass, SiO2, SiO2 thermal oxide growth on Si), SPT-ZnO layer, Pt as a catalyst, 
and SPT-Cu deposited at room temperature. Adhesion strengths were higher than 
500 mN in any stacks, and no film delamination occurred even when any glass sub-
strates were used. This means that Zn-doped layer was formed at each glass surface 
and that intermixing at room temperature occurred at Cu/glass interface. It is found 
that this adhesion enhancement is not influenced by the kind of glass substrate.

Figure 10. 
(a) TEM image and (b) TEM-EDX maps of SiO2 surface after the removal of ZnO layer.
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The effect of dip to acid solution of ZnO/SiO2 substrate was investigated. The 
dip to acid solution of substrate is surface treatment for substrate in conventional 
pretreatment of electroless plating. This process results in removing the ZnO layer. 
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The influence of the kind of ZnO layer on adhesion strength was examined 
[30, 31]. ZnO layer was fabricated by sol-gel method, metal organic decom-
position (MOD), and supercritical fluid chemical deposition (SFCD), and we 
investigated whether these ZnO layers improve the adhesion of Cu/glass stacks. 
Adhesion strengths of Cu/glass stacks fabricated by using sol-gel-ZnO or MOD-
ZnO were higher than 500 mN. When SFCD-ZnO was employed, adhesion 
strength (21 mN) was almost 20 times stronger than that of the Cu/non-treated 
glass stacks. The sol-gel- and MOD-ZnO layers were transparent as well as 
MOCVD- and MBE-ZnO layers, but the SFCD-ZnO layer had brown or white 
color. The color of the ZnO layer is considered to show crystallinity of ZnO. These 
results suggested that sol-gel-, MOD-, and SFCD-ZnO layers are effective for 
improving the adhesion of Cu/glass stacks and that the degree of improvement 
depends on the film quality.

From the above results, fabrication process of Cu/glass stack for significant 
adhesion improvement is shown in Figure 12. This process is simple and allows 
conventional Cu electroless plating or any other common Cu deposition methods, 
such as SPT and VD, to be used. Figure 13 shows surface images of (a) VD-Cu/non-
treated glass stack and (b) VD-Cu/glass stack fabricated using the process indicated 
in Figure 12 after crosscut test (JIS K5600-5-6). It is clearly found that no Cu film 
delamination was observed in VD-Cu/glass stack fabricated using the process 
indicated in Figure 12, whereas Cu films were completely delaminated from glass 
substrate in VD-Cu/non-treated glass stack. The key in this process is the combina-
tion of Zn doping and noble metal catalyzation, which accelerates atomic intermix-
ing at the Cu/glass interface. For obtaining the Zn-doped glass surface, annealing of 
the ZnO/glass stack during or after ZnO deposition was effective treatment.

Based on the observed results, interfacial reaction during fabrication process 
indicated in Figure 12 is discussed. Figure 14 shows schematic illustrations of the 
reaction at the ZnO/SiO2 interface at 573–673 K. SiO2(Zn) and Zn2SiO4 phases 
were produced at the interface (Table 1) by annealing of ZnO/SiO2 stack at 623–
673 K. This layer remained as the surface layer after ZnO removal. According to the 
ZnO/SiO2 phase diagram [32], Zn2SiO4 is formed over 1573 K. This temperature is 
much higher than our process temperature. This indicates that the formed Zn2SiO4 
phases were produced by diffusion reaction.

The reaction between ZnO and SiO2 does not produce other compounds 
(2ZnO + SiO2 → Zn2SiO4). Therefore, based on our observations, we formulated a 
possible overall reaction as follows:

  4ZnO +  2SiO  2   →  Zn  2    SiO  4   +  SiO  2   (2Zn)  + 2O  (1)

Figure 11. 
(a) TEM image and (b) TEM-EDX maps of the interface of a Cu/Pt/Zn-doped SiO2 stack.
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where the coefficient of Zn is introduced as 2Zn to satisfy the stoichiometry of 
Zn. The bracket of Zn shows that Zn is free metal and dissolves in or coexists with 
the SiO2.

The formula (1) indicates that the molar ratio of the formed Zn2SiO4 and the 
SiO2(Zn) is 1:1 and that more ZnO is consumed in the reaction than SiO2. Indeed, 
from the TEM-EDX analyses, the volumes of these phases are almost identical apart 
from the molar density of these phases. The stoichiometry also shows that free Zn 
forms and dissolves in SiO2. As a result, as observed (Table 1), the Zn2SiO4 and the 
SiO2(Zn) coexist at the interface.

Elementary reactions of reaction (1) can be expressed as follows:

  ZnO +  SiO  2   →  Zn  2    SiO  4    (2)

  ZnO → 2Zn + 2O  (3)

   SiO  2   + 2Zn →  SiO  2   (2Zn)   (4)

The above formulae simply indicate that ZnO is decomposed to Zn and O. 
Presumably, the formula (2) ignites these reactions to proceed. Once Zn diffuses 
into SiO2, oxygen in ZnO becomes less and promotes oxygen diffusion.

Figure 12. 
Schematic diagrams of process for high-adhesion Cu/glass stack. RT means room temperature.

Figure 13. 
Macroscopic appearances of (a) VD-Cu/non-treated glass stack and (b) VD-Cu/glass stack fabricated by using 
the process for high-adhesion Cu/glass stack (Figure 12).
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forms and dissolves in SiO2. As a result, as observed (Table 1), the Zn2SiO4 and the 
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the process for high-adhesion Cu/glass stack (Figure 12).
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Next, interfacial reaction of the formation of the intermixing layer is dis-
cussed. Figure 15 shows schematic illustrations of the reaction at the  
Cu/Zn-surface-doped SiO2 interface at room temperature. From the observa-
tion and analysis results, an extremely thin intermixing layer was formed 
at the interface at room temperature, and the composition of the layer was 
Cu42Pt18Zn0.8Si15O22 (Figure 11). The composition ratio of Zn, Si, and O is 
Zn:Si:O = 2.1:39.7:58.2. This composition has a Si/O ratio close to 2:3. Therefore, 
we can safely say that this phase is an oxygen-deficient silicon oxide, presum-
ably Si2O3 (SiO2·SiO) that contains impurity Zn. The reactions can be expressed 
as the following formulae:

   Zn  2    SiO  4   +  SiO  2   (2Zn)    Pt   ⟶    SiO  2   · SiO + 3O + 4Zn  (5)

  Cu + Zn → Cu (Zn)   (6)

The formula (5) is a Pt-catalyzed reaction. The catalytic reaction generates 
free oxygen and free Zn. As shown in Figure 11(b), Zn was detected in Cu film. 
Therefore, the repelled Zn dissolves into the depositing Cu (Figure 15), because 
Zn is well miscible in Cu according to the Cu/Zn binary phase diagram [24]. The 
formula (6) expresses the dissolution of Zn in Cu.

Figure 14. 
Schematic illustrations of reaction at ZnO/SiO2 interface at 573–673 K.

Figure 15. 
Schematic illustrations of reaction at Cu/Zn-doped SiO2 interface at room temperature.
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4.  Summary of this chapter and prospect for fabrication of the  
next-generation microelectronic devices

In this chapter, lower-temperature process for fabrication of high-adhesion Cu/
glass stack was introduced. The surface activation bonding is one of the lower-
temperature processes for similar- and dissimilar-material bonding. Also, room-
temperature formation process of intermixing layer is also introduced. A nanoscale 
ZnO layer improves the adhesion strength between Cu and glass even if metalliza-
tion was carried out at room temperature. A Cu/glass stack with a high adhesion 
strength is successfully fabricated by the combination of Zn dope and noble metal 
catalyzation. This remarkable adhesion improvement is due to the effect of forma-
tion of an intermixing layer at interface. As well-known, Cu and SiO2 do not gener-
ally react at room temperature. Obviously, the noble metals lead to the intermixing 
acceleration, very likely by their catalytic effect.

These room-temperature/low-temperature processes achieve temperature 
reduction during microelectronic fabrication. In addition, it leads to formation of 
extremely thin (several nm thick) adhesion layer at the interface. The thickness 
reduction of adhesion layer can increase the area of the interconnection, and resis-
tance of interconnection can be reduced. Therefore, these adhesion improvement 
processes at room temperature/low temperature is considered to be important for 
fabrication of a next-generation microelectronic device.
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Chapter 5

A Review: Solder Joint Cracks at
Sn-Bi58 Solder ACFs Joints
Shuye Zhang,Tiesong Lin, Peng He and Kyung-Wook Paik

Abstract

In this chapter, solder joint cracks at Sn-Bi58 solder ACF joints were investigated
in conventional thermal compression bonding and ultrasonic bonding. It was found
that resin storage modulus is the crucial for solder joint morphology regardless of
bonding pressures. At high temperature, polymer resin tends to rebound above Tg
and break the molten solder morphology. We proposed two useful methods to keep
off solder joints cracks during bonding process. One is to remain bonding pressure
until room temperature, the other is to use fillers to increase resin thermal mechan-
ical property. The thermal cycling reliability was significantly enhanced when sol-
der joint morphology was modified using 10 wt% 0.2 μm SiO2 fillers in acrylic based
Sn-Bi58 solder ACF joints.

Keywords: solder cracks, ACF assembly, flex-on-board assembly, high reliability

1. Introduction

In 2013, Google Company had launched Google Glass, which the first-generation
of wearable electronics in the history of humans [1]. Apart from the limited pack-
aging sizes, high-density packaging technologies are demand for chips, passive
components, and printed circuit boards. Several functions such as cameras, global
positioning system (GPS), wireless communication, touch screen, FM radio, Audio,
are also featured in Google Glass [2]. Generally, socket-type connectors have been
used to connect between a flexible printed circuit (FPC) module and the main
board of Google Glass [3], on the purpose of electrical interconnect. Flex-on-board
(FOB) is one type of flip-chip technologies, to assembly printed circuits board
(PCB) and FPC using anisotropic conductive films (ACFs) [4].

Aiming at replacing the socket-connectors, FOB assembly is attracting more and
more attention, due to a lower thickness (about 50 μm) and a higher fine-pitch
capability (under 100 μm) [5]. So Google started to use FOB in mother board
assembly to partly take place of connectors, as shown in Figure 1. ACFs are usually
to be as the interconnection materials to assembly FOB, consisting of thermo-
setting polymer adhesive matrix and conductive balls [6]. Adhesives will be cured
by temperature and functional group will be cross-linked, resulting into the
mechanical connection to PCB board and metal pad surfaces [7]. Current flows
through an ACF joint formed by a physical contact between electrodes and
conductive balls (such as Au/Ni metal balls or Au/Ni coated polymer balls) [8].

Figure 2 shows an Au/Ni metal ACF joint and a Sn based metallurgical ACF joint
in a cross-section view using a scanning electron microscope. Compared with
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used to connect between a flexible printed circuit (FPC) module and the main
board of Google Glass [3], on the purpose of electrical interconnect. Flex-on-board
(FOB) is one type of flip-chip technologies, to assembly printed circuits board
(PCB) and FPC using anisotropic conductive films (ACFs) [4].

Aiming at replacing the socket-connectors, FOB assembly is attracting more and
more attention, due to a lower thickness (about 50 μm) and a higher fine-pitch
capability (under 100 μm) [5]. So Google started to use FOB in mother board
assembly to partly take place of connectors, as shown in Figure 1. ACFs are usually
to be as the interconnection materials to assembly FOB, consisting of thermo-
setting polymer adhesive matrix and conductive balls [6]. Adhesives will be cured
by temperature and functional group will be cross-linked, resulting into the
mechanical connection to PCB board and metal pad surfaces [7]. Current flows
through an ACF joint formed by a physical contact between electrodes and
conductive balls (such as Au/Ni metal balls or Au/Ni coated polymer balls) [8].

Figure 2 shows an Au/Ni metal ACF joint and a Sn based metallurgical ACF joint
in a cross-section view using a scanning electron microscope. Compared with
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a metal ACF joint, high contact resistance, poor power handling capacity and
reliability can be improved by using solder metallurgical ACF joint, due to wide
electrical paths and stable metallurgical interconnection [9, 10]. In order to remove
solder oxide layer and improve solder wettability, two methods, a thermal com-
pression (TC) bonding combining a flux material [11] and an ultrasonic (US)
bonding without flux materials [12], are used. According to previous results, the
heating rates were raised rapidly to 400°C/s and the temperature of solder ACF
joints reached above 250°C under US vibration. By adjusting various ultrasonic
amplitudes of vibration (from 4 to 13 μm), the ACF temperature could be precisely
controlled from 70 to 250°C.

A perfect solder ACF joint morphology containing a Sn–3Ag–0.5Cu (SAC305)
alloy has been optimized by using lower viscosity, faster curing speed, higher resin
property based cationic epoxies with high elastic modulus on a 250°C bonding
temperature for FOB assembly [13]. Low viscosity helps resin flow during bonding
process [14] and faster curing speed indicates higher cross-linking density and
mechanical property of polymer resins [15]. Compared with acrylic resin, imidazole
resin and multifunctional epoxy enhanced imidazole resin, cationic epoxy resin has
the highest elastic modulus when it is fully cured, therefore, few solder joint cracks
are taken place at ACF joints after FOB assembly. Not only resin property is a basic
issue, bonding time also plays an important role in solder joint morphologies,
especially for cracks [16]. Since micron sized solder ACF joint is so tiny that Sn

Figure 1.
Google glass teardown and FOB interconnection.

Figure 2.
A comparison of the conventional Ni and Sn solder metallurgical anisotropic conductive films (ACFs) joints.
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elements quickly diffused into Au/Ni metal surface to form brittle intermetallic
compound (IMC), cracks were formed by the residual Bi phase and the newly
formed IMC phases. As a result, 10 seconds bonding time was optimized to avoid
over-diffusion behavior of Sn elements at micron solder ACF joints.

At optimized 10 seconds bonding time, depending on their solder melting tem-
peratures, SAC305 (221°C) and Sn-58Bi (139°C) solder ACFs are bonded at 250 and
200°C joint temperatures, respectively. For those resins with high elastic modulus
(such as imidazole resin, multifunctional epoxy enhanced imidazole resin, and
cationic epoxy resin), solder cracks were rarely found at ACF joints after TC
assembly in FOB interconnection. On the contrary, for these resins with low elastic
modulus (such as acrylic resin), solder joint crack was a critical issue after FOB
assembly [17]. Although bonding temperature was suggested not higher than 220°C
for acrylic ACF resins to avoid thermal decomposition and solder joint cracks,
solder joint cracks were even observed at low modulus based acrylic resin joints at
200°C bonding temperatures.

Although polymer rebound of the cured acrylic resin had been measured as
approximate 1–3% dimension change of polymer resin, when the bonding pressure
was released at 200°C bonding temperature [17]. In this chapter, we aimed at
finding out the obvious inner factor of polymer resins to determine Sn-58Bi solder
cracks after FOB assembly at acrylic ACF joints, rather than a perfect solder joint
morphology using other ACF resins. After that, two available throughout methods
were discussed to increase acrylic resin elastic modulus to solve solder joint crack
after FOB assembly. Moreover, the consequent solder joint morphologies were
observed, compared and analyzed. The significance of this research is to guide
ultra-low elastic modulus ACF resin assembly to form reliable solder joints for low
melting solder materials and electronic device packaging.

2. Experiments

2.1 Test vehicles and materials

Test vehicles was shown in Figure 3. FR-4 printed circuit board (PCB) was
1-mm-thick and flexible printed circuit (FPC) board was made by polyimide with
50-μm-thick, and 500-μm-pitch Cu patterns with electroless nickel immersion gold
(ENIG) finish were plated on test vehicles.

Three kinds of polymer resins were compared for the ACFs, acrylic resin, imid-
azole resin and cationic resin. These products were all bought from H&S company
in South Korea. About 5 wt% 8-μm-diameter Ni particles, 0.2 μm silica fillers,

Figure 3.
500-μm-pitch printed circuit board (PCB) and flexible printed circuit (FPC) board.
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30 wt% 25–32 μm diameters Sn-58Bi particles, and 2 wt% flux material were added
in the pure resins and then proceeded the film coating process. After that, 50-film-
thickness anisotropic conductive film was achieved. Table 1 gives the specifications
of the added materials, such as weight percentages of the pure polymer resins and
the calculated volume percentages of the total ACFs materials with additives.

Molten solder joint was like a water above its melting temperature and squeezed
by bonding pressure, resulting into uniform solder joint morphology after bonding
[18–20]. Thus, Ni particles were used to obtain uniform joint gap size and control
solder joint morphology. Before coating process of ACF, polymer matrixes and
conductive particles were stated in a solution. Silica fillers were gradually added as a
function of weight percentage by hands [21–23]. Since the solution viscosity was be
very high when adding the nano-size solid silica fillers, plenty of toluene would be
added to decrease the solution viscosity and make sufficient dissolution between
nano sized silica fillers and polymer matrixes. In addition, considering the agglom-
eration of nano size silica fillers, a magnetic stirring apparatus was carried out at 30°
C for 0.5 hour and then a rolling mechanical stirring was performed at room
temperature for 12 hours. As a result, a sufficient dissolution between nano size
silica filler and polymer resin solution was achieved. Figure 7 shows the fresh ACFs
were put on the PCB ENIG metal electrodes before bonding process.

2.2 Bonding methods

2.2.1 Thermo-compression bonding

According to previous results [17], the bonding parameters (peak temperature,
time, and pressure) were optimized as 200°C 10 seconds and 1MPa. Figure 4 gives a
heat conductionmechanism froma hot bar toACF joint on a FOB application. Thermal
setting adhesives were cured due to the heat conduction from the high temperature of
hot bar. Figure 5 shows a clear temperature profile according to previous result, where
temperaturewas quicklyup to Sn-58Bi soldermeltingpoint (139°C) and thengradually
reached the 200°C peak temperature at 4 seconds. Afterwards, solder ACF joint tem-
peraturewas remained at 200°C from the4th to 10th second, and then solderACF joint
entered cooling procedure without any pressure protect.

However, it showed solder joint temperature reached 139°C in the cooling pro-
cess until 11th second, which means from 10th to 11th second solder ACF joint
freely cooled and was not protected with pressure. It is well known that molten
solder joint is very weak and its morphology is easy to be destroyed by polymer
property, for example, polymer will be rebound on the moment of TC bonding
finish and hot bar releasing from test vehicles [24]. Therefore, the mismatch
between resin property and molten Sn-58Bi solder property under the cooling

Weight percentage Calculated volume percentage

Solder
ACFs

Sn-58Bi
solder
(8.56
g/cm3)

Polymer
resin
(1.25
g/cm3)

Ni particle
(8.9 g/cm3)

Silica
filler
(2.65
g/cm3)

Sn-58Bi
solder
(8.56
g/cm3)

Polymer
resin
(1.25
g/cm3)

Ni
particles

(8.9
g/cm3)

Silica
filler
(2.65
g/cm3)

ACF 1 30% 1 5% 0% 6.25% 92.75% 1% 0%

ACF 2 30% 1 5% 5% 6.1% 89.7% 0.97% 3.23%

ACF 3 30% 1 5% 10% 5.9% 86.9% 0.93% 6.27%

Table 1.
The specification of solder ACFs.
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process should be investigated. At here, in-situ temperature is precisely measured
by a K-type thermocouple every 0.1 seconds [25].

2.2.2 Ultrasonic bonding

Figure 6 shows another mechanism of local heat generation by ultrasonic vibra-
tion at room temperature. Unlike TC bonding, US bonding was applied at room
temperature and bonding pressure can be controlled as a function of time, which
means the bonding pressure can be maintained through the whole bonding procedure
until ACF joint cooling to room temperature [25]. In this way, ACF adhesives and
solder joint were protected under bonding pressure during cooling process, to reduce
the influence of heated resin to molten solder joints. During the US bonding, polymer
resin can also be cured by the spontaneous ultrasonic vibration at room temperature
environment. Compared with TC bonding, the joint temperature was slowly

Figure 4.
Heat conduction mechanism in a TC bonding.

Figure 5.
The in-situ temperature profile of solder ACFs joint by a TC bonding.

Figure 6.
Mechanism of local heat generation by ultrasonic vibration at room temperature.
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increased up to 200°C, however, resin would be fully cured and solder metallurgical
joint could be obtained as well [26]. Figure 7 shows the in-situ ACFs joint tempera-
ture and the designed lift-up time of bonding pressure in US bonding. Referring to
previous results, polymer rebound amount will be decreased as temperature
decreased [17]. At here, we focus whether it is possible to prevent the solder joint
damage at a lower temperature releasing bonding pressure during the cooling process.

2.3 Differential scanning calorimetry (DSC)

Many studies have been reported the curing degree of acrylic ACF joints by TC or
US bonding using DSC [14, 17, 26, 27]. It has been convinced that acrylic resin can be
fully cured at 200°C 10 seconds condition and provide the best thermo-mechanical
property after its full cure [28]. Considering there is an exothermic peak from 75 to
150°C caused by acrylic resin cure and a sharp endothermic peak from 135 to 142°C
caused by Sn-58Bi solder melting, there might be interplay by two materials and
unclear to demonstrate the Sn-58Bi solder melting in the temperature heating-up
period. On the other hand, it is important to know the solidification temperature of
Sn-58Bi alloy during the temperature cooling-down period. Because mechanical pro-
tection of Sn-58Bi alloy will be established when alloy is solidified [29, 30].

Therefore, only pure Sn-58Bi alloy was tested by DSC to obtain the melting and
solidification temperature, respectively. In details, Sn-58Bi solder alloy was put by
20 mg weight. The heating rate was 20°C/minutes from 30 to 300°C, afterwards,
the temperature was along with furnace cooling to room temperature at a nitrogen
environment. The curing behavior of acrylic resin used in this study and curing
degree after bonding process measured by a Fourier transform infrared spectros-
copy can be found at here [14, 17, 26, 27].

2.4 Thermomechanical analysis

A thermomechanical analyzer (DMA) was used to measure the storage modulus
of the cured polymer resin as a function of temperature. The resin film was prepared

Figure 7.
The in-situ temperature and the designed lift-up time of bonding pressure in US bonding.
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by the thickness of 50 μm, the length of 10 mm, and the width of 2.5 mm, and it was
cured at the oven environment of 150°C for 3 hours. In DMA environment, resin film
was tested under a 0.1 Hz load with a 10 mN dynamic stress, and the static tensile
force was prepared by 50 mN. In addition, the DMA environment was heated by 5°C/
minutes until 200°C from room temperature. The elastic property of polymer resin in
this study was considered in z direction, because the polymer rebound tool place
vertically, resulting into the ACF dimension change and solder joint cracks. As Eq. (1)
was shown in the following, elastic strain is mathematically determined by the ratio
of length change (ΔL) over the initial ACF length (L). The larger changed length of
polymer resin by DMA force indicates the larger polymer rebound when bonding tool
was disappeared. In addition, the coefficient of thermal expansion (CTE) of adhe-
sives were also measured by a 50 mN tensile force.

Strain ¼ ΔLð Þ=L (1)

2.5 Joint resistance and morphologies

After bonding process, ACFs joint was formed and its resistance was detected by
a contact method, which is called 4-point-probe kelvin method. Referring to Ohm’s
Law, we have learnt that resistance is mathematically named by the ratio of electri-
cal voltage above its corresponding current. As a constant current was applied
through all over the circuit, the resistance of the specific part is easy to know unless
the voltage is precisely measured [31].

Actually, a delta mode in KI 6220 nano-voltmeter has been widely used to
measure the microscale ohms from the American Keithley company. The constant
current was designed and perfectly applied in Cu lines at PCB and FPC substrates,
as a result, solder ACFs joints were performed by current, voltage drop by can be
measured by KI 6220 m, which was shown as the grown overlapped part in
Figure 8. For accurately measuring the contact resistance of solder ACF joint, one
measurement is repeated by 10 times. In details, Cu pad areas was 0.3 mm2 and 40
channels were designed in PCB test vehicles.

A scanning electron microscope (SEM) in this paper was utilized to apparently
observe the changing of solder ACFs joint morphologies before and after sever
cracks. In order to obviously compare Sn and Bi elements in solder joint morphol-
ogies, a backscattered electron mode was carried out in SEM environment. For the
typical solder morphologies, such as solder joint heights, shapes, and cracks, we
performed at SEM images and evaluated them at certain conditions.

2.6 Reliability evaluation

To characterize cracks at solder joint morphologies on the effects of electrical
performance, a thermal cycling reliability from �45 to 125°C was tested until
1000 cycles. TC bonded Sn-Bi58 solder ACFs joints with 0, 5, and 10 wt% of 0.2 μm

Figure 8.
Electrical design for a four-point-probe measurement.
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SiO2 fillers addition were compared in this thermal cycling test. What is more, the
dwell time of -45°C was remained for 15 minutes and it rapidly increased to 125°C
for 15 minutes dwelling time. Joint contact resistances in this thermal cycling test
were designed to be recorded every 200 cycles. Until 1000 cycles, joint morphol-
ogies and each failure mode of Sn-Bi58 solder ACF joints with or without silica
modified were compared through the observation of SEM images.

3. Results and discussion

3.1 Effects of resin modulus on solder joint cracks

Figure 9 shows the thermal mechanical properties of typical adhesives films as a
function of temperatures. Compared with conventional epoxies by imidazole and
cationic curing types with higher Tg (over 100°C), acrylic adhesives showed lower
modulus, because it was a low Tg material (45°C). Especially at 200°C when hot-bar
releasing bonded samples at the end of TC bonding for Sn-58Bi solder ACFs appli-
cations, even cured acrylic adhesives showed 0.4 Mpa storage modulus, and cat-
ionic epoxy and imidazole epoxy showed 7.1 and 5.7 Mpa, respectively.

Figure 10 shows Sn-58Bi solder ACFs joints cracks using this low Tg and low
modulus acrylic adhesives regardless of bonding pressures from 1 to 3 Mpa. How-
ever, there are no solder joint cracks when using other higher storage modulus
adhesive materials under the same bonding pressures.

In terms of solder joints cracks, there are two assumptions on it: one is CTE
mismatch between shrink adhesives and solders during cooling process, the 2nd is
higher elasticity of adhesives than molten solders when bonding pressure is
removed, and then liquid solder joints are cracked under high temperature.

Figure 11 shows endothermic and exothermic behaviors of Sn-58Bi solder mate-
rials in a DSC analysis. In a heating period, Sn-58Bi solder melts at 139°C and stay at
a liquid state until cooling to 125°C, and Sn-58Bi solders were totally solid below
90°C. As a result, adhesives shrinkage or rebound is able to cause liquid Sn-58Bi
solder joints cracks only above 90°C, because solid Sn-58Bi joint is with 30.9 Gpa
young’s modulus [32] which cannot be cracked. Figure 12 gives the thermal
expanded behaviors of three typical adhesives. The shrinkage percentages of three
adhesives films were summarized in Table 2 in cooling process. 90°C is lower than
the imidazole epoxy’s Tg and cation epoxy’s Tg, as a result, there was a huge
shrinked amount when cooling process was lower than glass transition temperature

Figure 9.
Storage modulus of typical adhesives films as function of temperature. (a) 30–250°C (b) specific region at
200–250°C.

70

Lead Free Solders

at two epoxies.�11.2,�13.2 and�5.2% dimension shrinkage were shown for acrylic
resin, imidazole epoxy and cation epoxy in the cooling region from 200 to 90°C.
However, good solder joint morphologies were found at imidazole epoxy based Sn-
58Bi solder ACFs joints in Figure 10. As a result, solder ACFs joint cracks were not
related with compressive stress by adhesives shrinkages in the cooling process, but
related with resin elasticity, especially for lower modulus acrylic adhesives.

Figure 10.
Solder joint morphologies of Sn-Bi58 ACFs joints by various bonding pressures. (a, d, g) Acrylic resins bonded
by 1, 2 and 3 MPa, respectively; (b, e, h) imidazole epoxy bonded by 1, 2 and 3 MPa, respectively; (c, f, i)
cationic epoxy bonded by 1, 2 and 3 MPa, respectively.

Figure 11.
DSC behaviors of Sn-58Bi solder during heating and cooling process.
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Adhesive modulus is divided by storage and loss modulus in viscoelastic mate-
rials [33]. Storage modulus is to measure the stored energy and represent the elastic
property, and loss modulus is to measure the energy dissipated as heat and repre-
sent the viscous property [34]. In this study, solder joint cracks were due to adhe-
sive rebound, which is elastic properties, and not due to heat dissipation and
adhesive viscos property, so storage modulus is used.

Figure 13 illustrates the strain changes of acrylic based Sn-58Bi solder ACFs with
respect to the 50 mN tensile sinusoidal load with 10 mN amplitude and 0.1 Hz
frequency in DMA analysis as a function of temperatures. In details, strain changes
in Figure 13 were consisted of two parts, one part is due to thermal expansion and
the other is elastic strain due to plastic deformation. In this study, the plastic
deformation, which is the dimension recover of deformed polymer when mechan-
ical loading disappeared, is used to estimate adhesive rebound. According to the
following equation, storage modulus is the ratio of applied tensile stress to elastic
strain. In other words, adhesive rebound amounts are reversely proportional to its
storage modulus in the following Eq. (2).

Storage modulus ¼ Stress= Elastic strainð Þ (2)

Because Tg of acrylic resin is 45°C, adhesive showed a relatively higher modulus
at room temperatures below 45°C and lower modulus above 45°C. As a result, the
elastic strain is smaller below 45°C and larger at above 45°C. In addition, 30 wt%
Sn-58Bi solder particles melting behavior at 139°C will enlarge the measured sample
dimension in Figure 13. Figure 14 shows storage modulus of acrylic adhesives were
increased during cooling process and Table 3 summarizes specific storage modulus
of acrylic adhesive during cooling process.

Figure 12.
Thermal expansion properties of typical adhesives films.

Dimension change Acrylic Imidazole epoxy Cation epoxy

200°C 21% 14% 6%

90°C 9.8% 0.8% 0.8

200 Cooling to 90°C �11.2% �13.2% �5.2%

Table 2.
Shrinkage percentages of typical adhesives films during cooling.
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3.2 Effects of US bonding on enhancing resin modulus

Figure 15 shows the effects of delaying ultrasonic horn lift-up time on the acrylic
based Sn-58Bi solder ACFs joint morphologies during an US bonding method. A
crack-free Sn-58Bi solder ACFs joint can be successfully obtained by maintaining
pressure below 45°C the acrylic adhesives Tg during a cooling process, because high
storage modulus was established at low temperatures. Because 90°C is the complete
point of Sn-58Bi solder joint solidification in Figure 11, there was a still solder joint
crack when removing bonding pressures at 100°C in Figure 15. However, over
30 seconds remaining pressure time is too long for assembly.

3.3 Effects of silica filler on enhancing resin modulus

The faster approach of removing the solder joint crack is to increase resin
storage modulus over Tg by adding silica fillers into acrylic polymer resins.

Figure 13.
Strain of acrylic based Sn-58Bi solder ACFs in respect to a sinusoidal load applied in the DMA test as a
function of temperatures.

Figure 14.
Increased storage modulus of acrylic solder ACFs during cooling process.
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Figure 16 shows the strain amount decrease of acrylic based Sn-58Bi solder ACFs
as a function of temperature by adding 0, 5 and 10 wt% of 0.2 μm silica fillers.
Both the amount of the thermal expansion and the elastic strain of polymer resin
were reduced by adding silica filler. It was known that reducing the thermal
expansion strain and the elastic strain as a function of temperatures are good for
the joint reliability in T/C test and the good solder joint formation, respectively
[35]. Storage modulus of acrylic based Sn-58Bi solder ACFs with addition of 0, 5,
and 10 wt% 0.2 μm silica was increased from 0.4 to 0.9 and 1.3 Mpa in Figure 17,
respectively.

Temperature 200°C 150°C 100°C 50°C 30°C

Modulus 0.4 MPa 0.44 MPa 0.53 MPa 5.2 MPa 34 MPa

Table 3.
Storage modulus of acrylic adhesive during cooling process.

Figure 15.
Effects of delaying ultrasonic horn lift-up times (0, 1.2, 5.4, 30.2, and 60.3 seconds) on the Sn-58Bi solder
ACFs joint morphologies.

Figure 16.
Strain of acrylic based Sn-58Bi solder ACFs with added silica fillers as a function of temperatures.

74

Lead Free Solders

3.4 T/C reliability

Figure 18 were listing the solder joint morphologies by adding 0, 5 and 10 wt%
0.2 μm sized silica filler of acrylic based Sn-58Bi solder ACFs joints before and after
T/C reliability for 1000 cycles. Referring to the enhancement of elastic modulus by
adding several silica fillers in Figure 17(b), solder joint cracks were completely
removed for acrylic based Sn-58Bi solder ACF joints at 200°C TC bonding condition
with several bonding pressures.

For acrylic based Sn-58Bi solder ACFs without added silica fillers, total joint
failure occurred at the interface between Sn-58Bi solder joints and Cu metal elec-
trode after 1000 cycles T/C reliability test, because initial solder joint cracks have
already existed before the T/C reliability test. Although elastic modulus was
increased double by adding 5 wt% 0.2 μm silica fillers, a small solder crack still
remained and propagated at Sn-58Bi solder joints resulting in unstable joint contact
resistance during T/C reliability. Excellent solder joint morphology was obtained
after the 1000 cycles T/C reliability, because initial solder joint crack was perfectly

Figure 17.
Elastic modulus of acrylic based Sn-58Bi solder ACFs by adding 0, 5, and 10 wt% 0.2 μm silica fillers at (a)
0–80 MPa and (b) 0–10 MPa ranges.

Figure 18.
Solder joint morphologies of acrylic based Sn-58Bi solder ACFs added by 0, 5, and 10 wt% 0.2 μm silica filler
before and after 1000 cycles reliability test.
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Figure 19.
Solder joint contact resistances of acrylic based Sn-58Bi solder ACFs up to 1000 cycles T/C reliability as a
function of (a) 0, (b) 5, and (c) 10 wt% 0.2 μm silica fillers addition.
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removed at Sn-58Bi solder ACF joints by adding 10 wt% 0.2 μm silica fillers.
Figure 19 shows the 1000 cycles T/C reliability results in terms of contact resis-
tance, and stable joint contact resistance was achieved by adding 10 wt% 0.2 μm
silica fillers due to crack-free solder joint.

4. Conclusion(s)

In this paper, we investigated the resin properties and bonding parameters on
the solder joint morphologies of Sn-Bi58 ACF joints. As a result, we found storage
modulus of resin adhesives was the determined factor for solder joint cracks and
regardless of bonding pressures. We thought cracks at solder joints happened,
probably due to the high elasticity of polymer resin. Apart from that, two sugges-
tions were listed to solve the solder joint cracks by increasing the resin storage
modulus. The 1st one was to remain the hot-bar until cooling to its Tg, but this
method will excessively consume solder and lead to brittle IMC at interfaces in TC
bonding, while it is ok to US bonding. The other method was to add silica fillers in
polymer resin to increase its thermos-mechanical property and reduce the polymer
rebound when bonding process was finished. For ultrasonic bonding, storage mod-
ulus above 5 MPa of was at least needed to prevent solder joint cracks. On the
contrast, 70 seconds for maintaining bonding pressure was too long. More than
1.38 MPa storage modulus at 200°C was needed for a crack-free Sn-58Bi solder joint
morphology for a conventional TC bonding.
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Figure 19.
Solder joint contact resistances of acrylic based Sn-58Bi solder ACFs up to 1000 cycles T/C reliability as a
function of (a) 0, (b) 5, and (c) 10 wt% 0.2 μm silica fillers addition.
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regardless of bonding pressures. We thought cracks at solder joints happened,
probably due to the high elasticity of polymer resin. Apart from that, two sugges-
tions were listed to solve the solder joint cracks by increasing the resin storage
modulus. The 1st one was to remain the hot-bar until cooling to its Tg, but this
method will excessively consume solder and lead to brittle IMC at interfaces in TC
bonding, while it is ok to US bonding. The other method was to add silica fillers in
polymer resin to increase its thermos-mechanical property and reduce the polymer
rebound when bonding process was finished. For ultrasonic bonding, storage mod-
ulus above 5 MPa of was at least needed to prevent solder joint cracks. On the
contrast, 70 seconds for maintaining bonding pressure was too long. More than
1.38 MPa storage modulus at 200°C was needed for a crack-free Sn-58Bi solder joint
morphology for a conventional TC bonding.
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