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Abstract 

In this work, the effects of interfacial reactions and electromigration on the 

mechanical properties of Cu/electroless Ni-P/Sn-3.5Ag solder joint were investigated. The 

effects of interfacial reactions were investigated for different aging temperatures, Ni-P layer 

thicknesses, and P concentrations of Ni-P layer. The aging results showed that during 

interfacial reactions, Ni3Sn4 intermetallic compound (IMC) grows at the Ni-P/Sn-3.5Ag 

interface, along with the transformation of Ni-P layer into the Ni3P compound. A ternary 

Ni-Sn-P compound also grew in between the Ni3Sn4 and Ni3P due to the reaction of Sn with 

Ni3P. The Ni-Sn-P grew slowly as long as the Ni-P layer was present at the reaction interface; 

however, after its complete transformation into Ni3P, Ni-Sn-P grew rapidly in conjunction 

with Cu depletion from the Cu surface. Initially, Ni3Sn4, Ni-Sn-P, and Ni3P followed t1/3 

growth kinetics; however, after the complete transformation of Ni-P layer, the Ni-Sn-P 

followed linear growth kinetics. The activation energy for the growth of Ni3Sn4, Ni-Sn-P, 

and Ni3P was found to be 98.9, 42.2, and 94.3 kJ/mol, respectively. Interfacial reactions 

were found to degrade solder joint strength due to the extensive growth of Ni3Sn4 and 

depletion of Cu from the Cu surface. The Cu depletion resulted in the formation of a layer of 

Kirkendall voids at the Ni3P/Cu interface and thereby resulted in the loss of adhesion 

between the Ni3P and Cu surface. 

The Ni-P layer thickness was found to influence the Cu/Ni-P/Sn-3.5Ag interfacial 

reactions and solder joint strength. Several additional IMCs such as Cu3Sn, Cu6Sn5, and 

(Ni1-xCux)6Sn5 grew in the thin (3.9 μm) Ni-P sample as compared to the thicker Ni-P (7.3 

and 9.9 μm) samples. In the thin Ni-P sample, brittle failure at the interface between IMCs 

occurred at a lower aging temperature and within a shorter aging duration than that in the 

thicker Ni-P samples. The complete transformation of the Ni-P layer into Ni3P and Ni-Sn-P 

compounds was found to be the main cause for the growth of additional IMCs and brittle 

failure. Across the Ni3P and Ni-Sn-P, diffusion of Cu and Sn took place, which resulted in 

the formation of additional IMCs and a layer of Kirkendall voids. 

The P concentration of Ni-P layer was found to affect the Cu/Ni-P/Sn-3.5Ag 

interfacial microstructure as well as the solder joint strength after multiple reflows. The low 

P (6.1 wt.%) samples exhibited the highest joint strength after multiple reflows, while the 

strengths of medium P (8.8 wt.%) and high P (12.3 wt.%) samples decreased more rapidly. 

Microstructural analysis revealed that the Ni3Sn4 IMC particles formed in the low P sample 
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adhere to the reaction interface, whereas most of the Ni3Sn4 IMC particles formed in the 

medium and high P samples spall into the molten solder. The spallation of Ni3Sn4 IMC 

speeded up the consumption of Ni-P layer, leading to the extensive formation of Cu-Sn and 

Ni-Cu-Sn IMCs and Kirkendall voids. The greater reduction of the strength of medium and 

high P samples was found to be due to the larger amounts of Cu-Sn IMCs, Ni-Cu-Sn IMCs, 

and voids formed between the solder and Cu substrate. 

A mathematical model that describes Ni3P and Ni3Sn4 growth was developed. This 

model explained various experimental findings such as the variation in Ni3P and Ni3Sn4 

growth kinetics and the influence of P concentration on their growth very well. The model 

revealed that Ni3P and Ni3Sn4 growth kinetics could vary from t1/2 to t1/ (2+m) (m > 0) due to 

the lateral growth of Ni3P grain. The P concentration of Ni-P layer was found to be a crucial 

factor that affects Ni3Sn4 and Ni3P growth. 

The effect of electromigration on the mechanical properties of three different solder 

joints, Ni-P/Sn-3.5Ag, Ni/Sn-3.5Ag, and Ni-P/Sn-37Pb, was investigated. It was found that 

electromigration causes the brittle failure of the solder joint and the tendency of brittle 

failure increases with current density. In most of the electrically stressed samples, fracture 

occurred at the brittle solder/IMC interface rather than inside the ductile solder. 

Microstructural analysis revealed that electromigration influences the growth of Ni3Sn4 

IMC and Sn-37Pb grain coarsening. The electromigration-induced Ni3Sn4 growth was 

found to depend upon the metallization. This effect was more prominent in the Ni samples 

than in the Ni-P samples. 
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Chapter 1 

Introduction 

 

1.1. Background and Motivation 

Electronic packaging is one of the greatest challenges faced by the semiconductor 

industry because of the strict requirements on packaging technology, such as high I/O 

counts, fine pitch, limited usage of toxic materials, enhanced heat dissipation, and reliable 

interconnects. The primary function of a package is to make the electrical connections 

between semiconductor device and printed circuit board (PCB) to provide paths for power 

to be applied to the chip and for data signals to be transmitted into and out of the chip. Its 

secondary function is to house and protect the fragile chip from harsh environmental 

conditions like moisture, light, and dust that might hinder its performance. The first function 

is becoming increasingly important and more difficult to achieve as the number of I/O 

counts are increasing and the pitch (or bump size) is decreasing steadily. Solder flip chip 

packaging technology has been proved to be a future technology to achieve this requirement 

(Tummala, 2001). In this technology, solder bumps are built on the chip’s I/O pads using 

wafer-bumping process. The wafer-bumping process includes deposition of solder by one of 

the processes of evaporation, electroplating, and stencil printing, on the wafer I/O pads, then 

heating the wafer together with solder to a temperature well above the melting point of 

solder, and finally cooling the wafer. During melting, the shape of solder changes into a ball 

because of surface tension and it remains in the same shape even after cooling. The process 

of melting the solder to achieve ball-shaped solder bump is called as reflow. After the 

wafer-bumping process, the wafer is cut into a number of small chips. Then the chip is 

flipped over and finally the flipped chip is joined with the substrate having a matching pad’s 

pattern using solder interconnects with the help of reflow process. 
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Fig. 1.1 shows the schematic of typical solder flip chip package and solder interconnect. 

In the solder flip chip package, solder interconnect joins the IC chip metallization, which is 

usually known as under bump metallization (UBM), to the substrate metallization. The 

UBM is a combination of thin metallic layers whose function is to provide good solderable 

surface and protect underlying IC metallization from reacting with solder. The under bump 

and substrate metallizations react with solder and form intermetallic compounds (IMCs). 

These IMCs connect the solder ball to metallizations to form a complete solder interconnect 

(Fig. 1.1b). The solder interconnects in the flip chip package not only provide electrical and 

thermal interconnections between chip and board but also mechanically support the package. 

Thus, the failure of a single solder interconnect can cause the failure of a device, or even of 

an entire electronic system. Therefore, the reliability of a solder interconnect in the 

electronic packages has become a critical issue for the reliability of the entire electronic 

system. 

Solder flip chip technology was developed by IBM in 1960s and named C4 (Controlled 

Collapse Chip Connection) technology (Lau, 1996). In this technology, high-Pb Sn-Pb 

solder was used with Cu-based Cr-Cu UBM and ceramic substrate. Later on, polymer 

substrate was used in the flip chip package to reduce the package cost. Due to the low glass 

transition temperature of polymer, solders with low melting temperature have been 

developed for the flip chip packages with polymer substrate. Eutectic Sn-Pb alloy with a 

melting temperature of 183ºC has been the solder of choice since the last few decades. 

Recently, due to the legislative and environmental concerns on toxic lead, the packaging 

industry is promoting the use of lead-free solders (Bruinsma, 2001; WEEE, 2000). However, 

unlike the eutectic Sn-Pb alloy, the lead-free solders are high-Sn alloys constituting one or 

two more elements such as Ag, Cu, Au, and Bi. These high-Sn solders react more rapidly 

with Cu-based UBM and substrate metallization as compared to the Sn-Pb solders and thus 

result not only in the extensive growth of brittle Cu-Sn IMCs and Kirkendall voids but also 
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Fig. 1.1 Schematic of typical (a) solder flip chip package and (b) solder interconnect. 

in the spalling of Cu-Sn IMCs (Kim et al., 1996; Liu et al., 1996; Tu and Zeng, 2001; Zeng 

and Tu, 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

The IMC growth has been found to minimize in the case of Ni-based UBM as the 

reaction between Ni and Sn is much slower than between Cu and Sn (Kim et al., 1999; Tu 

and Zeng, 2001). Several Ni-based UBM are available depending on deposition techniques, 

such as sputtered nickel, electrolytic nickel, and electroless nickel. Among them, electroless 

nickel (Ni-P) with a thin layer of immersion gold has been considered as one of the 

promising candidates for UBM and substrate metallization due to its various advantages 

such as mask-less selective deposition, strong adhesion, low residual stress, good 

solderability, good uniformity, excellent corrosion resistance, and low processing cost (Jeon 

et al., 2001; Mallory and Hajdu, 1990; Stepniak, 1997).  

Electroless Ni-P is an amorphous alloy containing 12-19 at.% P. The presence of P in 

electroless Ni-P makes its soldering reactions more complicated than one with pure Ni. 

Many studies have been performed on the interaction between electroless Ni-P and 
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Sn-bearing solders (Ahat et al., 2000; Alam et al., 2003; Chonan et al., 2002a; Hung and 

Chan, 2000; Hung et al., 2000a, b; Jang et al., 1999; Jang et al., 2000; Jeon and Paik, 2002; 

Kulojarvi et al., 1998; Lee and Lin, 1994; Lee and Lin, 1995; Lin and Liu, 1999; Liu et al., 

2000b; Liu and Shang, 2000a; Mei and Dauskardt, 1999). Topics of these studies include 

the formation and growth of Ni-Sn and Ni-P compounds at the interface between molten 

solder and Ni-P UBM (Lee and Lin, 1994; Lin and Liu, 1999; Mei and Dauskardt, 1999), 

solder reaction-assisted crystallization of electroless Ni-P metallization (Hung and Chan, 

2000; Hung et al., 2000b; Jang et al., 1999), influence of P-concentration of electroless Ni-P 

on the solder joint strength (Chonan et al., 2002a; Alam et al., 2003), and influences of 

IMCs on the mechanical properties of solder joints (Ahat et al., 2000; Kulojarvi et al., 1998; 

Lee and Lin, 1995; Liu and Shang, 2000a). 

In most of the reported electroless Ni-P/solder interfacial studies, the main focus was 

given to solder and much less was reported on electroless Ni-P UBM. Though, due to the 

difference in composition of different solders, differences are expected in the IMC 

formation, IMC morphology, IMC growth rate, and mechanical properties of solder joint, 

less or nothing can be expected for the effect of change in thickness and composition of 

electroless Ni-P UBM on the mechanical properties of solder owing to the limited studies on 

it. Thus, more efforts have to be made to systematically examine the effect of interfacial 

reactions on the mechanical properties of electroless Ni-P/Sn-rich solder joints with 

focusing electroless Ni-P. More specifically, there are still many outstanding issues that 

need further investigation, such as: 

a) The understanding of interfacial reactions between electroless Ni-P and Sn-bearing 

solder is still incomplete. The growth kinetics of IMC reported in different studies is 

not consistent. Moreover, nothing has been reported about the growth kinetics of 

ternary Ni-Sn-P compound. The discussion on the reaction mechanism is still quite 

limited and incomplete. Thus, a thorough investigation is required with a wide range 
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of aging conditions that corresponds to the large variation of interfacial conditions. 

b) The understanding of the formation of Kirkendall voids in the Cu/electroless 

Ni-P/Sn-3.5Ag solder joint and its influence on the reliability of solder joint is still 

not clear. There are discrepancies in the published literatures on where these voids 

are formed and how they affect the solder joint strength. As a result, there is no 

agreement on the main causes of the brittle failure of solder joint. 

c) Little has been reported on the influence of thickness and P concentration of 

electroless Ni-P UBM on the mechanical properties of solder joint. As the presence 

of P in electroless Ni-P causes complex soldering reactions resulting in the 

formation of multiple IMCs, these two parameters of electroless Ni-P layer can play 

an important role in determining the reliability of solder joint. However, not much 

has been reported on it in published studies.  

Apart from the usage of lead-free solders, other challenges faced by electronic 

packaging industry due to the development of small but high-powered integrated circuit (IC) 

chip are the high service temperature and fine pitch of electronic package. Although, the 

problem of high service temperature can be tackled by the selection of proper UBM/solder 

system, the effect of fine pitch or in other words, small solder bump, on the reliability of 

solder joint is not clear. It is known that the fine pitch (< 200 μm) of solder flip-chip package 

results in a high current density (>103 A/cm2) in the solder interconnects. At very high 

current density (~104 A/cm2), electromigration-induced electrical failure of solder 

interconnect has been reported by several researchers (Lee et al., 2001a,b; Yeh et al., 2002). 

Even at low current density (102-103 A/cm2), electric current has been found to influence 

interfacial reactions, IMC formation, and grain growth in the solder joints and different 

material systems (Chen et al., 1998; Conrad, 2000; Chen and Chen, 2001; Gan and Tu, 

2005). Recently, electric current has also been found to influence the mechanical properties 

of solder joints (Ren et al., 2005; Ye et al., 2003b). Though, a number of studies have been 
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done on electromigration effect in solder joints, there are still several issues that have to be 

addressed such as:  

a) No systematic comparison of electroless Ni-P with pure Ni UBMs has been reported 

in terms of electromigration effect on UBM/solder interfacial reactions. Moreover, 

the effect of P on the electromigration phenomena is still not clear. The comparison 

between electroless Ni-P/solder and Ni/solder systems would be helpful in 

understanding the performance of Ni-based UBMs in solder-bumped flip chip 

technology. 

b) Although, the effect of electromigration on the electrical reliability of solder joints 

has been well studied, little is known about its effect on the mechanical reliability of 

the solder joints. Thus, more efforts are required to systematically examine the effect 

of electromigration on the mechanical properties of solder joints. 

c) No comparison of lead solder with lead-free solder has been reported in literature. 

The comparison between these solders would help in understanding their 

performances as package level solder interconnects stressing with high current 

density. 

 

1.2. Objectives 

This thesis reports mainly an experimental study of the effects of interfacial reactions 

and electromigration on the mechanical properties of Cu/electroless Ni-P/Sn-3.5Ag solder 

joint. The study of interfacial reactions covers the effects of solid-state thermal aging, Ni-P 

thickness, P concentration of electroless Ni-P layer, on the interfacial microstructure and 

mechanical properties of the solder joint. Electrical study aims at a systematic and 

comprehensive understanding of the solid-solid interaction of different UBM/solder 

systems stressed with high-density electric current. Moreover, an effort has been made to 

understand the influence of high-density electric current on the mechanical properties of 
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different UBM/solder systems. Such understanding would provide guidance to the selection 

of working conditions as well as the materials of electronic packages in order to produce 

better and reliable products. The work covers several separate but inter-related sub-topics, 

as detailed below. 

 

1.2.1. Study of Cu/Electroless Ni-P/Sn-3.5Ag Interfacial Reactions and their Effect on 

Solder Joint Strength  

The objective of this part of the work is to make a comprehensive understanding of the 

solid-state interaction of Sn-3.5Ag solder with electroless Ni-P UBM plated on Cu substrate 

at the temperatures ranging from low (140 °C) to very high (200 °C). In the interfacial study, 

the morphology and growth kinetics of all the major compounds, Ni3Sn4, Ni-Sn-P, and Ni3P 

are investigated. Along with the compounds growth, other evolution of interfacial 

microstructure such as the formation of Kirkendall void is also investigated. The effects of 

state of interaction (liquid and solid) on the morphology of Ni3Sn4 and the growth 

mechanisms of compounds and Kirkendall void are discussed. In the mechanical study, 

tensile strength and fracture behavior of thermally aged solder joint are investigated to 

identify the factors that affect the mechanical properties of solder joint. 

 

1.2.2. Investigation of Influence of Ni-P Thickness on Cu/Electroless Ni-P/Sn-3.5Ag 

Interfacial Reactions and Solder Joint Strength 

In this part of the work, solid-state Cu/electroless Ni-P/Sn-3.5Ag solder interfacial 

reactions and their effect on the mechanical properties of solder joint are investigated for 

different Ni-P thicknesses. The objectives are to understand the influence of UBM thickness 

on the formation of IMCs, on the evolution of interfacial microstructure, and on the 

mechanical reliability of solder joint. The growth mechanism of additional IMCs such as 

Cu-Sn and Ni-Cu-Sn is discussed. A correlation is established between the evolution of 
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interfacial microstructure and the mechanical properties of solder joint. 

 

1.2.3. Investigation of Effect of P Concentration on Cu/Electroless Ni-P/Sn-3.5Ag 

Interfacial Microstructure and Solder Joint Strength 

In this part of the work, the interfacial microstructure and mechanical properties of 

multiple-reflowed Cu/electroless Ni-P/Sn-3.5Ag solder joints are investigated for different 

P concentrations of electroless Ni-P layer. An understanding of the effect of P concentration 

on the evolution of interfacial microstructure such as Ni3Sn4 spallation and Cu-Sn IMCs 

growth is made. A correlation between the Ni3Sn4 spallation and the mechanical properties 

of the solder joints is established. Understanding of the correlation would provide direct 

insight into how the Ni3Sn4 spallation affects the package’s mechanical reliability. 

 

1.2.4. Development of a Mathematical Model for the Growth of Ni3P and Ni3Sn4 

Compounds 

In this part of the work, a mathematical model is developed which can describe the 

growth of Ni3P and Ni3Sn4 in the electroless Ni-P/solder joint. An effort is made to explain 

various experimental findings such as variation in Ni3P and Ni3Sn4 growth kinetics, 

relationship between the growth of Ni3P and Ni3Sn4, and the influence of P concentration on 

compounds growth with the help of model. 

 

1.2.5. Study of Effect of Electromigration on the Interfacial Microstructure and 

Mechanical Properties of UBM/Solder Joints 

The objective of this part of the work is to understand the influence of electromigration 

on the UBM/solder interfacial reactions and mechanical properties of solder joint. The 

mechanical properties of electrically stressed UBM/solder joints are investigated with the 

help of tensile testing and nano-indentation methods. Three UBM/solder systems, 
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electroless Ni-P/Sn-3.5Ag, Ni/Sn-3.5Ag, and electroless Ni-P/Sn-37Pb, are compared in 

terms of IMC formation and mechanical properties. The polarity effect of electric current on 

the formation of Ni3Sn4 IMC and the electromigration-induced brittle failure of solder joints 

are discussed. 

 

1.3. Organization of the Thesis 

This thesis is divided into 8 chapters and organized in the following manner: 

Chapter 2 presents a review of the interfacial reactions between electroless Ni-P and 

Sn-bearing solders that include the formation of intermetallic compounds, IMC 

morphology, and IMC growth kinetics. Other phenomena associated with interfacial 

reactions, such as IMC grain coarsening, IMC grain spalling, and Kirkendall void formation 

are also discussed. A review of mechanical properties of electroless Ni-P/solder joint is also 

done. Prior work on electromigration effect in solder joints is also discussed. 

Chapter 3 covers a study of Cu/Electroless Ni-P/Sn-3.5Ag interfacial reactions and their 

effect on solder joint strength. 

Chapter 4 presents a study of the influence of Ni-P thickness on Cu/Electroless 

Ni-P/Sn-3.5Ag interfacial reactions and solder joint strength.  

Chapter 5 covers an investigation of the effect of P concentration on Cu/Electroless 

Ni-P/Sn-3.5Ag interfacial microstructure and solder joint strength. 

Chapter 6 presents the development of a mathematical model for the growth of Ni3P and 

Ni3Sn4 layers. 

Chapter 7 presents a study of the effect of electromigration on the interfacial microstructure 

and mechanical properties of UBM/Solder joints. 

Finally, Chapter 8 covers the conclusions and recommendations for future work.  
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Chapter 2 

Literature Review 

The interfacial reactions and electromigration are the inevitable phenomena that occur 

in solder joints. The present work investigates the effects of interfacial reactions and 

electromigration on the Cu/electroless Ni-P/Sn-3.5Ag solder joint strength. This chapter 

reviews the literature on the interfacial reactions between electroless Ni-P and Sn-bearing 

solder, mechanical properties of solder joint, electromigration phenomenon, and 

electromigration effect in solder joint. 

 

2.1. Interfacial Reactions between Electroless Ni-P and Sn-bearing Solder 

In solder flip chip package, the interfacial reactions between solder and UBM take place 

not only during the manufacturing process (the reflow process) but also during service. In 

the reflow process, the solder experiences a temperature cycle during which it melts and 

then solidifies quickly. Thus liquid-state reactions take place during reflow process, whereas 

solid-state reactions during service. In both types of interfacial reactions, interfacial 

compounds nucleate and/or grow between solder and UBM. The phase of interfacial 

compound that will form between a known composition of solder and UBM at certain 

process condition can be predicted with the help of a phase diagram.  

According to the phase diagram shown in Fig. 2.1, three kinds of intermetallic 

compounds (IMCs) can form between Ni and Sn: Ni3Sn4, Ni3Sn2 and Ni3Sn. However, 

during normal reflow or soldering process with the temperature range of 200-250ºC, Ni3Sn4 

is found to be the primary product of reactions between Sn-bearing solder (eutectic Sn-Pb 

solder or lead-free solder without copper) and electroless Ni-P (Hung and Chan, 2000; Hung 

et al., 2000b; Jang et al., 2000; Kulojarvi et al., 1998; Lee and Lin, 1994, 1995; Lin and Liu, 

1999; Liu et al., 2000b; Liu and Shang, 2000a, b; Mei and Dauskardt, 1999). Besides the 
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predominant Ni3Sn4 layer, there are a few studies that report the formation of thin 

(submicron) layer of other kind(s) of Ni-Sn IMC such as Ni3Sn2 (Hwang et al., 2003; Liu et 

al., 2000b) and Ni48Sn52 (Matsuki et al., 2002). Thus it can be understood that the small 

thickness of other Ni-Sn IMCs which is due to their slow nucleation and/or growth makes 

them difficult to be observed by SEM and even by TEM. 

 

         

 

 

 

 

  

 

 

          

Since electroless plated nickel is a Ni-P alloy that gets P from hypophosphite (H2PO2
-) 

reducing agent during the reduction of Ni from an ionic Ni solution (Mallory and Hajdu, 

1990), the presence of P influences the microstructure of Ni-P and make its soldering 

reaction more complicated than that one with pure Ni.  It is known that if P concentration of 

electroless Ni-P is less than 12.5 at.%, then its structure is microcrystalline, otherwise it is 

amorphous (Haseeb et al., 1996; Mallory and Hajdu, 1990; Sohn et al., 2003; Li et al., 

1998). The electroless Ni-P UBM used in electronic packaging normally has more than 12.5 

at.% of P and therefore has amorphous structure.  

The amorphous Ni-P alloys are thermodynamically unstable, thus their crystallization 

occurs spontaneously during thermal treatment when temperature reaches their 

crystallization temperature of about 280 ºC (Li et al., 1998). The thermodynamics 

Fig. 2.1. The equilibrium phase diagram of Ni-Sn binary alloy (Massalski, 1986).  
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equilibrium phases present near the composition of electroless Ni-P, i. e. Ni and Ni3P (Fig. 

2.2), form during the crystallization. Microstructure of amorphous electroless Ni-P also 

changes during self-crystallization process. While amorphous electroless Ni-P is comprised 

of thousands of nano-size particles distributed homogeneously, these particles gather 

gradually into big particles during crystallization process in order to decrease surface energy 

(Li et al., 1998). The microstructure of amorphous Ni-P finally changes into a fine 

crystalline structure.  

 

      

 

 

  

   

 

  

 

 

When electroless Ni-P comes into contact with solder, the soldering reaction triggers 

the crystallization of amorphous Ni-P at reflow temperature (200-250 ºC), that is well below 

the self-crystallization temperature of Ni-P (280-300 ºC) (Jang et al., 1999). Moreover, in 

the solder reaction-assisted crystallization of amorphous electroless Ni-P, along with 

primary Ni3P phase, additional Ni-P phase such as Ni12P5 (Liu et al., 2000b) and Ni2P (Sohn 

et al., 2004b) have been also reported to form in the crystallized Ni-P layer. These reports 

indicate that the interfacial reactions between electroless Ni-P and Sn-bearing solders are 

highly complicated due to the presence of P in electroless Ni-P.  

Solder reaction-assisted crystallization of electroless Ni-P is quite different from its 

Fig. 2.2. The equilibrium phase diagram of Ni-P binary alloy (Massalski, 1986).  
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self-crystallization owing to a few unique characteristics. The first is that the products of 

solder reaction-assisted crystallization do not have the same elemental composition as the 

amorphous phase. The thermodynamic equilibrium phases in Ni-P alloy with 12-19 at.% of 

P (usual composition of Ni-P used for UBM) are Ni3P and Ni. These two phases are the final 

products of self-crystallization of amorphous Ni-P alloy during thermal aging (Li et al., 

1998; Vafaei-Makhsoos, 1980). However, in the case of solder reaction-assisted 

crystallization of amorphous Ni-P alloy, the product is either only Ni3P phase (Hung and 

Chan, 2000; Hung et al., 2000b; Jang et al., 1999) or a mixture of Ni3P and Ni with an 

elemental composition closed to Ni3P phase (Chen et al., 2004; Hwang et al., 2003; Liu et 

al., 2000b). The reason for this is that Ni diffuses out from the crystallized Ni-P layer to 

react with Sn to form Ni3Sn4. Secondly, the solder reaction-assisted crystallization occurs 

selectively adjacent to the solder. It leads to the formation of a distinguishable layer in 

contact with original electroless Ni-P layer instead of a homogeneous crystallization of 

whole Ni-P layer. Third, a clear microstructural difference exists in the two types of 

crystallized Ni-P. Highly directional, well-developed, and fine columnar structure has been 

observed in the solder reaction-assisted crystallized Ni-P layer (Liu et al., 2000b; Jang et al., 

1999; Zeng et al., 2002). However, self-crystallized Ni-P has been reported to have small 

evenly distributed dark particles, which are the coherent precipitate (Mallory and Hajdu, 

1990).  

In addition to primary Ni3P compound, other Ni-P compounds have been reported to 

form in different electroless Ni-P/solder joints at different experimental conditions. Under 

extended annealing conditions, two separate layers of Ni3P and Ni12P5 were reported to form 

in electroless Ni-P/Sn-Pb solder joint after aging at 150ºC for 30 days (Liu et al., 2000b). 

Sohn et al. (2004b) reported the formation of Ni2P compound in the high P concentration (9 

wt.%) electroless Ni-P/ Sn-3.5Ag solder joint after 30 min liquid state reaction at 250 ºC. 

The Ni3P was the only compound initially present, however during prolonged reflow, a new 
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Ni2P phase formed. Leaving these fine details aside, all the evidences show that solder 

reaction-assisted crystallization of electroless Ni-P UBM leads to the formation of Ni-P 

compounds, which is dominated by Ni3P. 

Besides Ni-Sn and Ni-P compounds, in a few recent studies (Chen et al., 2004; Hwang 

et al., 2003; Matsuki et al., 2002; Sohn et al., 2004b), a ternary Ni-Sn-P compound has been 

also reported to form in between Ni-Sn and Ni-P compounds. The thin (a few hundred nm) 

layer of this ternary Ni-Sn-P compound has been identified to consist of Ni2SnP (Chen et al., 

2004; Matsuki et al., 2002) and Ni3SnP (Hwang et al., 2003; Sohn et al., 2004b) phase using 

TEM, whereas thick (a few micron) layer of Ni-Sn-P has been found to be of Ni2SnP phase 

using electron probe micro analyzer (EPMA) and scanning electron microscope (SEM) 

(Wang and Liu, 2003; Yoon and Jung, 2005). These studies suggest that mainly the Ni2SnP 

phase forms during electroless Ni-P/solder interfacial reactions and the Ni3SnP phase exists 

as a minor phase.  

 

2.1.1. Morphology of Intermetallic Compound 

The formation of intermetallic compounds at the solder/UBM interface can be 

attributed to a surface reaction occurring between solder and UBM. Both liquid-state and 

solid-state reactions lead to the change in morphology of intermetallic compounds (Tu et al., 

2001a). Other than state of reactions, there are several material and processing factors that 

affect the morphology of intermetallic compounds. Material factors are the quantity of 

solute in Sn-matrix and the microstructure of solder and UBM (He et al., 2004b; Tu et al., 

2003; Sohn et al., 2004b). Processing factors are the reflow parameters such as the peak 

temperature, the dwell time over melting temperature of solder, and the post-reflow cooling 

rate (He et al., 2004b, c).  

Ni3Sn4 IMC with two types of morphologies, needle-type and chunky-type, have been 

reported to form at the electroless Ni-P/solder interface during reflow (He et al., 2004b, d; 
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Hung et al., 2000a, b; Jang et al., 1999, 2000; Yokomine et al., 2001). At the beginning of 

reflow, the formation of needle-type Ni3Sn4 grains dominates; however, more chunky-type 

Ni3Sn4 grains form and grow at the expense of needle-type Ni3Sn4 grains when the reflow 

time is prolonged (Jang et al., 1999; He et al., 2004b, d). It has been also reported (Hung et 

al., 2000a, b) that the variation of the P concentration of electroless Ni-P layer does not 

affect the morphology of Ni3Sn4 IMC grown at the electroless Ni-P/solder interface. 

There are a few studies in which the morphology of intermetallics is also affected in 

terms of size as well as shape by cooling rate (Chan et al., 2003; Fan et al., 2001; He et al., 

2004c; Mei and Dauskardt, 1999; Yao and Shang, 1996). However, most of these studies 

focus on the change of IMC morphology in bulk solder rather than at solder/UBM interface. 

The effect of cooling rate on IMC morphology has been reported to be more significant in 

the case of electroless Ni-P UBM than that of pure Ni (Mei and Dauskardt, 1999). Mei and 

Dauskardt (1999) studied the electrolytic Ni/Sn-Pb and electroless Ni-P/Sn-Pb interfacial 

microstructures after liquid-state reflow with air-cooled and water-quenched cooling 

processes. In the case of electrolytic Ni, no significant difference was observed between 

IMC layers formed with air-cooled and water-quenched processes. However in the case of 

electroless Ni-P, IMC grain size was around 6 μm with air-cooled cooling process and it was 

2.5 μm with water-quenched cooling process. 

In solid-state reactions, the morphology of Ni3Sn4 IMC becomes quite different as 

compared to liquid-state reactions. A continuous layer of Ni3Sn4 IMC with curved 

chunky-type or more appropriately scallop-type morphology has been reported to form 

during solid-state reaction instead of needle-type and chunky-type grains with channels that 

formed in the case of liquid-state reflow (He et al., 2004a).  

 

2.1.2. Growth Kinetics of Intermetallic Compound 

Kinetic parameters of IMC growth are obtained to find out the controlling mechanism 
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and activation energy of IMC growth. The growth of IMC layer can be represented by the 

following empirical power law 

nktXX /1
0 +=                                                                                               (2.1) 

where, X is the thickness of IMC layer at the time t, X0 is the initial thickness, n is the time 

exponent, and k is the temperature dependent rate constant. The variation in k with 

temperature can be represented by the following Arrhenius equation 

)/exp( RTQAk −=                                                                                        (2.2) 

where, A is the prefactor, T is the absolute temperature, R is the gas constant and Q is the 

apparent activation energy of IMC growth. The activation energy can be determined from 

the slope of the straight line obtained by plotting ln k against 1/T,  

TR
QAk 1lnln ⋅−=                         (2.3) 

The growth of IMC is controlled by various mechanisms such as the diffusion of 

reacting element and the rate of reaction and this can be predicted by the value of n in the Eq. 

2.1. If n is 1, then IMC growth is controlled by the rate of reaction, and if n is 2, then the 

diffusion of reacting element is the growth controlling mechanism. However, these are the 

ideal values. In practice, n may deviate from the ideal values due to the several factors such 

as the formation of multiple IMC layers, different diffusion mechanism, and time dependent 

apparent diffusivity. Moreover, n can be close to 3 if growth of IMC takes place in 

conjunction with the grain growth and/or coarsening of IMC (Ghosh, 2000a; Gusak and Tu, 

2002). 

For the growth of IMCs in electroless Ni-P/solder systems, different values of n and 

different controlling mechanisms have been reported in different studies (see Table 2.1). 

Such a wide variation of n values and different reported mechanisms indicate that 

electroless Ni-P/solder interfacial reactions are quite complex in nature. Although in most 

of the electroless Ni-P/solder interfacial studies, the growth of IMC has been assumed to 
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follow diffusion-controlled kinetics (He et al., 2004b; Hung et al., 2000b; Jang et al., 1999; 

Sharif et al., 2005; Tu and Zeng, 2001; Yoon and Jung, 2004), the wide variation in the 

measured n values indicates that IMC growth kinetics in electroless Ni-P/solder systems is 

not as simple as assumed in many studies. In most of the electroless Ni-P/solder interfacial 

studies, either Ni3Sn4 or Ni3P growth kinetics has been reported, which is due to their 

inter-related growths (Jang et al., 1999; He et al., 2004b; Sharif et al., 2005; Yoon and Jung, 

2004). However, no study reports the growth kinetics of ternary Ni-Sn-P compound. 

In solid-state reactions, the growth rate of IMC layer becomes quite low as compared to 

liquid-state reactions. The growth rate of IMC in solid-state reactions has been reported to 

be about 4 orders of magnitude lower than that in liquid-state reactions (Lee et al., 2002; Tu 

and Zeng, 2001). One of the main reasons for this is the formation of continuous IMC layer 

in the case of solid-state reactions as compared to the grains of IMC with solder channels in 

between them in the case of liquid-state reactions. The continuous layer of IMC acts as a 

barrier for elemental inter-diffusion between solder and metallization. 

 

2.1.3. Other Phenomena Associated with Interfacial Reactions 

Ripening or Coarsening of IMC Grains 

During IMC growth in UBM/solder system, IMC grains experience ripening, too. 

During ripening, bigger grains grow at the expense of smaller grains. The driving force for 

the ripening of IMC grains has been reported to be the reduction of surface energy (Lifshitz 

and Slyozov, 1961) and/or the gain of bulk free energy (Gusak and Tu, 2002). In the case of 

pure Ni UBM, ripening of scallop-type Ni3Sn4 grains has been reported during liquid-state 

as well as solid-state aging (Ghosh, 2000a; Ghosh, 2000b). Also, in electroless Ni-P/solder 

systems, big chunky-type Ni3Sn4 gains have been reported to grow at the expense of small 

needle-type Ni3Sn4 grains due to the grain ripening during liquid-state reactions (Jang et al., 

1999; He et al., 2004b; He et al., 2004d).  
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There are a few theoretical and experimental studies in which IMC grain ripening or 

coarsening has been reported to influence the IMC growth kinetics (Ghosh, 2000a, b; Kim 

and Tu, 1996; Gusak and Tu, 2002). Kim and Tu (1996) proposed that there are two types of 

elemental flux in soldering reactions. One is the reaction flux, which is the diffusion of 

atoms from metallization to solder and vice-versa and the other is the ripening flux, which is 

the diffusion of atoms from small size IMC grains to large size grains. They proposed that 

the resulting flux of these two fluxes leads to a t1/3 growth kinetics of IMC layer. The 

decrease of surface energy was considered as a driving force for ripening flux. Gusak and Tu 

(2002) also proposed a model that predicts t1/3 growth kinetics of IMC grains by considering 

the flux-driven ripening. They considered the gain of bulk energy a driving force for 

ripening flux.  On the other hand, Ghosh (2000a, b) found that radial growth of IMC gains 

could be described by empirical power laws, which could yield time exponent n greater than 

three. The values of n for radial growth of Ni3Sn4 gains were reported to be 4.77 with 

Sn-3.5Ag solder at 260 ºC temperature and 6.56 with Sn-38Pb solder at 200 ºC temperature. 

The corresponding values of n for the growth of Ni3Sn4 layer were found to be 4.69 with 

Sn-3.5Ag solder and 3.14 with Sn-38Pb solder (Ghosh, 2000b). Ghosh (2000a, b) attributed 

the large time exponent of Ni3Sn4 grain growth to the faceting process of grains as faceted 

surface is energetically singular. All these studies indicate that the IMC growth could follow 

t1/3 growth kinetics if IMC growth takes place along with grain coarsening process. 

However, the t1/3 growth kinetics may not be related to a particular set of mechanisms owing 

to the various mechanisms involved in the soldering reaction such as lattice and grain 

boundary diffusion, grain coarsening, faceting, and competitive growth of grains.  

 

Spallation of IMC Grains 

Spallation of IMC grains from reaction interface to the molten solder occurs due to two 
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things: the mechanical stresses generated by the volume change between reacting materials 

and resulting IMC, and the dewetting of IMC due to the complete consumption of 

underlying metallization layer. However, from the literature, it is difficult to understand the 

IMC spallation phenomenon in electroless Ni-P/solder systems owing to the different 

materials and processes used and different explanations provided. Jang et al. (2000) 

reported the spallation of needle-type Ni3Sn4 grains in the electroless Ni-P/Sn-3.5Ag solder 

joint after two reflows of 60 s each over the melting temperature of the solder. They 

explained the Ni3Sn4 spallation as a result of the large volume change between Ni3Sn4 and 

Ni3P. However, the similar kind of Ni3Sn4 spallation was not observed with Sn-Pb solder 

even after reflow at 240ºC for 40 min (Jang et al., 1999). Moreover, Sohn et al. (2004b) 

observed that the spallation of Ni3Sn4 IMC grains in electroless Ni-P/Sn-3.5Ag solder joints 

is influenced by the solder-deposition method, the P concentration, and the reaction time and 

is increased with increasing the P concentration, the reaction time, and the solder volume. 

They attributed the spallation of Ni3Sn4 grains to the growth of ternary Ni-Sn-P layer in 

between Ni3Sn4 and Ni3P layers and the needle type morphology of Ni3Sn4 grains. 

 

2.1.4. Interfacial Elemental Diffusion and Reaction Mechanism 

The growth of compounds during interfacial reactions between solder and electroless 

Ni-P requires the diffusion of all the constituent atoms. The growth of a compound itself 

involves several complex interfacial processes such as elemental diffusion, elemental 

dissolution in solder, phase nucleation, and creation and/or annihilation of defects. 

Moreover, the growth of multiple compounds in electroless Ni-P/solder joint makes the 

interfacial elemental diffusion and reaction mechanism much more complicated. As a result, 

the interfacial elemental diffusion and reaction mechanism of electroless Ni-P/solder joint 

has not been fully understood yet.  

Although the interfacial elemental diffusion and reactions accompanying the electroless 
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Ni-P crystallization in electroless Ni-P/solder system have been  investigated by a number 

of researchers (He et al., 2004b, d; Jeon et al., 2002; Liu et al., 2000b; Matsuki et al., 2002; 

Tu and Zeng, 2001), their results do not agree with each other. In different studies, different 

elements such as Ni and/or Sn and/or P were considered to be the dominant diffusing species. 

Jang et al. (1999) proposed two possibilities of elemental diffusion for solder 

reaction-assisted crystallization of electroless Ni-P. They proposed that during Ni3Sn4 

growth either Ni diffuses out of electroless Ni-P layer to Ni3P/Ni3Sn4 interface through the 

grain boundaries of Ni3P layer or Ni3P decomposes into P and Ni at Ni3P/Ni3Sn4 interface 

and then P atom diffuses back interstitially to Ni3P/electroless Ni-P interface to grow Ni3P 

layer. However, they supported the latter mechanism as the grain boundary diffusion of Ni 

must be accompanied by the back diffusion of vacancies and they did not find any 

Kirkendall voids in the Ni3P layer. Alternatively, He et al. (2004a, d) observed that Ni3P 

layer has small Kirkendall voids, whose size and number increase with the duration of 

solid-state and liquid-state aging and thus they concluded that Ni is the dominant diffusing 

element in Ni3P layer. Moreover, Matsuki et al. (2002) reported that the inter-diffusion of Ni 

and Sn takes place during Ni-P/Sn-Pb interfacial reactions and Ni acts as a dominant 

diffusing element in Ni-20mass%P and Ni2SnP layers. 

Other researchers claimed that Sn is the dominant diffusing element. Lee and Lin (1994) 

used W marker in the electroless Ni-P/Sn-Pb solder joint to study the elemental diffusion 

and concluded that Sn is the dominant diffusing element that reaches the Ni-P layer, whereas 

Ni remains in the Ni-P layer or diffuses slowly relative to Sn. Liu et al. (2000b) reported  the 

formation of two new phases, Ni3Sn2 and Ni12P5 after prolonged aging and explained their 

formation to be due to the reaction of Sn with Ni3P as the diffusion of Sn in Ni3Sn4 is much 

faster than that of Ni (Lee and Lin, 1994). However, one ambiguity was that if Sn reacts with 

Ni3P instead of Ni, it should react at the beginning of the reaction and there was no evidence 

of such layers at that point. They also proposed that P diffusions away from electroless Ni-P 
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to the Ni3P layer to grow the Ni3P layer. Further, Jeon et al. (2002) also suggested that the 

diffusion of Sn into P-rich Ni-P layer is faster than the diffusion of Ni or P to Ni3Sn4 IMC 

during Ni-P/solder interfacial reactions. 

Some other researchers described Ni as a primary diffusing element. Ahat et al. (2001) 

reported the diffusion of Ni from electroless Ni-P to the solder. They found that owing to the 

diffusion of Ni from the Ni-P/Cu interface through the remaining Ni-P layer, many 

vacancies are left in Ni-P especially near the Ni-P/Cu interface. However, they didn’t 

observe any voids in the remaining Ni-P layer due to the depletion of Ni. As before solder 

reaction-assisted crystallization, Ni-P layer has amorphous structure, it is very hard for 

element to diffuse through it because of lack of grain boundaries. Thus, Ni atoms that 

present in the lower part of Ni-P layer cannot compensate the consumption of Ni from the 

upper part of Ni-P layer. So if voids form in Ni-P layer, they should distribute not only at the 

Ni-P/Cu interface but also other parts of Ni-P layer.  

Although none of the existing work presents the complete elemental diffusion process 

of electroless Ni-P/solder system, a partial but common understanding of interfacial 

elemental diffusion and reaction mechanism can be made. In electroless Ni-P/solder 

interfacial reactions, the growth of Ni3Sn4 IMC requires Ni atoms from electroless Ni-P 

UBM and Sn atoms from solder (Lee and Lin, 1994; Ahat et al., 2001). During the diffusion 

of these atoms, P atoms retain in the Ni-P layer (Ahat et al., 2001; He et al., 2004a; Matsuki 

et al., 2002) and as a result a higher P containing Ni-P (Ni3P) layer forms in between Ni3Sn4 

and Ni-P layers (Jang et al., 1999).  The out diffusion of Ni from electroless Ni-P moves the 

Ni3Sn4/Ni3P interface toward the electroless Ni-P layer (Liu et al., 2000b).  

In fact, electroless Ni-P/solder interfacial elemental diffusion and reactions are the 

complicated inter-diffusion processes of all the elements of the system such as Ni, Sn, and P 

and thus the existence of all the compounds should be considered in this. Accordingly, a 

detailed analysis will be carried out in the present work. 
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2.1.5. Kirkendall Void Formation at the Electroless Ni-P/Solder Interface 

Kirkendall voids form in a material system due to the unbalanced atomic diffusion. 

However if there is an intermediate layer between two materials, it may act as a diffusion 

barrier for the atoms of one material, which in turn can cause the rapid diffusion of other 

material into this. As there is a counter diffusion of vacancies, these vacancies accumulate in 

the other material and finally form voids. These voids are called as Kirkendall voids.  

The formation of Kirkendall voids is a reliability issue for solder interconnects, as the 

excessive voiding degrades the mechanical properties of solder joints. The formation of 

Kirkendall voids at the electroless Ni-P/solder interface has been reported in several 

interfacial studies (Ahat et al., 2001; Goyal et al., 2002; He et al., 2004a, d; Jeon et al., 2002; 

Matsuki et al., 2002; Zeng and Tu, 2002). Goyal et al. (2002) observed Kirkendall void 

formation at the interface between Ni3Sn4 IMC and P-rich (Ni3P) layer and explained their 

formation to be due to the faster Sn diffusion into the Ni-P layer than Ni diffusion into the 

solder. Jeon et al. (2002) used TEM to study the liquid-state reactions of electroless Ni-P 

UBM with Sn-Pb and Sn-Ag solders. They also reported the formation of Kirkendall voids 

inside the Ni3Sn4 layer at the locations close to Ni3P layer. This result also indicates that Sn 

diffuses into P-rich layer faster than Ni or P diffusion into IMC. However, Zeng and Tu 

(2002) reported Kirkendall voids in the Ni-Sn-P layer of electroless Ni-P/SnAgCu solder 

joint reflowed for five times.  

Matsuki et al. (2002) found two types of Kirkendall voids at electroless Ni-P/SnPb 

interface. The first were spherical voids that formed at the Ni48Sn52/Ni2SnP interface due to 

the slow diffusion of Ni in Ni2SnP as compared to in Ni3Sn4. The second were columnar 

voids that formed at the Ni2SnP/Ni-20mass%P interface due to the slower diffusion of Sn in 

Ni2SnP that that of Ni. On the other hand, Ahat et al. (2001) reported that Kirkendall voids 

form near the interface between Ni-P and Cu substrate of Cu/Ni-P/SnAgCu solder joint. 
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Recently, He et al. (2004a, d) examined the liquid-state and solid-state interfacial reactions 

of Ni-P UBM with Sn-37Pb and Sn-3.5Ag solders. They found that Kirkendall voids form in 

the Ni3P layer and attributed their formation to the unbalanced elemental diffusion of Ni and 

Sn in the growth of Ni3P layer. In summary, though various findings and explanations have 

been reported on the formation of Kirkendall voids in electroless Ni-P/solder systems, 

however inconsistency exists among them. As in some reliability studies (Ahat et al., 2001; 

Jeon et al., 2002; Goyal et al., 2002), Kirkendall voids have been observed at the fracture 

surfaces of Ni-P/solder joints, these voids may have detrimental effect on the strength of 

solder joint and thus should be studied in detail. 

 

2.2. Mechanical Properties of Ni-P/Solder Joints 

The mechanical reliability of solder joints is a critical issue for the reliability of flip chip 

and BGA packages as the solder joint makes the thermal and electrical interconnection 

between IC chip and substrate. Since the failure of a single solder interconnect can cause the 

failure of a complete device or even the malfunction of entire system, thus to keep the 

interconnection working well, solder joint must be able to bear the mechanical stresses that 

generate in the electronic packages. As shown in Fig. 2.3, shear and tensile stresses generate 

in an electronic package during thermal loading (because of reflow or service temperature) 

due to the coefficient of thermal expansion (CTE) mismatch between constituting materials.  

The mechanical stresses vary when the packages experiences thermal cycle either during 

reflow process or during service and such thermal cycle causes the fatigue of solder joint. 

Moreover, the excessive growth of IMCs makes the solder joint more prone to failure as 

IMCs are brittle in nature and their growth itself generates intrinsic stresses in the solder 

joint. It is, therefore, crucial to understand all the factors that can affect the mechanical 

properties of solder joint to avoid unexpected failure of the device or system. 

Various testing methods such as tensile, shear, fatigue, indentation are used to 
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Fig. 2.3. Schematic illustration of an electronic package (a) with zero strain and (b) with 
thermal load, showing the generation of shear and tensile stresses in the solder joints 
between chip and substrate. 

investigate the mechanical properties of solder joint. Tensile and shear strength of solder 

joint are the important parameters to know the load-bearing capacity of the joint. Whereas, 

the fatigue testing of solder joint is helpful to determine the lifetime of the joint as the 

electronic components usually undergo thermal or mechanical cycles during service. The 

indentation method is used to determine the micro-mechanical properties such as hardness 

and modulus of solder, metallization, and interfacial compounds. Moreover, there are some 

other mechanical tests such as three and four point bending tests, which are used for failure 

analysis of the solder joints in a package. In these types of tests, a package experiences the 

mixed (tensile + shear) stresses that are very common in actual practice. However, these 

tests cannot find out load-bearing capacity or life time of a solder joint or package. 

 

 

 

 

 

 

In the current work, tensile testing and nono-indentation methods have been used to 

investigate the mechanical properties of electroless Ni-P/solder joint, hence a brief 

description of these testing methods is given below: 

 

Tensile Testing 

Tensile testing is an appropriate method to identify the interfacial factors that affect the 

strength of solder joint. The reason for this is the sensitivity of the tensile strength of a solder 

joint to the changes that take place at various interfaces in the solder joint. Tensile testing is 

also a useful method to determine the adhesive strength between UBM and underlying chip 

metallization.  

Solder joints 
Chip 

Substrate Substrate 

(a) (b) 

Chip 
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Normally during tensile testing, if the solder is weaker than the UBM/solder interface, 

deformation occurs inside the solder rather than in the IMC layers. In this case, strain energy 

is accommodated by the deformation and the gradual ductile rupture of the solder. On the 

other hand, if solder is stronger than the UBM/solder interface, only a limited amount of 

strain energy is accommodated by the solder and the rest is transferred to the IMC layers. 

Thus, the tensile behavior of solder joint depends mainly upon the interfacial reactions or 

microstructure. Moreover, it has been reported that if IMC is thin, fracture occurs inside the 

solder and as the IMC grows, fracture occurs either at the solder/IMC interface or inside the 

IMC layers (He et al., 2005; Frear et al., 1991).  

In tensile testing, the strength of solder joint is significantly influenced by the thickness 

of solder in between the metallizations. If the solder layer thickness in between the 

metallizations is too low, then the strong metallizations restrain the deformation of solder 

and thus the tensile strength of solder joint appears much higher than that of bulk solder 

strength. He et al. (2005) observed that because of the constrains from adjacent stronger 

metallizations, in the case of thin Sn-3.5Ag solder layer in between Ni-P metallizations, the 

tensile strength of Ni-P/Sn-3.5Ag solder joint (76 MPa) was much higher than that of bulk 

Sn-3.5Ag solder (40 MPa). Another testing parameter that influences the tensile strength of 

solder joint is the strain rate. The tensile strength of bulk solder (Vianco, 1999) and solder 

joint (Kawashima et al., 1992; Takemoto and Matsunawa, 1997) have been reported to be 

higher with the higher strain rate. In real practice, solder interconnect experiences slow 

deformation, hence a low deformation rate is preferred for measuring the tensile strength of 

solder joint. 

 

Nano-indentation 

The nano-indentation technique is used to measure the mechanical properties such as 

Young’s modulus and hardness of materials. Recently, this technique has been extensively 
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used to measure the mechanical properties of solder, metallizations, and interfacial 

compounds of solder joint. The reason for this is the ability of this technique to test small 

volume and the solder joint is usually of a few hundreds microns. 

In the nano-indentation method, the analysis of load-depth data is done preferably using 

Oliver and Pharr method (Oliver and Pharr, 1992). In this method, the unloading data is 

fitted by a power law function instead of linear function. The power law function can be 

expressed as 

m
chhaP )( −=                                                                                               (2.4) 

where, h is the depth at any stage of loading, hc is the depth through which contact is made 

(contact depth), and a and m are constants. The contact depth is determined from the 

expression: 

)( maxmax CPhhc ε−=                                                                                     (2.5) 

where, hmax is the maximum depth, Pmax is the maximum load, C is the contact compliance 

which is equal to the tangent to the unloading curve at maximum load. The value of ε 

depends on the indenter geometry. For a Berkovich indenter, ε is 0.75. The diamond area 

function A(h) for a Berkovich indenter is given by 

25.24 hA =                                                                                                     (2.6) 

The elastic modulus is calculated by analyzing the unloading portion of the load-depth 

curve according to the following equation: 

AE
C

r

π
2

1
=                                                                                                 (2.7) 

where, Er is the reduced modulus, which is given by the following equation: 

indentersampler EEE

22 111 νν −
+

−
=                                                                  (2.8) 

where, E is the Young’s modulus, ν is Poisson’s ratio.  
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The hardness H is determined from the maximum load Pmax and the projected area of contact 

A(hc) as 

)(
max

chA
P

H =                                                                                                    (2.9) 

Similar to the tensile testing method, the results of nano-indentation test are also 

influenced by the testing parameters and sample geometry. For the nano-indentation test, the 

sample surface must be very flat and smooth. The rough surface of Sn-Pb solder has been 

reported to cause inaccurate measurement of the mechanical properties of solder (Ye et al., 

2003b). Gao and Takemoto (2006) investigated the effect of nano-indentation testing 

parameters on the mechanical properties of Sn-3.5Ag solder. They reported that the 

modulus value of solder does not depend on the loading rate, however higher loading rate 

results in higher hardness. Usually, a low loading rate of equal or less than 0.5 mN/s, is used 

for the solders (Kumar et. al., 2006; Xu and Pang, 2006). 

 

2.2.1. Mechanical Testing of Electroless Ni-P/Solder Joints 

Many studies have been done on the mechanical reliability of electroless Ni-P/solder 

joints. However, different testing methods and sample geometries have been used in these 

studies, which lead to the conflicting results and explanations. Therefore, it is difficult to 

compare the mechanical testing results reported in different studies.  

He et al. (2005) investigated the tensile strength of thermally aged electroless 

Ni-P/Sn-3.5Ag solder joints. They observed that ductile fracture occurs inside the bulk 

solder in the as-soldered solder joint. However, fracture moves to the solder/Ni3Sn4 

interface and then brittle fracture occurs in the Ni3Sn4 layer with the growth of Ni3Sn4 IMC. 

They also reported that the tensile strength of electroless Ni-P/Sn-3.5Ag solder joint 

decreases severely with a brittle fracture at the Ni3P/Ni interface due to the stress caused by 

the volume changes during the phase transformation of electroless Ni-P layer.   
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Chonan et al. (2002a, b) studied the strength of Ni-P/Sn-Ag, Ni-P/Sn-Ag-Cu, and 

Ni-P/Sn-Pb solder joints using a cold bump pull tester. Solder joints having different 

thicknesses and P concentrations of Ni-P layer were studied. They observed that the strength 

of solder joints decreases with the increase in P concentration in Ni-P layer. They also 

observed that independent of the solder materials, the solder joint strength is very sensitive 

to the thickness of P-rich (Ni3P) layer and the strength deceases with the thickness of P-rich 

layer.  They observed that brittle failure of solder joints occurs partially inside the P-rich 

layer and attributed this failure to the voids in the P-rich layer.  Alam et al. (2003) also 

studied the effect of P concentration of Ni-P layer on the mechanical strength of 

Cu/Ni-P/Sn-Ag solder by performing shear testing of solder balls; however they also used 

Ni-P layers of different thicknesses. The Ni-P thickness used was the higher in the case of 

lower P containing Ni-P layer. They reported nearly the same conclusions as Chonan et al. 

(2002a) reported. Ball shear testing method was also used by Jeon et al. (2002) to study the 

mechanical properties of electroless Ni-P/Sn-3.5Ag and electroless Ni-P/Sn-37Pb solder 

joints after reflow for 1 to 16 min. They observed that in both types of solder joints, fracture 

occurs always inside the solder, but as the reflow time increases, the point of fracture 

initiation moves to the Ni3Sn4 IMC. They observed some Kirkendall voids in the Ni3Sn4 

IMC and concluded that these Kirkendall voids and Ni3Sn4 IMC are responsible for the shift 

in the point of fracture initiation. 

Besides the ball shear test, other shear tests such as lap-shear (Sohn et al., 2005) or 

direct-shear (Ahat et al., 2000) of components were also used in a few reliability studies of 

electroless Ni-P/solder joints. Sohn et al. (2005) observed two fracture modes in the 

reflowed Ni-P/Sn-3.5Ag solder joints; ductile fracture passing through the bulk solder and 

brittle fracture passing through the interface between Ni3Sn4 and Ni-P layers. They observed 

the spalling of Ni3Sn4 IMC and claimed the brittle fracture occurs due to the Ni3Sn4 spalling 

and the growth of Ni-Sn-P layer. Nonetheless, no brittle-fracture area matched directly with 
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the spalling area. Ahat et al. (2000) also observed two fracture modes in the 

Sn-36Pb-2Ag/Ni-P/Cu and Sn-3.5Ag/Ni-P/Cu joints. They observed ductile fracture mode 

that occurred in the bulk solder of as-prepared solder joint and brittle fracture mode that 

occured at different locations depending upon the thermal aging duration. Brittle fracture 

occurred at three locations, in the solder, in the Ni3Sn4 layer, and at the solder/Ni-P interface, 

in the joints aged for 250 h and it occurred at the Ni-P/Cu interface in the joints aged for 

1000 h. They related the brittle failure of solder joint to the excessive depletion of Ni 

characterized by a rapid accumulation of P in the remaining Ni-P layer that resulted in poor 

adhesion between Ni-P layer and Cu substrate due to the crack formation at the Ni-P/Cu 

interface. 

Liu and Shang (2000a, b) examined the interfacial fatigue resistance of thermally aged 

Sn-37Pb/Ni-P solder joint using flexural peel specimen. In the as-reflowed specimen and 

the specimen mild-aged at 170ºC for 15 days, the fatigue-crack-growth occurred 

predominantly along the interface between the solder and the Ni3Sn4 IMC. Whereas in the 

specimen over-aged at 170ºC for 30 days, the fatigue-crack-growth depended strongly on 

the applied strain energy release rate. At low to medium rate, the fatigue-crack-growth 

followed the same trend as it followed at shorter aging condition. However, the high rate 

resulted in the brittle fracture passing through the Ni3Sn2 layer that located underneath the 

Ni3Sn4 IMC layer. The over aging of solder joint resulted in a sharp drop in the fatigue 

resistance of the Sn-37Pb/Ni-P interface. They attributed this sharp drop in interfacial 

fatigue resistance to the brittle fracture of the Ni3Sn2 IMC that grew in the over-aged 

specimen.  

There are also some studies (Goyal et al., 2002; Mei et al., 1998) that used three and 

four point bending tests to analyze failure mechanism of electroless Ni-P/solder joints in a 

BGA package. Goyal et al. (2002) reported that brittle failure occurs in the electroless 

Ni-P/Sn-Pb solder joint due to the Kirkendall voids formed at the interface between P-rich 
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Ni-P layer and Ni-Sn IMC, segregation of P in P-rich Ni-P layer, and density of mudflat 

crack in the P-rich Ni-P layer. However Mei et al. (1998) reported that the brittle failure of 

Cu/electroless Ni-P/Au/Sn-Pn joints occurs owing to the one or more failure mechanism(s) 

such as P segregation in Ni-P, contamination or oxidation of Au/Ni-P metallization, and 

extensive cracking in Ni-P. 

 

2.2.2. Factors Causing the Brittle Failure of Ni-P/Solder Joints 

In general, the mechanical behavior of solder joint can be affected by several factors 

such as reflow and service temperatures, reflow and service durations, and the 

microstructural and physical properties of solder and metallization materials. Though all 

these factors are different, each of these factors influences the microstructure and intrinsic 

stresses of solder joints and thereby changes their mechanical behavior.  

The solder joint is actually comprised of solder, metallization layers, and IMCs that 

form between solder and metallization. The formation of IMCs in a solder joint is closely 

related to the reflow and service conditions such as temperature and duration. The physical 

properties of these IMCs differ a lot from those of solder and metallization materials. The 

IMCs are much harder compared to the solder and metallization materials and this indicates 

their high brittleness (Frear et al., 1994; Mallory and Hajdu, 1990). The growth of IMCs can 

be beneficial or detrimental for the reliability of solder joint. Formation of a thin layer of 

IMCs during soldering is desirable and beneficial to achieve good metallurgical bond 

between solder and metallization. However, the excessive growth of IMCs can affect the 

mechanical reliability of solder joint as they are very brittle in nature and can act as initiation 

site for micro-cracks. In addition, the difference of density among the IMCs, metallization, 

and solder can cause the development of intrinsic stresses in the solder joint due to the 

excess growth of IMCs.  

The microstructure of solder joint is also related to the process and service conditions 
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such as temperature and time. However, the change in the microstructure of solder and 

metallization with the process and service conditions depends upon solder and metallization 

materials itself. Thus, it is imperative to understand the evolution of the microstructure 

(interfacial as well as bulk) of solder joint and its effect on the mechanical properties of the 

solder joint.  

A number of studies have reported the brittle failure of electroless Ni-P/solder joints; 

however, no conclusive factors that cause the brittle failure have been identified. This is 

because of the different results reported in different studies. Goyal et al. (2002) and Mei et 

al. (1998) observed brittle fracture at the Ni3Sn4/Ni-P interface of electroless Ni-P/Sn-Pb 

solder joint and identified several possible failure mechanisms such as P segregation in Ni-P, 

contamination or oxidation of Au/Ni-P metallization, and extensive cracking in Ni-P. Alam 

et al. (2003) also observed brittle fracture in the Sn-Ag/Au/Ni-P/Cu joint and concluded that 

the formation of crystalline P-rich Ni layer at the interface between Sn-Ag solder and 

Au/Ni-P/Cu pad deteriorates the mechanical strength of the joint. However, Ahat et al. 

(2000) reported that the brittle failure occurs at the Ni-P/Cu interface of Sn-Ag/Ni-P/Cu 

joint due to the Kirkendall voids, which form due to the excessive depletion of Ni in the 

remaining Ni-P layer or the rapid accumulation of P. On the other hand, He et al. (2005) 

reported that the formation of Kirkendall voids in the Ni3P layer do not affect the 

Ni-P/Sn-3.5Ag solder joint strength. Nevertheless, the change in Ni-P volume during its 

transformation and growth of Ni3Sn4 were reported to be the reasons for deterioration in the 

joint strength (He et al., 2005). Further, some studies reported that the formation of Ni3Sn2 

(Liu and Shang, 2000a) or Ni2SnP (Matsuki et al., 2002) layer at the Ni-P/Ni3Sn4 interface 

causes the brittle fracture of electroless Ni-P/Sn-Pb solder joint. Recently, Sohn et al. (2005) 

claimed that the spalling of Ni3Sn4 IMC takes place in the Ni-P/Sn-Ag solder joint due to the 

growth of Ni3SnP layer, and these together cause the brittle failure of solder joint. However, 

they could not correlate their claim with the location of fracture surfaces. Although all these 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2: Literature Review 

   33

studies indicate that the interfacial reactions and microstructure of electroless Ni-P/solder 

joint are the critical factors for the mechanical reliability of solder joint, the main factors 

causing the brittle failure of electroless Ni-P/solder joints are still not clear. Thus, more 

work has to be done to identify these factors. 

 

 

2.3. Electromigration 

Electromigration is defined as a mass transport phenomenon caused by the high density 

of electric current in a media where charge transport is electronic rather than ionic 

(Golopentia and Huntington, 1978). When an electric field is applied to a conductor, the 

electromigration force on the activated ion constitutes two forces and is given by 

wdesem FFF +=                                                                                             (2.10) 

where, Fes and Fwd are the electrostatic field force and the wind force, respectively. The 

electrostatic field force is due to the field interaction with the effective ionic charge. As the 

effective ionic charge is diminished by the screening effect of ion’s bound-electrons, the 

magnitude of the electrostatic field force is small. On the other hand, the wind force, which 

is due to the momentum transfer between moving charge carriers and activated ions, is of 

significant magnitude. These two forces act in opposite directions, the electrostatic force in 

the direction of electric field, and the wind force in the opposite direction as it is brought by 

electrons flowing in the direction opposite to the applied field. The resulting 

electromigration force Fem is written as 

** jZeeEZFem ρ==                                                                                        (2.11) 

where, Z* is the effective charge number and it represents the net effect of the electrostatic 

field force and the wind force, ρ is the resistivity, and j is the current density. 
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Electromigration-induced Mass flux 

In the case of high density electric current, the effect of electromigration gives rise to 

the movement of ions along with the electron current (Campbell and Huntington, 1969; 

Christon 1994; Golopentia and Huntington, 1978; Hsieh and Huntington, 1978; Huntington 

et al., 1984; Sullivan, 1967; Routbort, 1968). If  μ and C are the mobility and the 

concentration of moving ions, respectively, then the resulting ionic flux due to 

electromigration force, Fem, is given by 

demem CvCFJ == μ                                                                                        (2.12) 

where, vd is the drift velocity. From the Nernst-Einstein relation, the mobility is 

kTD /=μ                                                                                                     (2.13) 

where, D is the diffusivity, k is the Boltzmann’s constant, and T is the absolute temperature. 
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and Ho, 1988). 

When an electric current passes through a polycrystalline metallic thin film, the ionic 

flux J comes primarily from electromigration occurring in lattice and at the grain boundary. 

For the lattice, the lattice electromigration flux (Gupta and Ho, 1988) is 

ejZDC
kT

J llll ρ*1
=                                                                                        (2.15) 

and for an ideal grain structure, the grain boundary electromigration flux (Gupta and Ho, 

1988) is 

ejZD
d

C
kT

J bb
b

b ρδ *1
=                                                                                    (2.16) 

where, the subscripts l and b denote the parameters of lattice and grain boundary, 

respectively. The quantity δ is the effective boundary width (∼10 Å) for mass transport and d 

is the average gain size. Gupta and Ho (1988) calculated the relative contribution of Jl anf Jb 

in the electromigration with the help of their ratio 
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=                                                                                          (2.17) 

They showed that for a thin film with 1 μm grain size at moderate temperature (∼0.5 Tm), the 

ionic flux from the lattice diffusion is very small (∼0.01 %) as compared to the grain 

boundary diffusion. Thus, the latter becomes the dominant mode of mass transfer and 

distinguishes the effect of electromigration in thin films from bulk materials. 

 In thin film interconnects, electromigration-induced damages usually appear in the 

form of voids and hillocks (Durkan et al., 1999; Gupta and Ho, 1988; Pierce and Brusius, 

1997). Voids grow and link together to cause electrical discontinuity in conductor line, 

which lead to open circuit failure.  Hillocks also grow and extrude out materials to cause 

short-circuit failure. This phenomenon can be observed from the response of a short Al strip 

deposited on TiN. This type of structure is called as Blech structure for electromigration test 

(Blech, 1976; Blech and Herring, 1976).  Fig. 2.4 is a micrograph of aluminium stripes 
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deposited on TiN and annealed at 350°C in the presence of current of 3.7 × 105 A/cm2 

density for 15 h (Blech, 1976). The strips deplete at the cathode (-ve) end and extrude at the 

anode (+ve) end. 

                  

 

 

Effect of Electromigration on Interfacial Reactions   

When two different materials are kept in contact, atoms diffuse from one material to 

another due to concentration gradients (more precisely, chemical potential gradients) and 

new phases form as well if the thermodynamic and kinetic conditions are appropriate. The 

reactions that take place in the vicinity of the contact are called as interfacial reactions. At 

the initial stage of the interfacial reactions, new phases nucleate, and then the associated 

mass transport governs their growth. The diffusion flux resulted from concentration gradient 

is described by Fick’s first law 

x
CDjc ∂

∂
−=                                                                                                    (2.18) 

where D is the diffusivity, ∂C/∂x is the concentration gradient, and x is the axis parallel to the 

concentration gradient. From Eqs. 2.14 and 2.18, the total ionic flux due to the concentration 

gradient and electromigration is 

kT
jeCDZ

x
CDjjj emcT

ρ*

+
∂
∂

−=+=                                                              (2.19) 

Fig. 2.4. Drift of four aluminium stripes of various lengths annealed at 350°C in the presence 
of current of 3.7 ×105 A/cm2 density for 15 h (Blech, 1976). 
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Liu et al. (1998) investigated the influence of electric current on Al/Ni interfacial 

reactions. They observed that the same IMCs, Al3Ni and Al3Ni2, form at the interfaces with 

and without the passage of electric current, however, the current significantly influences the 

thickness of Al3Ni2 phase. The Al3Ni2 IMC grew three times thicker in the sample aged with 

current of 103 A/cm2 density than in the sample aged without current. However, the 

thickness of Al3Ni layer did not change significantly due to the current. A long incubation 

period was reported to require for the formation of Al3Ni2 phase in the absence of current. 

Chen et al. (1998) studied the same effect on Sn/Cu and Sn/Ni interfacial reactions. A DC 

current of 5 × 102 A/cm2 was passed through the samples at 200°C for 72 to 480 hrs. They 

observed a dependence of IMC formation on the direction of the flow of electrons. In Sn/Ni 

system, the formation of Ni3Sn4 layer was enhanced when the flow of electrons was in one 

direction (from Sn to Ni) and inhibited when flow was in the opposite direction. However, 

Fig. 2.5. TTF as a function of current stress for different samples for a criterion of ΔR/R = 
100 %: (a) at 300 °C and (b) at different temperatures (Vanhecke et al., 1993). 
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no significant effect of electromigration was observed on the Sn/Cu interactions. Further in 

the similar Sn-3.8Ag-0.7Cu/Cu system, Gan and Tu (2005) observed the effect of 

electromigration on the Cu-Sn IMC growth, but at relatively higher (~ 104 A/cm2) current 

density.  

In an electromigration study on Sn/Ag system, Chen and Chen (1999) passed the DC 

current of 5×102 A/cm2 density at 140°C and 200°C for 1 to 20 days and observed that the 

effect of electromigration depends upon temperature. The electromigration had significant 

effect on IMC growth at low temperature (140°C) but no effect at higher temperature 

(200°C). They explained this observation using the difference in the temperature 

dependence of the two terms of Eq. 2.19. They also investigated the effect of 

electromigration upon Sn/Ag and Sn/Ni interfacial reactions at various temperatures and 

current densities (Chen and Chen, 2002). The current densities used were 5 × 102 and 1 × 

103 A/cm2. They observed that the effect of electromigration increases with increasing the 

current density and decreases with increasing the temperature.  

Chan and Chan (2003) reported the effect of electromigration on Sn/Ni interfacial 

reaction at low (100°C) temperature and 4×103 A/cm2 current density. They reported that 

while two Ni-Sn phases, stable Ni3Sn4 and metastable NiSn3, form at both the Sn/Ni and 

Ni/Sn interfaces due to the aging without current, only one Ni3Sn4 phase forms at the Sn/Ni 

interface and very thick NiSn3 phase with Ni3Sn4 phase form at the Ni/Sn interface due to 

the aging with current. They explained that in the presence of current, at the Sn/Ni interface 

(where electrons flow opposite to the direction of Ni diffusion) the nucleation of NiSn3 

phase is inhibited, whereas at the Ni/Sn interface (where the electrons flow in the same 

direction as that of Ni diffusion) the nucleation and growth of the NiSn3 phase is enhanced. 

Bertolino et al. (2001) investigated the effect of electromigration in Al-Au 

multi-layered sample by passing the DC current of densities of 0.0, 5.09×102 A/cm2, and 
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1.09×103 A/cm2 at 450°C for up to 8 h. They observed the same nature and sequence of the 

formation of Al-Au IMCs in the samples aged with and without current. However, the 

growth rates of the IMC layers were different from each other. In the presence of current, all 

four Al-Au IMCs, Au5Al2, Au2Al, AuAl, and AuAl2 formed even for the shortest reaction 

time, but their thicknesses differed from each other considerably with time. The Au2Al 

phase grew at the expense of Au and when Au is consumed completely, the thickness of 

Au5Al2 phase began decreasing. However, there was negligible change in the thickness of 

AuAl and AuAl2. The authors attributed this phenomenon to the effect of electromigration 

on nucleation as well as growth processes.  

 Shi et al. (2000) investigated the effect of electromigration on the interface evolution of 

nano-scale Au-Ag bimetal film on SiO2 substrate.  The experiments were conducted at 

140°C for 5 and 30 min with a current of 2 A/cm2 density. It was observed that the 

electromigration alters the aggregation states of metal atoms in Au-Ag film from continuous 

islands to isolated islands and further to a corrugated sheet structure. It was also found that 

electromigration induces the chemical reaction occurring at the interface between Au-Ag 

film and SiO2 layer.  They claimed that the electromigration in Au-Ag bimetal film on SiO2 

surface is accompanied with chemical interfacial reaction. 

 

Effect of Electric Current on the Phenomena related to Microstructure  

Conrad (2000) reported several examples of effect of electric current on solid-state 

phase transformations such as IMC formation and growth, precipitation, crystallization of 

amorphous alloys, and recrystallization and grain growth of cold worked metals. It was 

reported that an electric current of density greater than 103 A/cm2 accelerates the solid-state 

transformations in some metals and alloys, whereas it retards in others. This effect depends 

upon the composition, prior heat treatment of the materials, and the strength and frequency 

of current. The effect of current on the nucleation rate was also reported.  
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There are several studies (Lai et al., 1989; Lai et al., 1995; Teng et al., 1996) on the 

electric current-induced crystallization behavior of rapidly quenched amorphous Fe-Si-B 

alloys. It was reported that the electric current accelerates the Fe-Si-B crystallization. 

Koppenaal and Simcoe (1963) studied the effect of DC current on the precipitation rate of 

Al-4wt.% Cu alloy with the help of resistivity measurements and reported that beyond a 

critical value of the current density of around 103 A/cm2, current increases the precipitation 

rate of the alloy linearly. Though several examples of the effect of electric current on the 

microstructural behavior of materials and alloys are available, but our understating of the 

mechanisms associated with these effects is still not complete.   

 

2.4. Electromigration Effect in Solder Joint 

2.4.1.  Electromigration-Induced Electrical Failure of Solder Joint 

Brandenbery and Yeh (1998) observed that the electromigration-induced electrical 

failure occurs in eutectic Sn-Pb solder interconnect within a few hundred hours of aging at 

150°C under a current of 8 × 103 A/cm2 density. This current density is about one order of 

magnitude less than that used in wafer level interconnects such as Al and Cu metallic lines 

(Blech, 1976; Blech and Herring, 1976; Christon, 1994; Gupta and Ho, 1988). 

Electromigration rate in solder alloys has been reported to be very fast even at room 

temperature (Liu et al., 1999; Liu et al., 2000a). The reasons for fast electromigration rate in 

solder alloys are their low melting point and high atomic diffusivity. Moreover, the 

line-to-bump configuration in flip chip package produces very high current density change 

when current flows from the IC metallic line into the solder interconnect and vice versa. 

This change in current density results in current crowding in solder joint, which further 

enhances the electromigration-induced electrical failure of solder joint (Yeh et al., 2002; 

Yeh and Tu, 2000).  Yeh et al. (2002) investigated the current crowding effect on the 

electromigration failure of eutectic Sn-Pb solder joint. They observed that 
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electromigration-induced electrical failure of eutectic Sn-Pb solder joint occurs within 40 h 

of aging at 125°C with a current of 2.25×104 A/cm2 density. During the failure, voids 

nucleated near the current crowding region and then propagated throughout the 

cross-section. The nucleation of voids took long incubation time but they propagated very 

fast. The position of voids was reported to depend strongly on the current crowding region. 

Lee et al. (2001b) studied electromigration effect in the eutectic Sn-Pb solder 

interconnect aged at 120°C for various durations up to 324 h with a current of 104 A/cm2 

density. It was reported that during electromigration, voids and Pb rich hillocks form at the 

cathode (-ve) side and the anode (+ve) side of the solder interconnect, respectively. A very 

large compositional redistribution occurred in the Sn-Pb solder, where a Pb-rich layer 

formed at the anode side suggesting that Pb was the dominant diffusing species at low 

temperature (120°C). The same authors also investigated the electromigration effect in the 

Sn-3.8Ag-0.7Cu flip chip solder joint (Lee et al., 2001a). The UBM on chip side was 

electroless Ni-P and on board side it was electroplated Cu. The experiments were performed 

at 120°C and at current density of 3.8×104 A/cm2. They observed that unlike in eutectic 

Sn-Pb solder, electromigration has very small affect in Sn-3.8Ag-0.7Cu solder. The void 

formation was negligible in the case of Sn-3.8Ag-0.7Cu solder, but some hillocks of IMC 

formed at the anode side. 

 

2.4.2. Electromigration-Induced UBM/Solder Interfacial Reactions   

As mentioned previously, an important electromigration effect is its polarity effect on 

IMC growth in a reaction couple. Since solder joint is a reaction couple between solder and 

metallization, nearly the same polarity effect of electromigration is observed in the solder 

joint, and this effect will be covered in this section 

Chen and Chen (2001) studied the effect of electromigration on the Sn-0.7Cu/Ni and 

Sn-3.5Ag/Ni interfacial reactions. Sandwich-type reaction couples of 
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Sn-0.7Cu/Ni/Sn-0.7Cu and Sn-3.5Ag/Ni/Sn-3.5Ag were used in the studies. The annealing 

was carried out at 160, 180 and 200°C for 120 to 480 h, with and without electric current of 

5×102 A/cm2 density. They observed that electromigration influences the phase formation 

and growth of IMC in the case of Sn-0.7Cu/Ni reaction couple. During annealing without 

current only one Ni3Sn4 phase formed, with only small solubility of Cu at both the interfaces. 

Whereas with current, at the Sn-0.7Cu/Ni interface (where electrons flow from solder to Ni), 

two IMC phases, Cu6Sn5 (dark) and Ni3Sn4 (bright) formed and at the Ni/Sn-0.7Cu interface 

(where electrons flow from Ni to solder), only one Ni3Sn4 phase formed. They also observed 

that current enhances the growth of IMC at the Sn-0.7Cu/Ni interface and retards at the 

Ni/Sn-0.7Cu interface. This difference in the interfacial reactions in the case of passage of 

current was attributed to the electromigration, which enhanced the flux of Sn and Cu in the 

direction of movement of electrons. Similar effect of electromigration was reported in 

Sn-3.5Ag/Ni couple, but in this case only one Ni3Sn4 phase formed at both the interfaces 

with different thicknesses in the case of passage of electric current. They also reported that 

the effect of electromigration decreases with increasing the temperature.  

 Gan and Tu (2005) investigated the polarity effect of electromigration in 

Cu/Sn-3.8Ag-0.7Cu solder joint at different temperatures (120, 150, and 180 °C) and 

current densities (103-104 A/cm2). They observed that while the same Cu-Sn IMCs form at 

the solder/Cu interface independent of the passage of electric current, the growth of IMC is 

enhanced by the electric current at the anode (where electrons flow from solder to Cu) and 

inhibited at the cathode (where electrons flow from Cu to solder), in comparison without 

current. Kirkendall voids formed at the cathode side solder/Cu interface at high current 

density (~104 A/cm2). Dissolution of Cu-Sn IMC at the cathode side solder/Cu interface was 

observed at high current density (~104 A/cm2) and low temperature (120 °C).  
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2.4.3. Effect of Electric Current on the Mechanical Behavior of Solder Joints   

In real practice, solder joints work under both thermal stress as well as electrical stress. 

While the influence of thermal stress on the mechanical properties of solder joint has been 

extensively investigated, the effect of electrical current on the mechanical behavior of solder 

joint has been investigated only in a recent study (Ren et al., 2005). Ren et al. (2005) studied 

the effect of electromigration on mechanical behavior of Sn-3.8Ag-0.7Cu and Sn-Pb solder 

joints with Cu and Ni metallizations at 100-155°C temperatures and 103-104 A/cm2 current 

densities. They observed that without applying current, the solder joint breaks at the middle 

of solder, however after applying current, failure occurs at the cathode side of solder joint. 

They also observed a decrease in the tensile strength of Sn-3.8Ag-0.7Cu solder joint with 

the increase in current density. However, no detailed explanation has been given about the 

failure mechanism.  

As the presence of electrical current in solder joint is inevitable and the electric current 

significantly influences the interfacial as well as bulk microstructure, thus more systematic 

work is needed for thorough understanding of electric current effect on the mechanical 

properties of solder joint. 

 

2.5. Summary and Remarks 

From the literature, it is apparent that the interfacial reactions between electroless Ni-P 

UBM and solder are highly complex due to the presence of P in Ni-P. Multilayered 

interfacial compounds such as Ni3Sn4, Ni3P, and Ni-Sn-P form during interfacial reactions. 

Needle-type and chunk-type Ni3Sn4 IMCs have been reported in reflowed Ni-P/solder joint, 

while scallop-type Ni3Sn4 IMC in solid state aged solder joint. Growth kinetics of Ni3Sn4 

and Ni3P has been investigated in several studies, but there is wide inconsistency in the 

published results. Moreover, nothing has been reported about the growth kinetics of ternary 

Ni-Sn-P layer.  
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The formation of Kirkendall voids at electroless Ni-P/solder interface has been reported 

in many studies; however, there is a disagreement of the location and the formation 

mechanism of Kirkendall voids. In addition, interfacial elemental diffusion and reaction 

mechanism are also not clear yet. Thus, it can be said that though many studies have 

investigated morphology, growth kinetics, and growth mechanism of interfacial compounds 

in electroless Ni-P/solder joint, there are still many issues that need to be investigated either 

due to inadequate attention or discrepancies among these investigations. Moreover, no 

systematic comparison of electroless Ni-P/solder interfacial reactions has been done with 

different Ni-P thicknesses and P concentrations.  

Many studies have reported the brittle failure of the electroless Ni-P/solder joints. 

However in different studies, different factors have been reported to cause the brittle failure 

of the joint. As a result, it is difficult to identify the main cause(s) of brittle failure and to 

correlate the interfacial reactions with the mechanical properties of electroless Ni-P/solder 

joint. In the current work,  efforts have been made to identify the factor(s) causing the brittle 

failure of the joint and to correlated the mechanical behavior of solder joint with interfacial 

reactions and/or microstructure. To achieve this, some material parameters such as the 

thickness and P concentration of Ni-P UBM (which influence the interfacial reactions) have 

been varied and tensile testing method (which is sensitive to interfacial changes) has been 

used. 

From electromigration related literature, it is clear that electromigration significantly 

influences the elemental diffusion in the bulk material and reaction couple. The unbalanced 

elemental diffusion not only results in the formation of voids and hillocks in the bulk 

material and reaction couple but also influences the interfacial reactions in reaction couple. 

The effect of electromigration becomes more severe in solder joint due to the low melting 

point and high diffusivity of solder alloy, and the presence of concentration gradient at 

UBM/solder interface. Therefore, electromigration effect in solder joint can be seen at 
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relatively low current densities (<103 A/cm2). It is also clear that electromigration effect 

increases with current density and time and depends upon the materials system. Thus, it is 

imperative to study the effect of electromigration on the interfacial reactions and 

mechanical behavior of electroless Ni-P/solder joint, which is an extensively used solder 

joint in electronic packages. 
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Chapter 3 

Cu/Electroless Ni-P/Sn-3.5Ag Interfacial Reactions and their 

Effect on Solder Joint Strength 

 

 

3.1. Introduction 

The presence of P in the electroless Ni-P causes complex electroless Ni-P/solder 

interfacial reactions resulting in the formation of multiple interfacial compounds (Chen et 

al., 2004; Hwang et al., 2003; Jang et al., 1999; Liu et al., 2000, 2000b; Matsuki et al., 2002; 

Sohn et al., 2004b; Wang and Liu, 2003; Yoon and Jung, 2005; Zeng and Tu, 2002). The 

growth of multiple interfacial compounds in the electroless Ni-P/solder system is of great 

interest, as in many reliability studies brittle fracture has been found to occur in between 

these compounds (Ahat et al., 2000; Alam et al., 2003; He et al., 2005; Liu and Shang, 

2000a; Matsuki et al., 2002; Mei et al., 1998). 

Although several studies have examined the interfacial reactions and joint strength 

between electroless Ni-P and solder, little is known about the growth kinetics and 

mechanism of interfacial compounds and the factors that affect the mechanical properties of 

solder joint. The reason for this limited knowledge is that most of the studies have been 

carried out either under solid-state aging (usually at temperatures below 150°C) or under 

liquid-state aging (usually at temperatures above 210°C). At these aging conditions, 

interfacial reactions are either too slow or too fast to understand well. Thus, a thorough 

investigation is required for intermediate aging conditions that can represent sufficient 

window of aging conditions. Accordingly in this investigation, solid-state aging of 

Cu/electroless Ni-P/Sn-3.5Ag solder joint has been carried out at high temperatures ranging 
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from 140°C to 200°C.  An effort has been made to identify the factors that affect the 

mechanical properties of solder joint. 

 

3.2. Experimental Procedures 

3.2.1. Preparation of Test Samples 

Cu (99.98 wt.%) plate of size of 70 mm × 25 mm × 6 mm was used to fabricate 

multi-layered test samples Cu/electroless Ni-P/Sn-3.5Ag/electroless Ni-P/Cu. The Cu plate 

was surface cleaned, first by polishing down to 1 μm finish, then by ultrasonically cleaning 

with acetone for 10 min, then by etching with 20 vol.% HNO3 solution for a few seconds, 

and finally by cleaning with de-ionized water. Electroless Ni-P was plated on the surface 

cleaned Cu plate in two steps. In the first step, Cu surface was activated using the 

ruthenium-based pre-initiator. Then, electroless Ni-P was plated on the activated Cu surface. 

Thin layer (~0.05 μm) of non-cyanide immersion gold was also deposited on electroless 

Ni-P surface to protect the surface from oxidation. The schematic of metallization layer(s) 

on the Cu plate is shown in Fig. 3.1. 

 

 

  

 

Electroless Ni-P/Sn-3.5Ag solder joint was prepared by cutting the electroless Ni-P 

coated Cu plate into two plates of sizes of 40 mm × 25 mm × 6 mm and 30 mm × 25 mm × 

6 mm, and then joining them with each other using Sn-3.5Ag solder wires, as shown in Fig. 

3.2. The joint was formed during the reflow process by placing a number of small pieces of 

solder wires on the smaller piece of electroless Ni-P coated Cu plate and pressing them by 

the bigger plate. “No-clean” paste flux was applied on both the plates before placing the 

Fig. 3.1. Schematic of metallization layout on the Cu plate. 

  Cu (~ 6 mm) 

  Electroless Ni-P  

 Au ~ 0.05 μm 
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Sn-3.5Ag wires. The reflow process was carried out in IR reflow oven (ESSEMTEC 

RO-06E) which involved preheating at 150°C for 100 s, then reflowing at 250°C for 60 s, 

and finally cooling down to 160°C in the oven. Alumina spacers of thickness of around 650 

μm were used to maintain the uniform thickness of Sn-3.5Ag solder in between the plates. 

The joined plates were cut into a number of small test samples of cross-sectional area of 

around 600 μm × 650 μm with the help of a diamond saw. Fig. 3.3 shows the schematic 

diagram of test sample. 

 

 

 

 

 

 

 

 

 

 

3.2.2. Thermal Aging of Test Samples 

Solid-state thermal aging at 150 °C for 1000 h is a required reliability test for 

solder/UBM joint (Tu and Zeng, 2001). In this work, solid-state aging was carried out at 

higher temperatures (160-200 °C) to shorten down the aging duration. For thermal aging, 

as-prepared test samples were kept in the oven (Lenton WHT4/30) at 140, 160, 180, and 200 

°C for 48, 100, 225, and 400 h. After aging, the samples were removed from the oven and 

cooled in air to room temperature. 

 

Alumina spacers 

Electroless Ni-P coated Cu Plate 

Sn-3.5Ag Wire 

Electroless Ni-P coated Cu Plate

Fig. 3.2. Schematic illustration of joining the Ni-P coated Cu plates. 
 

650 μm 
Cu

Sn-3.5Ag 

Cu

Electroless Ni-P 
600 μm 

6 mm 650 μm 

Fig. 3.3. Schematic diagram of test sample. 
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3.2.3. Tensile Testing of Test Samples 

Tensile testing of test samples was performed using INSTRON 5567 tensile tester. Five 

samples from each condition were tensile tested to obtain the average and the standard 

deviation. The tensile test was done at room temperature with a constant crosshead speed of 

0.05 mm/min to a complete fracture.  

Strain compatibility is an issue in inhomogeneous solids. As a result, a thin layer of 

solder in a solder joint results in a high mechanical strength of the solder joint (He et al., 

2005). To eliminate this effect, a thick (650 μm) solder layer with a cross-sectional area of 

600 μm × 650 μm was used in the present work. 

 

3.2.4. Microstructural Observations 

JEOL JSM-6360A Scanning electron microscope (SEM) was used for microstructure 

analysis. For the cross-sectional SEM, the samples were cold mounted in epoxy and 

polished down to 1 μm finish. After polishing, solder etching was carried out with 4 vol.% 

HCl acid for a few seconds to reveal the microstructure. To observe top-view of interfacial 

compound, the sample was soaked in 5 vol.% HNO3 acid for a few minutes to dissolve all 

the solder. Energy dispersive X-ray spectroscopy (EDS) was performed in the SEM to 

analyze the chemical composition of interfacial compounds. Image processing and analysis 

software was used to measure the area and length of interfacial compound from the SEM 

images. The thickness of interfacial compound was determined by dividing the area with the 

length. The thickness was measured at six different locations in a sample to estimate the 

average value. 

 

3.3. Results 

3.3.1. Interfacial Microstructure Analysis 

SEM and EDS analyses of as-prepared and thermally aged samples were carried out to 
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analyze the formation of interfacial compounds as well as to understand the evolution of 

interfacial microstructure. 

As-prepared Sample  

Thickness and P-concentration of as-plated electroless Ni-P layer were measured to be 

around 9.9 μm and 16 at.%, respectively. Fig. 3.4a and b, respectively, are the 

cross-sectional and top view of compounds formed at the Sn-3.5Ag/electroless Ni-P 

interface of as-prepared sample. From the figures, it is clear that needle-type and 

chunky-type Ni3Sn4 intermetallics formed at the Sn-3.5Ag/electroless Ni-P interface during 

reflow, some of which spalled off into the molten solder. Underneath the Ni3Sn4 

intermetallics, a ternary Ni-Sn-P layer formed, whose composition was difficult to measure 

by EDS in the SEM owing to its submicron thickness (Table 3.1). Underneath the Ni-Sn-P 

layer, a dark thin Ni3P layer having a large number of columnar voids formed within the 

electroless Ni-P layer. Formation of these compounds is in agreement with the results of 

previous interfacial studies between electroless Ni-P and different solders (Jang et al., 1999; 

Zeng and Tu, 2002; Matsuki et al., 2002; Chen et al., 2004; Wang and Liu, 2003). The 

immersion Au layer that plated on the electroless Ni-P layer completely dissolved in the 

molten solder during reflow, as no Au or Au–Sn intermetallic was found at the 

Sn-3.5Ag/electroless Ni-P interface. 

 

 

 

  

 

 

 

 
Fig. 3.4. (a) Cross-sectional and (b) top views of compounds formed at the 
Sn-3.5Ag/electroless Ni-P interface of as-prepared sample.  

b 

Ni3Sn4 

Ni3Sn4 

Ni-P 
Ni3P 

Sn-3.5Ag 

Ni-Sn-P Voids 

Cu 

a 

Voids 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3: Cu/Electroless Ni-P/Sn-3.5Ag Interfacial Reactions and their Effect on Solder Joint Strength 

   52

  

 

 

Compounds Ni Sn P 

Ni-P 84±1.5 - 16±1.5 

Ni3Sn4 41±1.5 59±1.5 - 

Ni-Sn-P - - - 

Ni3P 74±1.5 - 26±1.5 

 

 

Thermally aged samples 

Fig. 3.5 is the back-scattered SEM images showing the growth of various compounds at 

the Sn-3.5Ag/electroless Ni-P/Cu interfaces in the samples aged at different temperatures. It 

can be observed that mainly three compounds, Ni3Sn4, Ni-Sn-P, and Ni3P, grew during aging. 

With the growth of compounds, columnar voids present in the Ni3P layer also grew in size as 

well as in number. Owing to the aging, the morphology of Ni3Sn4 changed into the 

scallop-type (Fig. 3.6). In the sample aged at 180 °C, most of the electroless Ni-P layer 

transformed into Ni3P layer as shown in Fig. 3.5c. The thickness of this transformed 

electroless Ni-P layer (~ 5.2 μm) is much smaller than that of as-plated electroless Ni-P 

layer (~ 9.9 μm). This shrinkage in Ni-P layer indicates that during aging, Ni diffused out 

from the electroless Ni-P (Ni84P16) layer to form Ni3Sn4 leaving behind a higher P 

containing Ni-P (Ni3P) layer within the electroless Ni-P layer.  

 

 

 

 

Table 3.1. EDS results showing the chemical composition (at.%) of compounds formed at 
the Sn-3.5Ag/Ni-P/Cu interfaces of the as-prepared sample. 
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In the samples aged at 180 °C and 200 °C, Sn-3.5Ag/Ni3Sn4 interface became more 

even and some particles of Ag3Sn and spalled Ni3Sn4 IMCs accumulated at the 

Sn-3.5Ag/Ni3Sn4 interface due to the large growth of Ni3Sn4 layer (Figs. 3.5c, 3.5d, 3.6c, 

and 3.6d). Other differences observed among the samples aged at different temperatures 

were the relatively large growth of Ni-Sn-P layer and the presence of small amount of Cu 

(up to 5 at.%) in the Ni3Sn4 IMC grown near the Ni-Sn-P layer in the samples aged at 200°C 

(Fig. 3.5d). The elemental composition of this Ni-Sn-P layer was found similar to that of 

Ni2SnP compound (Table 3.2). The Cu amount in the (Ni1-xCux)3Sn4 layer was gradually 

decreasing to zero from the (Ni1-xCux)3Sn4/Ni-Sn-P interface to the Ni3Sn4/(Ni1-xCux)3Sn4 

Fig. 3.5. Back-scattered SEM images showing the growth of Ni3Sn4, Ni-Sn-P, and Ni3P 
compounds at the Sn-3.5Ag/electroless Ni-P/Cu interfaces of the samples aged for 225 h at 
temperatures of (a) 140 °C, (b) 160 °C, (c) 180 °C, and (d) 200 °C. 
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interface (Fig. 3.5d). 

 

 

 

 

 

  

 

 

 

                                                                                                          

 

 

 

 

 

 

Compounds Ni Cu Sn P 

Ni3Sn4 41±1.5 <1 58±1.5 - 

Ni-Sn-P 47±2 <2 29±2 22±2 

Ni3P 72±2 <2 <4 27±2 

(Ni1-xCux)3Sn4 37±1.5 4±1.5 59±1.5 - 

 

Fig. 3.7 shows the line-scanned images of the Cu/electroless Ni-P/Sn-3.5Ag interfaces 

of the samples aged at 200 °C for different durations. From the figure it is clear that in the 

samples aged at 200 °C, the electroless Ni-P layer completely transformed into Ni3P layer 

d 

b 

c 

Fig. 3.6. Top view of Ni3Sn4 IMC in the samples aged for 225 h at temperatures of (a) 140 
°C, (b) 160 °C, (c) 180 °C, and (d) 200 °C, showing scallop-type morphology. 

a 

Table 3.2. EDS results showing the chemical composition (at.%) of compounds formed at 
the Sn-3.5Ag/Ni-P/Cu interfaces of the sample aged at 200 °C. 
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within 48 h of aging and then Ni-Sn-P layer started growing at the expense of Ni3P layer. 

Concurrent with this, a layer of voids also grew at the Cu/Ni3P interface. The growth of 

layer of voids and the presence of Cu in Ni3Sn4 imply that after the complete transformation 

of electroless Ni-P layer into Ni3P, the diffusion of Cu takes place from the Cu/Ni3P 

interface to the Ni-Sn-P/Ni3Sn4 interface and that results in the growth of layer of voids and 

(Ni1-xCux)3Sn4  intermetallics at the Cu/Ni3P and Ni-Sn-P/Ni3Sn4 interfaces, respectively. 

The extreme case of Cu diffusion will be discussed in the next chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2. Growth of Interfacial Compounds 

Fig. 3.8 shows the thickness of Ni3Sn4, Ni-Sn-P, and Ni3P compound layers as a 

function of aging time at different temperatures. It can be observed that in the samples aged 

Fig. 3.7. Line-scanned SEM images of the Cu/electroless Ni-P/Sn-3.5Ag interfaces in the 
samples aged at 200 °C for (a) 48 h, (b) 100 h, (c) 225 h, and (d) 400 h, showing the growth 
of Ni-Sn-P layer at the expense of Ni3P layer. 
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at 140 °C and 160 °C, all the layers grew with aging; however, the growth of Ni-Sn-P layer 

was negligible as compared to the growth of Ni3Sn4 and Ni3P layers. Similar trend of 

compound growth was observed in the samples aged at 180 °C, however in these samples, 

compound growth became sluggish at the later stage (after 225 h) of aging. The reason for 

this sluggish compound growth was the complete transformation of electroless Ni-P layer 

into Ni3P layer at most of the places of Sn-3.5Ag/Ni-P/Cu interfaces (Fig. 3.5c), which 

subsequently reduced the supply of Ni from the remaining electroless Ni-P layer. A different 

trend of compound growth was observed in the samples aged at 200 °C, where Ni3Sn4+ 

(Ni1-xCux)3Sn4 and Ni-Sn-P layers grew and Ni3P layer diminished with aging (Fig. 3.8d). 

As mentioned earlier, in these samples, electroless Ni-P layer completely transformed into 

Ni3P layer within 48 h of aging and then Ni-Sn-P layer started growing rapidly at the 

expense of Ni3P layer (Fig. 3.7). 

It has been reported (Jang et al., 1999; Sharif et al., 2005) that the Ni3Sn4 and Ni3P 

compounds grown at the electroless Ni-P/solder (Sn-Pb and Sn-Ag) interface are the 

reaction products of a mass conservative reaction between Sn and electroless Ni-P and have 

a constant relation between their thicknesses. In this investigation also, we observed a 

constant relation between thickness of Ni3Sn4 and Ni3P layers. Table 3.3 shows the 

thickness ratio of Ni3Sn4 to Ni3P layers measured at different aging conditions. It can be 

seen that except for the samples aged at 200 °C, the thickness ratio of Ni3Sn4 to Ni3P layers 

are within the narrow range of 2.2-2.9. The higher thickness ratio in the case of samples 

aged at 200 °C is understood to be due to the diminishing of the Ni3P layer (see Fig. 3.8d). 

Although the thickness ratio of Ni3Sn4 to Ni3P layers measured in this investigation is 

similar to the previously reported thickness ratio (Jang et al., 1999), this ratio can vary 

widely depending upon the P concentration of electroless Ni-P layer, which will be 

discussed in the coming chapter. 
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3.3.3. Growth Kinetics of Interfacial Compounds 

As shown in Fig. 3.9, based on equation 2.1, the thickness data of interfacial 

Aging conditions Thickness ratio of Ni3Sn4 to Ni3P layers 

Time (h)\Temperature (°C) 140 160 180 200 

0 (As-prepared) 2.9 2.9 2.9 2.9 

48 2.8 2.7 2.3 3.2 

100 2.8 2.7 2.4 4.2 

225 2.6 2.8 2.2 6.3 

400 2.8 2.6 2.3 NA 

Fig. 3.8. Thickness of Ni3Sn4, Ni-Sn-P, and Ni3P compounds as a function of aging time at 
temperatures of (a) 140 °C, (b) 160 °C, (c) 180 °C, and (d) 200 °C. 

Table 3.3. Thickness ratio of Ni3Sn4 to Ni3P layers measured at different aging conditions. 

(a) 

(c) 

(b) 

(d) 

140 °C 160 °C 

180 °C 200 °C 
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compounds were plotted as ln (X-X0 in μm) versus ln (t in h) to determine the kinetic 

parameters k and n.  The values of 1/n and ln (k in μm/h1/n), respectively, are represented by 

the slope and the y-axis intercept of the best-fit line of thickness data. The measured kinetic 

parameters for the growth of Ni3Sn4, Ni-Sn-P, and Ni3P layers at different temperatures are 

tabulated in the Table 3.4. The kinetic parameters for Ni3Sn4 and Ni3P growth at 200 °C 

could not be obtained because of the presence of Cu in Ni3Sn4 and decrease in Ni3P 

thickness, respectively (Figs. 3.7 and 3.8d). For the Ni3Sn4 and Ni3P growth at 180 °C, 

kinetic parameters were obtained by considering the compound growth up to 225 h of aging, 

as by 225 h, electroless Ni-P layer was completely transformed into Ni3P layer at most of the 

places of Sn-3.5Ag/Ni-P/Cu interfaces (Fig. 3.5c). From Table 3.4, it can be seen that in 

most of the cases, value of n is close to 3, which indicate that the compound growth in the 

electroless Ni-P/Sn-3.5Ag system is controlled by the diffusion of reacting elements. 

Similar kinetic result for the growth of Ni3Sn4 IMC in the electroless Ni-P/Sn-3.5Ag solder 

joint has been reported in the previous interfacial studies (He et al., 2004d; Yoon and Jung, 

2004; Jeon et al., 2003). The values of n obtained from Ni-Sn-P growth imply that its 

growth was diffusion controlled in the samples aged at 140, 160 and 180 °C and it became 

reaction controlled in the samples aged at 200 °C. In the present work, the deviation of n 

from its ideal values 3 and 1 could be due to the formation of multiple compound layers and 

time dependent apparent diffusivity. 

According to equation 2.3, Arrhenius plots shown in Fig. 3.10 were obtained for 

different compounds to estimate the apparent activation energy for compound growth.  The 

activation energies for Ni3Sn4, Ni-Sn-P, and Ni3P growth were estimated to be 98.9, 42.2, 

and 94.3 kJ/mol, respectively and the prefactors were estimated to be 4.1 × 1011, 1.5 × 103, 

and 5.2 × 1010 μm/h1/n (n~3), respectively. The activation energies for Ni3Sn4 and Ni3P 

growths are very close to each other, which are expected to be due to a constant relation 
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between their growths (see Table 3.3). However interestingly despite of slow Ni-Sn-P 

growth, the activation energy of Ni-Sn-P growth (42.2 kJ/mol) was found to be lower than 

that of Ni3Sn4 and Ni3P growth. Though the low activation energy of compound growth 

indicates the ease in overcoming the barrier of compound growth, there is another factor, the 

prefactor, which also contributes to the compound growth. And in the case of Ni-Sn-P, the 

value of prefactor was found to be much lower that that of Ni3Sn4 and Ni3P. Table 3.5 lists 

the activation energies of the growth of compounds in the electroless Ni-P/solder systems 

reported in different studies. Considering the fact that activation energy of compound 

growth varies widely depending upon solder’s composition and experimental conditions, 

our results for Ni3Sn4 and Ni3P compounds are in agreement with previously reported 

results. However for the ternary Ni-Sn-P compound, no comparison could be made, as this 

is the first study that reports Ni-Sn-P growth kinetics. 

     

                                       

Fig. 3.9. Ln-ln plot of increment in compound thickness versus aging time at various 
temperatures for (a) Ni3Sn4, (b) Ni-Sn-P, and (c) Ni3P. 

(a) (b) 

(c) 

Ni3Sn4 Ni-Sn-P 

Ni3P 
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Solder (wt.%) Experimental Conditions 

(Temperature/Time) 

Compound Q  

(kJ/mol) 

Reference 

Sn-3.5Ag 140 to 180°C/Up to 400 h Ni3Sn4 98.9 Present work 

Sn-3.5Ag 140 to 180°C/Up to 400 h Ni-Sn-P 42.2 Present work 

Sn-3.5Ag 140 to 180°C/ Up to 400 h Ni3P 94.3 Present work 

Sn-37Pb 200 to 240°C/Up to 40 min Ni3P 31.8 Jang et al., 1999 

Sn-3.5Ag 130 to 170°C/Up to 625 h Ni3Sn4 110 He et al., 2004b 

Sn-37Pb 130 to 170°C/Up to 625 h Ni3Sn4 141 He et al., 2004b 

Sn-3.5Ag 100 to 170°C/Up to 60 days Ni3Sn4 49 Yoon and Jung, 2004

Sn-3.5Ag 240 to 270°C/Up to 120 min Ni3P 75 Sharif et al., 2005 

Sn-3.5Ag-0.5Cu 240 to 270°C/Up to 120 min Ni3P 103 Sharif et al., 2005 

Sn-0.7Cu 240 to 270°C/Up to 120 min Ni3P 131 Sharif et al., 2005 

Table 3.5. Activation energies (Q) of the growth of compound in the electroless Ni-P/solder 
systems reported in different studies. 

Fig. 3.10. Arrhenius plot of (a) Ni3Sn4, (b) Ni-Sn-P, and (c) Ni3P growth used to estimate 
apparent activation energy. 

(a) (b) 

(c) 

Ni3Sn4 

Ni3P 

Ni-Sn-P 
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3.3.4. Tensile Strength and Failure Modes 

Tensile strength of Cu/electroless Ni-P/Sn-3.5Ag solder joint as a function of aging 

duration at various aging temperatures is shown in Fig. 3.11. It can be seen that for a fixed 

aging duration, the strength decreased drastically with the increase in aging temperature. 

The effect of increase in aging duration on the strength, however, varied with aging 

temperature. In the case of samples aged at 160°C, the tensile strength increased slightly 

with the increase in aging duration, whereas, it decreased considerably in the case of 

samples aged at 180 and 200°C. The decrease in tensile strength was very large in the case 

of samples aged at 200°C as compared to the samples aged at 180°C, however, in both the 

cases, the strength decreased severely in the initial 48 h of aging and after that it remained 

nearly constant. 

 

     

 

  

 

 

 

 

 

 

 

 

  

As shown in Fig. 3.12, based on strength verses extension curve, failure modes of 

Fig. 3.11. Tensile strength of Cu/electroless Ni-P/Sn-3.5Ag solder joint as a function of 
aging duration at various temperatures (typical load-extension curves are shown in the Fig. 
A.1 of appendix A). 
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solder joint were categorized into three categories, ductile, mixed, and brittle. As depicted 

in Fig. 3.11, ductile failure was observed in the as-prepared samples and the samples aged 

at 160°C. The failure mode changed into mixed in the samples aged at 180°C and became 

brittle in the samples aged at 200°C. 

 

 

 

 

  

 

  

 

 

 

 

 

3.3.5 Fracture Analysis 

Figs. 3.13 and 3.14 show the fracture surfaces of the test samples after different aging 

conditions. Similar to failure mode, a clear difference can be observed in the fracture 

surfaces of the samples subjected to different aging conditions. As shown in Fig. 3.13a and b, 

ductile fracture occurred inside the bulk solder in the as-prepared sample.  The ductile 

failure inside the bulk solder became more prominent in the samples aged at 160°C, as 

shown in Fig. 3.14a and b by a clear necking in the bulk solder. The fracture occurred at the 

Ni3Sn4/Sn-3.5Ag interface in the samples aged at 180°C (Fig. 3.14c and d). This fracture 

was corresponding to the mixed failure mode shown in Fig. 3.12.  In depth fracture analysis 

of the samples aged at 180°C revealed that though in these samples fracture was 

Fig. 3.12. Typical curves of tensile strength versus extension associated with different types 
of the failures of solder joint. 
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macroscopically brittle, dimple (dotted ellipses in Fig. 3.15b) formed at the solder surface 

were clearly suggesting a microscopically ductile fracture. A large number of Ni3Sn4 

particles were observed to accumulate at the edges of dimples formed in the solder. The 

accumulation of Ni3Sn4 particles was very large at some specific locations, see ellipses with 

solid line in Fig. 3.15b, where edge of many dimples met with each other. The 

cross-sectional SEM image (Fig. 3.16) revealed that these Ni3Sn4 particles were the spalled 

Ni3Sn4 particles, which accumulated at the Sn-3.5Ag/Ni3Sn4 interface due to the large 

growth of Ni3Sn4 at 180 °C. 

 

 

 

 

 

 

 

 

 

In the solder joints aged at 200°C, as shown in Fig. 3.14 e and f, fracture occurred 

neither inside the bulk solder nor at Ni3Sn4/Sn-3.5Ag interface. A detailed fracture analysis 

(Fig. 3.17) revealed that in these samples fracture occurred at various compound/compound 

interfaces such as (Ni1-xCux)3Sn4/Ni-Sn-P, Ni-Sn-P/Ni3P, and Ni3P/Cu. The fracture at these 

interfaces suggests that the adhesion between interfacial compounds became very weak in 

the solder joints aged at 200°C. After careful analysis, it was found that though fracture 

occurred at various interfaces, the Ni3P/Cu interface was more prone to fracture as in most 

of the samples fracture occurred mainly at the Ni3P/Cu interface (Fig. 3.17). This was 

further confirmed from the cross-sectional SEM analysis shown in Fig. 3.18. Interestingly, 

Solder 

b 

Fig. 3.13. (a) Fracture path and (b) fracture surface of the as-prepared sample. The neck 
formation in the bulk solder indicates the ductile failure. 

Solder 

a 

Cu Cu Solder 
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the Ni3P layer having a large number of columnar voids was found not to be prone to 

fracture, as no fracture surface was observed to contain the Kirkendall voids of Ni3P layer 

(Fig. 3.17). However, columnar Kirkendall voids in the Ni3P layer and fine grains of 

Ni-Sn-P layer helped the fracture to transmit from the Ni3P/Cu interface to the 

(Ni1-xCux)3Sn4/Ni-Sn-P and/or Ni-Sn-P/Ni3P interfaces as shown in Figs. 3.17a, b, and 3.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig. 3.14. Fracture surfaces of the samples aged for 400 h at temperature of (a) 160°C (one 
side), (b) 160°C (other side), (c) 180°C (one side), (d) 180°C (other side), (e) 200°C (one 
side), and (f) 200°C (other side). 
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Fig. 3.16. Cross-sectional SEM image showing fracture at the solder/Ni3Sn4 interface in the 
solder joint aged at 180°C for 48 h. 

Cu  

Ni3Sn4  

Ni3P  
Ni-P  

Sn-3.5Ag 

Spalled Ni3Sn4  

 a 

Ni3Sn4  

 b 

Ni3Sn4  

Sn-3.5Ag 

Fig. 3.15. Fracture surfaces of the solder joint aged at 180°C for 48 h showing mixed failure 
(macroscopically brittle while microscopically ductile) at the interface between (a) Ni3Sn4
and (b) solder. 
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Cu/Ni3P 
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Ni3P/Cu  

d 

Ni3P/Cu  
(Ni1-xCux)3Sn4/
Ni-Sn-P 

 b 

Ni-Sn-P/
Ni3P 

Cu/Ni3P 
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Ni3P/Cu  
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Cu/Ni3P 
Ni-Sn-P/(Ni1-xCux)3Sn4 
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Ni3P/Cu  (Ni1-xCux)3Sn4 /Ni-Sn-P  

f 

Cu/Ni3P  

Ni3P/ 
Ni-Sn-P 

a 

Ni-Sn-P/ 
(Ni1-xCux)3Sn4 

Fig. 3.17. Fracture surfaces of the solder joints aged at 200°C for (a) 48 h (Cu side), (b) 48 h 
(solder side), (c) 100 h (Cu side), (d) 100 h (solder side), (e) 225 h (Cu side), (f) 225 h (solder 
side), (g) 400 h (Cu side), and (h) 400 h (solder side). Fracture occured mainly at the Ni3P/Cu 
interface. 
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3.4. Discussion 

3.4.1. Reaction between Sn and Ni3P forming Ni-Sn-P Layer 

In this study, it was observed that in the samples aged at 200°C, Ni-Sn-P and 

Ni3Sn4+(Ni1-xCux)3Sn4 layers grow at the expanse of Ni3P layer (Figs. 3.7 and 3.8d). This 

indicates that the thickness of Ni-Sn-P and Ni3Sn4+(Ni1-xCux)3Sn4 layers increases due to 

the diminishing of Ni3P layer. However, there is another factor, the inclusion of Cu that 

Fig. 3.18. Cross-sectional SEM images showing (a) formation of a layer of Kirkendall voids 
at the Ni3P/Cu interface and (b) fracture at the Ni3P/Cu interface in the solder joint aged at 
200°C for 100 h. 
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Ni3P 
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Fig. 3.19. Fracture surface of solder joint aged at 200°C for 48 h showing the fine grains of 
Ni-Sn-P compound grown on the columnar-grained Ni3P layer.  
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comes from Ni3P/Cu interface, which also increases the Ni3Sn4+(Ni1-xCux)3Sn4 layer 

thickness. Taking the account of maximum Cu concentration in Ni3Sn4+(Ni1-xCux)3Sn4 

layer (average value is 2.5 at.% in the sample aged for 400 h), the maximum possible growth 

in Ni3Sn4+ (Ni1-xCux)3Sn4 layer due to the inclusion of Cu is calculated to be around 1.2 μm. 

However, the growth in Ni3Sn4+ (Ni1-xCux)3Sn4 layer during the diminishing of Ni3P layer 

(from 48 to 400 h of aging) was 4.8 μm (see Fig. 3.8d). Thus, it can easily be understood that 

during the diminishing of the Ni3P layer a large amount of Ni was supplied for the growth of 

Ni3Sn4+ (Ni1-xCux)3Sn4 layer. Based on this analysis, we propose the following reaction 

between Sn and Ni3P 

NiSnPNiPNiSn 23 +→+                                       (3.1) 

To prove the reaction between Sn and Ni3P, the law of conservation of mass is applied 

on the growth of compound layers in the samples aged at 200°C. In these samples, 

electroless Ni-P layer completely transformed into Ni3P layer within 48 h of aging (Fig. 3.7a) 

and then Ni3P layer completely transformed into Ni-Sn-P layer within 400 h of aging (Fig. 

3.7d). Thus, according to the equation 3.1, if Ni3P layer is transformed into Ni2SnP layer due 

to its reaction with Sn, then the moles of Ni in the Ni3P layer existed after 48 h of aging, 

must be equal to the moles of Ni in the Ni2SnP layer grown after 48 h of aging and the moles 

of free Ni. Since free Ni is used to grow Ni3Sn4 intermetallic, the moles of free Ni must be 

equal to the moles of Ni in the Ni3Sn4 layer grown after 48 h of aging. To make the mass 

balance calculation easier, the small presence of Cu in (Ni1-xCux)3Sn4 (0 ≤ x ≤ 0.12) 

intermetallics is neglected and Ni3Sn4+ (Ni1-xCux)3Sn4 layer is assumed to be of Ni3Sn4 

intermetallic only. 

From Fig. 3.8d, the thickness of Ni3P layer at 48 h of aging is 4.8 μm and the growth in 

Ni2SnP and Ni3Sn4 layers from 48 to 400 h of aging are 6.9 and 4.8 μm, respectively. The 
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moles of Ni in a compound layer of thickness IFCt  per unit interfacial area can be 

determined by 

IFC

IFCIFC

M
dt

m ×=IFCNi                                                   (3.2)  

where, m is the number of moles of Ni in one mole of compound, IFCM  is the molecular 

weight, and IFCd  is the density of compound. Thus, by inserting the values of m (3 for Ni3P, 

2 for Ni2SnP, and 3 for Ni3Sn4), densities ( PNid
3

= 7.82 g/cm3 (Jang et al., 1999), SnPNid
2

= 

7.56 g/cm3 (Furuseth and Fjellvag, 1985), and
43SnNid = 8.64 g/cm3 (Jang et al., 1999)), 

molecular weights, and layer thicknesses in the equation 3.2, the PNiNi
3

, SnPNiNi
2

, and 

43SnNiNi  are determined to be 0.54, 0.39, and 0.19 mole/cm2. From these values it is clear 

that
4323 SnNiSnPNiPNi NiNiNi +≈ . Thus, it is proved that Sn reacts with Ni3P layer to form 

Ni2SnP and Ni3Sn4 compounds. The slightly higher value of 
432 SnNiSnPNi NiNi + than that of 

PNiNi
3

can be understood to be due to the presence of small amount of Cu in (Ni1-xCux)3Sn4 

intermetallics, which we neglected in the mass balance calculation. 

 

3.4.2. Elemental Diffusion and Kirkendall Void Formation in Ni-P Layer 

A large number of small columnar voids were observed in the Ni3P layer formed in the 

as-prepared sample (Fig. 3.4a). The size and number of these voids increased with the 

increase in Ni3P thickness during aging (Fig. 3.5). This implies that the voids in Ni3P layer 

form in conjunction with the transformation of electroless Ni-P layer into Ni3P layer. During 

this transformation, as shown in Fig. 3.20b, P remains in the Ni-P layer. However, Ni 

diffuses out from the Ni-P layer, which causes a reduction in the thickness of Ni-P layer (Fig. 

3.5c). Interestingly, Sn does not diffuse into the Ni3P layer (Fig. 3.20d) and stops at the 

interface between Ni-Sn-P and Ni3P layers (Fig. 3.21d). 
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Though, the Sn-3.5Ag/electroless Ni-P interfacial reactions result in the depletion of Ni 

from the electroless Ni-P layer, the diffusion species in Ni-P layer could be either P or Ni. 

Jang et al. (1999) proposed that during solder/electroless Ni-P interfacial reactions, either 

Ni diffuses out from the electroless Ni-P layer through the grain boundaries of Ni3P layer or 

Ni3P decomposes into P and Ni at the reaction front and then P diffuses interstitially back to 

grow Ni3P at the Ni3P/electroless Ni-P interface. However, they supported the interstitial 

diffusion of P because the grain boundary diffusion of Ni from the electroless Ni-P layer 

must be accompanied by the back diffusion of vacancies and no Kirkendall void was 

observed in their study. On the other hand, He et al. (2004a) observed the Kirkendall void 

formation in the Ni3P layer and thus supported the diffusion of Ni thorough the grain 

Fig. 3.20. EDS element mapping analysis of Sn-3.5Ag/Ni-P/Cu interfaces of the sample 
aged at 160 °C for 400 h: (a) SEM image, (b) mapping for P, (c) mapping for Ni, and (d) 
mapping for Sn. The concentration of element decreases with an increase in intensity of 
black color. 

b 

c d 

a 

Ni3Sn4 

Ni3P 

Cu 

Ni-P 

Ni-Sn-P 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3: Cu/Electroless Ni-P/Sn-3.5Ag Interfacial Reactions and their Effect on Solder Joint Strength 

   72

boundaries of Ni3P layer. In the present work also, a large number of columnar voids formed 

in the Ni3P layer and they grew with the growth of Ni3P layer. These observations confirm 

that during solder/electroless Ni-P interfacial reactions, Ni diffuses out from the electroless 

Ni-P layer through the grain boundaries of Ni3P layer to form Ni3Sn4. This out diffusion of 

Ni assists electroless Ni-P to transform into Ni3P and results in a counter diffusion of 

vacancies. With aging, these vacancies agglomerate and form voids in the Ni3P layer. The 

reason behind the invisibility of Kirkendall voids in the Ni3P layer in the case of Jang et al. 

(1999) study could be the insufficient reaction temperature (< 240 ° C) and time (< 40 min) 

given to the vacancies to nucleate and/or grow into voids. 

 

 

    

 

                                                                         

                                                                              

 

 

 

 

 

 

 

 

 

 

                                 

Fig. 3.21. EDS element mapping analysis of Sn-3.5Ag/Ni-P/Cu interfaces of the sample 
aged at 200 °C for 100 h: (a) SEM image, (b) mapping for P, (c) mapping for Ni, (d) 
mapping for Sn. The concentration of element decreases with an increase in intensity of 
black color. 
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baSnNibSnNi →+a

3.4.3. Thermodynamics and Kinetics of Interfacial Compound Formation 

From this study it is clear that the Sn-3.5Ag/electroless Ni-P interfacial reactions result 

in the formation of multiple Ni3Sn4, Ni-Sn-P, and Ni3P compounds. However, Ni-Sn and 

Ni-P phase diagrams (Massalski, 1986) suggest that other Ni-Sn (Ni3Sn2 and Ni3Sn) and 

Ni-P (Ni5P2, Ni12P5, Ni2P, Ni5P4, and NiP2) compounds should also form during the 

interfacial reactions. Thus, to understand the formation of Ni3Sn4 and Ni3P compounds, 

thermodynamic calculations were carried out to compare the thermodynamic driving force 

for the formation of different Ni-Sn and Ni-P compounds. Only Ni3Sn2, Ni3Sn, Ni5P2, Ni2P 

compounds were considered for the thermodynamic calculations due to a lack of 

thermodynamic data for other Ni-P and ternary Ni-Sn-P compounds (Binnewies and Mike, 

2002; Kubaschewski et al., 1993). 

For transformation that occurs at constant temperature and pressure, the relative stability 

of a system is determined by its Gibbs free energy (G). The Gibbs free energy of a system is 

defined by the equation (Porter and Easterling, 1991; Kubaschewski et al., 1993)  

TSHG −=                                                                                         (3.3) 

where, H is the enthalpy, S is the entropy, and T is the absolute temperature of the system. In 

a system, any phase transformation that results in a decrease in Gibbs free energy is possible. 

Therefore, for a phase transformation, a necessary criterion is 0reactantsproducts <−=Δ GGG , 

where ΔG is thermodynamic driving force (Porter and Easterling, 1991; Kubaschewski et 

al., 1993). 

The thermodynamic driving forces for the formation of different Ni-Sn and Ni-P 

compounds were calculated considering the reaction between Ni and Sn and the depletion of 

Ni from electroless Ni-P (Ni84P16), respectively. The reaction between Ni and Sn and the 

transformation of electroless Ni-P into Ni-P compound can be represented in a general form 

as 

                                                                                                            (3.4) 
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( ) 16ca  where,       Ni86PNiPNi cb1684 =⋅⋅−+→ baa                                                                                                            (3.5) 

Based on the reactions 3.4 and 3.5, a change in Gibbs free energies for the formation of 

all the possible Ni-Sn and Ni-P compounds were calculated. Since the thermodynamic data 

for Ni84P16 alloy is unknown (Binnewies and Mike, 2002; Kubaschewski et al., 1993), 

1684PNiG  is used for Ni84P16. The calculated ΔG values for Ni-P and Ni-Sn compounds are 

tabulated in the Table 3.6 and 3.7, respectively. From these values it is clear that at all the 

aging temperatures the thermodynamic driving force (negative value of ΔG) is largest for 

the formation Ni3Sn4 and Ni3P compound. 

 

 

 

Aging 
temperature  

(°C) 

ΔG for Ni3P 
formation 
(kJ/mole) 

ΔG for Ni5P2 
formation 
(kJ/mole) 

ΔG for Ni2P 
formation 
(kJ/mole) 

140 -4714.42-
1684PNiG  -4690.18-

1684PNiG  -4160.60-
1684PNiG  

160 -4786.97-
1684PNiG  -4763.26-

1684PNiG  -4233.91-
1684PNiG  

180 -4861.85-
1684PNiG  -4838.71-

1684PNiG  -4309.62-
1684PNiG  

200 -4938.99-
1684PNiG  -4916.45-

1684PNiG  -4387.66-
1684PNiG  

 

 

 

Aging 
temperature  

(°C) 

ΔG for Ni3Sn4 
formation 
(kJ/mole) 

ΔG for Ni3Sn2 
formation 
(kJ/mole) 

ΔG for Ni3Sn 
formation 
(kJ/mole) 

140 -158.31 -148.71 -105.11 

160 -156.21 -148.13 -110.34 

180 -153.92 -147.51 -116.28 

200 -151.44 -146.86 -122.90 

 

Table 3.6. Comparison between the thermodynamic driving forces (Gibbs free energy 
change, ΔG) for the formation of different Ni-P compounds. The ΔG is calculated for the 
transformation of one mole of electroless Ni-P (Ni84P16). The 

1684PNiG  is unknown. 

Table 3.7. Comparison between the thermodynamic driving forces (Gibbs free energy 
change, ΔG) for the formation of different Ni-Sn compounds. The ΔG is calculated for the 
formation of one mole of Ni-Sn compound. 
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Ni36PNi16PNi 31684 +→

43SnNi4SnNi3 →+

4331684 Sn12NiP16Ni48SnPNi +→+

From the thermodynamic calculations, it is clear that the thermodynamic driving force 

for the formation Ni3P and Ni3Sn4 compound is largest. Their exact formation reactions can 

be written as  

 

                                                                        (3.6) 

                                                                                                            (3.7) 

 

The reaction 3.7 also represents the self-crystallization of amorphous electroless Ni-P, 

which occurs only at and above 280 °C (Li et al., 1998). However, in the present study we 

observed the growth of Ni3P at very low temperature of 140 °C. Moreover, we observed a 

constant relation between the growth of Ni3P and Ni3Sn4 layers (Table 3.3). These 

observations indicate that the reactions 3.6 and 3.7 do not take place independently. Jang et 

al. (1999) also observed that the transformation (crystallization) of electroless Ni-P layer 

takes place at much lower temperature and in shorter duration of annealing in the case of 

soldering reaction as compared to the self-crystallization. They called this phenomenon as 

“solder reaction-assisted crystallization of electroless Ni-P”. The solder reaction-assisted 

crystallization of electroless Ni-P can be understood by combining the reactions 3.6 and 3.7 

into one as 

 

                                                                                                            (3.8) 

 

Now, on comparing the thermodynamic driving force for the self-crystallization and 

solder reaction-assisted crystallization of electroless Ni-P (Table 3.8), it can be seen that the 

thermodynamic driving force for electroless Ni-P crystallization is much higher in the case 

of soldering reaction. Thus, the high thermodynamic driving force is the reason for low 

temperature crystallization of electroless Ni-P during soldering reaction. 
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Aging 
temperature  

(°C) 

ΔG  for 
self-crystallization (3.7) 

(kJ/mole) 

ΔG  for solder-assisted 
crystallization (3.8) 

(kJ/mole) 

140 -4714.42-
1684PNiG  -6614.11-

1684PNiG  

160 -4786.97-
1684PNiG  -6661.44-

1684PNiG  

180 -4861.85-
1684PNiG  -6708.84-

1684PNiG  

200 -4938.99-
1684PNiG  -6756.28-

1684PNiG  

 

So far in this section, thermodynamic driving force or a change in Gibbs free energy has 

been discussed to explain the formation of compound. Though a decrease in Gibbs free 

energy provides information about phase formation, the rate at which a phase will form 

cannot be determined by classical thermodynamics. Thus, it is possible that a phase which 

has a low thermodynamic driving force grows very fast, and vice-versa. The study of the 

rate of phase formation belongs to the science of kinetics. According to kinetic theory, the 

rate of phase formation depends upon the probability of an atom to reach activated state and 

the frequency with which atoms reach the activated state (Porter and Easterling, 1991). The 

rate of phase formation can be represented by Arrhenius equation (equation 2.2), in which 

exp(-Q/RT) is the probability and A is the frequency factor. 

Since kinetic data for Ni3Sn4 and Ni3P compounds are only available in the cited 

literature on solder/electroless Ni-P system (Table 2.1), it can be understood that at the 

experimental conditions, the growth of other Ni-P and Ni-Sn compounds in this system is 

too slow to be measured. In the present study, kinetic parameters are determined for the 

growth of Ni3Sn4, Ni-Sn-P, and Ni3P compounds and tabulated in the Table 3.4. Considering 

the fact that kinetic parameters vary widely with solder’s composition and experimental 

Table 3.8. Comparison between the thermodynamic driving forces (Gibbs free energy 
change, ΔG) for the self-crystallization and solder reaction-assisted crystallization of 
electroless Ni-P.  The ΔG is calculated for the transformation of one mole of electroless 
Ni-P (Ni84P16). The 

1684PNiG  is unknown. 
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conditions, the kinetic parameters for the Ni3Sn4 and Ni3P compounds that obtained in this 

study are in agreement with the results of previous studies (Table 3.5). However, no 

comparison could be made for ternary Ni-Sn-P compound due to a lack of kinetic data (Jang 

et al., 1999; He et al., 2004b; Yoon and Jung, 2004; Sharif et al., 2005). 

 

3.4.4. Transition of Ni-Sn-P Growth Kinetics 

From this study, we know that though Ni-Sn-P growth is diffusion controlled, in some 

circumstances it can be a reaction rate controlled such as in the case of samples aged at 200 

°C. As the excessive growth of Ni-Sn-P layer can influence the mechanical reliability of 

electroless Ni-P/solder joint, it is necessary to understand this transition of Ni-Sn-P growth 

kinetics so that its growth can be controlled. It is known that in the electroless Ni-P/solder 

system, Sn is the dominant diffusing element in Ni3Sn4 (Lee and Lin, 1994) and Ni diffuses 

from electroless Ni-P layer through Ni3P and Ni-Sn-P layers to form Ni3Sn4 (Jang et al., 

1999; Matsuki et al., 2002; Chen et al., 2004; He et al. 2004a). Thus, it can be understood 

that in the samples aged at 140, 160 and 180 °C, where sufficient Ni was available from 

electroless Ni-P, most of the Sn coming from solder was consumed by Ni to from Ni3Sn4 and 

therefore the growth of Ni-Sn-P layer was slow. However in the samples aged at 200 °C, 

owing to the complete transformation of electroless Ni-P layer into Ni3P (Figs. 3.7 and 3.8d), 

the supply of Ni became insufficient and thus all the Sn started reacting with Ni3P, which 

resulted in a rapid growth of Ni-Sn-P layer. From this, it can be said that as long as 

electroless Ni-P layer is present underneath the Ni3P layer, the growth of Ni-Sn-P is 

controlled by the diffusion of Ni through Ni3P, otherwise by the rate of reaction between Sn 

and Ni3P. Thus, the growth of ternary Ni-Sn-P compound can be suppressed by ensuring 

continuous supply of Ni from electroless Ni-P layer. The continuous supply of Ni from 

electroless Ni-P can be easily extended either by increasing the thickness or by decreasing 

the P concentration of electroless Ni-P layer. 
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3.4.5. Growth Mechanism of Interfacial Compounds  

In this work, it was found that mainly three compounds, Ni3Sn4, Ni-Sn-P, and Ni3P, 

form during electroless Ni-P/Sn-3.5Ag interfacial reactions. The formation of these 

compounds has been reported in several studies (Jang et al., 1999; Zeng and Tu, 2002; 

Matsuki et al., 2002; Chen et al., 2004; He et al., 2004a; Wang and Liu, 2003; Yoon and 

Jung, 2005). Nonetheless, the understanding made on their growth mechanism is 

incomplete. It is known that during electroless Ni-P/solder interfacial reactions, Sn of solder 

reacts with Ni of electroless Ni-P and forms Ni3Sn4 intermetallic (Jang et al., 1999; Zeng 

and Tu, 2002; Lee and Lin, 1994). The depletion of Ni from electroless Ni-P layer results in 

its transformation into higher P containing Ni-P (Ni3P) layer (Jang et al., 1999; Matsuki et 

al., 2002; Chen et al., 2004). For the further growth of Ni3Sn4, Sn diffuses from solder 

through Ni3Sn4 layer and Ni diffuses from electroless Ni-P layer through Ni3P layer (Jang et 

al., 1999; Lee and Lin, 1994; Matsuki et al., 2002; He et al., 2004a).  

From the present investigation, it is clear that during electroless Ni-P/solder interfacial 

reactions, Sn of solder also reacts with Ni3P layer and forms Ni2SnP compound in between 

the Ni3Sn4 and Ni3P layers. The growth of Ni2SnP compounds remains slow as long as Ni is 

available from the electroless Ni-P layer. Once the electroless Ni-P layer is completely 

transformed into Ni3P, there is no Ni to react with Sn and thus, all the Sn starts reacting with 

the Ni3P layer to form Ni2SnP and therefore the Ni2SnP layer starts growing rapidly at the 

expense of the Ni3P layer (Fig. 3.7). The Cu present underneath the Ni3P layer tries to 

compensate the supply of Ni; however, the layer of Kirkendall voids that formed at the 

Ni3P/Cu interface due to the depletion of Cu (Fig. 3.7) restricts further supply of Cu from 

the Cu surface.  

Based on previous and present investigations, the growth mechanism of compounds 

formed at the Sn-3.5Ag/electroless Ni-P/Cu interfaces can now be understood well and is 
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depicted in Fig. 3.22. There are mainly three reactions, reaction between Sn and Ni forming 

Ni3Sn4 intermetallic, transformation of electroless Ni-P into Ni3P, and reaction between Sn 

and Ni3P forming Ni2SnP compound, which take place during electroless Ni-P/solder 

interfacial reactions. For these reactions, Sn diffuses from the solder and first reaches the 

Ni3Sn4/Ni2SnP interface, where it reacts with Ni and forms Ni3Sn4. Sn then reaches the 

Ni2SnP/Ni3P interface and forms Ni2SnP compound due to its reaction with Ni3P. Thus, at 

the beginning of the interfacial reactions, growth of Ni3Sn4 and Ni3P layers dominates the 

growth of Ni2SnP compound as most of the Sn coming from the solder is consumed by Ni at 

the Ni3Sn4/Ni2SnP interface and only a small part of Sn reaches the Ni2SnP/Ni3P interface to 

react with Ni3P. However, once the supply of Ni becomes low, the Ni2SnP compound starts 

growing rapidly because most of the Sn starts reacting with the Ni3P layer. 

 

 

 

 

 

 

 

 

 

3.4.6. Transition of Ni3Sn4 Morphology 

Several studies (Jang et al., 1999, 2000; He et al., 2004b, d) have examined the 

morphology of Ni3Sn4 IMC in the electroless Ni-P/solder systems. It has been reported that 

Ni3Sn4 grains having needle-type and chunky-type morphologies form at the electroless 

Ni-P/solder interface after reflow (Jang et al., 1999, 2000; He et al., 2004b, d). The 

formation of needle-type Ni3Sn4 grains dominates at the beginning of reflow; however, 

Cu Surface 

  Ni3P 

Ni 

Ni3Sn4 

Sn 

Electroless Ni-P 

Voids 

Sn-3.5Ag 

Ni2SnP 

Sn 
43SnNi4SnNi3 →+

NiSnPNiPNiSn 23 +→+

Ni36PNi16PNi 31684 +→

Fig. 3.22. Schematic illustration of the growth of multiple compounds at the 
Sn-3.5Ag/electroless Ni-P/Cu interfaces showing all the interfacial reactions. 
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needle-type Ni3Sn4 grains disappear and the number and size of chunky-type Ni3Sn4 grains 

increase with increasing the reflow duration (He et al., 2004b, d). In this study also, Ni3Sn4 

IMC with needle-type and chunky-type morphologies formed in the as-prepared or 

reflowed sample (Fig. 3.4b) and their morphologies changed into “scallop-type” after 

solid-state aging (Fig. 3.6).  

Although much has been reported about the morphology of Ni3Sn4 IMC in the 

electroless Ni-P/solder systems, little is known about its transition. In general, other than 

crystallography, the morphology of IMC formed during soldering reaction mainly depends 

upon the state of reaction (solid or liquid) (Tu et al., 2001a), solder and UBM compositions 

(He et al., 2004b; Tu et al., 2003), and processing or more accurately the microstructure of 

reacting materials (Sohn et al., 2004b). Other factors such as reaction temperature and time 

also influence the IMC morphology; however, their influence is more on grain growth 

rather than on grain shape (He et al. 2004b).  Since Ni3Sn4 with needle-type morphology 

has been reported to form with electroless Ni-P UBM and not with sputtered Ni (He et al. 

2004b), it can be easily understood that the needle-type morphology of Ni3Sn4 is related to 

the microstructure of electroless Ni-P. The electroless Ni-P UBM (12.5 at.% < P < 19 at.%) 

used in the electronic industry normally has amorphous structure  (Mallory and Hajdu, 

1990), however it transforms into crystalline Ni3P and Ni-Sn-P layers due to the soldering 

reaction (Chen et al., 2004; He et al. 2004a; Jang et al., 1999). The crystallized electroless 

Ni-P layer has fine columnar grains of nm size (Chen et al., 2004; He et al., 2004a; Jang et 

al., 1999). Thus, considering the microstructure of Ni3P layer, the formation of needle-type 

Ni3Sn4 IMC in the electroless Ni-P/solder system can be understood. At the beginning of 

soldering reaction when the Ni3P grain is of a few tens of nm and the thickness of Ni-Sn-P 

layer is negligible, the formation of a large number of needle-type Ni3Sn4 IMC can be 

understood to be due to a large number of grain boundaries in Ni3P layer. These grain 

boundaries are perpendicular to reaction interface and Ni atoms diffuse out from electroless 
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Ni-P layer through them (Chen et al., 2004; He et al., 2004a; Jang et al., 1999; Matsuki et 

al., 2002). Therefore, at the beginning of soldering reaction, Ni atoms are trapped by Sn 

atoms at the exit of Ni3P grain boundaries and unidirectional flow of Ni from Ni3P grain 

boundaries results in the needle-type morphology of Ni3Sn4. After the formation of 

needle-type Ni3Sn4, as soldering reaction precedes, needle-type Ni3Sn4 grains disappear 

and chunky-type Ni3Sn4 grains grow due to the well-known grain-coarsening phenomenon 

(Gusak and Tu, 2002; Lifshitz and Slyozov, 1961).   

In the case of solid-state aging, the needle-type and/or chunky-type morphologies of 

Ni3Sn4 change into scallop-type due to the change in interfacial energy between Sn-3.5Ag 

solder and Ni3Sn4 intermetallic. The interfacial energy of intermetallics is highly anisotropic 

with molten pure Sn and it decreases with increasing the concentration of alloying element 

(Tu et al., 2003). Thus, the interfacial energy between Ni3Sn4 and molten Sn-Ag solder with 

a small amount of Ag (less than 3.5 wt.%) can be understood to be highly anisotropic and 

this causes the Ni3Sn4 morphology to be faceted chunky-type. However, during solid-state 

aging, the interfacial energy between Ni3Sn4 and solid Sn-Ag solder becomes isotropic and 

consequently Ni3Sn4 morphology changes from faceted chunky-type to curved scallop-type. 

 

3.4.7. Diffusion of Cu through Ni-P Layer 

From interfacial microstructure analysis, it has been observed that Cu diffuses through 

the Ni3P layer (Figs. 3.5d and 3.7). However, the mechanism of Cu diffusion needs to be 

understood. Electroless Ni-P UBM is a good diffusion barrier due to its amorphous structure. 

The amorphous structure lacks the grain boundaries and thus inhibits the grain boundary 

diffusion. The structure of electroless Ni-P generally depends upon its P concentration 

(Mallory and Hajdu, 1990); amorphous if P is higher than 12.5 at.% and nanocrystalline 

otherwise. Thus, the as-plated electroless Ni-P layer (with 16 at.% P) was amorphous in 

nature, which transformed into bi-layered Ni-P, crystalline Ni3P layer on the electroless Ni-P 
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layer, during reflow (Fig. 3.4a). This Ni3P layer grew continuously at the expense of 

electroless Ni-P layer during aging (Fig. 3.5). Therefore, as this layer reached the Cu 

substrate, Cu started diffusing out through the grain boundaries of Ni3P layer (Fig. 3.23). 

 

 

 

 

 

 

 

 

 

 

 

A schematic illustration of Cu diffusion through the Ni3P layer is shown in Fig. 3.24. As 

Sn-3.5Ag/Ni-P interfacial reactions proceed, Ni diffuses out from the electroless Ni-P layer 

through the grain boundaries of Ni3P layer to form Ni3Sn4 and thus results in the growth of 

Ni3P layer (Fig. 9a). This process is continued until the Ni3P layer reaches the Cu substrate, 

after that Cu starts diffusing out from the Cu substrate through the grain boundaries of Ni3P 

layer to compensate the Ni supply (Fig. 3.24b). It is to be understood that as long as 

electroless Ni-P layer present on the Cu substrate, Cu cannot diffuse out due to the lack of 

grain boundaries in the electroless Ni-P. However, after its crystallization into Ni3P, the 

grain boundaries of Ni3P layer provide diffusion paths for Cu atoms. Thus, the diffusion of 

Cu from the Cu substrate can be inhibited by preventing the complete crystallization of 

electroless Ni-P layer. 

 

Fig. 3.23.  Fracture surface of the Cu/electroless Ni-P/Sn-3.5Ag solder joint aged at 200 °C 
for 100 h showing micron-size columnar Ni3P grains. The arrows indicate the diffusion paths 
in the grain boundaries of Ni3P grains. 
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3.4.8. Factors Affecting the Mechanical Properties of Solder Joint 

The results obtained in this investigation clearly show that the mechanical properties of 

Cu/electroless Ni-P/Sn-3.5Ag solder joint are influenced by the interfacial reactions.  

However, the factors that are associated with the interfacial reactions and affect the 

mechanical properties of solder joint have to be identified. Based on the results, two main 

factors, growth of interfacial compounds and formation of a layer of Kirkendall voids at the 

Ni3P/Cu interface, are identified and thus discussed in this section. 

 

Growth of Interfacial Compounds 

It was found that as long as electroless Ni-P layer remains on the Cu surface, neither the 

formation of Ni3P and Ni-Sn-P compounds nor the formation of voids in the Ni3P layer 

affect the solder joint strength directly. All the samples aged at 160 and 180 °C had the Ni3P 

and Ni-Sn-P compounds; nevertheless, the fracture occurred inside the bulk solder and at 

the Ni3Sn4/Sn-3.5Ag interface (Fig. 3.14a, b, c, and d), respectively. However, the growth of 

Ni3Sn4 IMC was found to deteriorate the mechanical properties of solder joint owing to the 

several factors such as the development of intrinsic stresses, Ni3Sn4 morphology, and the 

accumulation of spalled Ni3Sn4 particles at the solder/Ni3Sn4 interface. 

Fig. 3.24. Schematic illustration of Cu diffusion through the Ni3P layer: (a) Growth of Ni3P 
layer in between Ni3Sn4 intermetallic and electroless Ni-P layer and (b) Diffusing of Cu 
through the grain boundaries of Ni3P layer. 
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Development of Intrinsic Stresses 

Owing to interfacial reactions, multiple compounds grow at the Cu/electroless 

Ni-P/Sn-3.5Ag interfaces. As mass is conserved during interfacial reactions, 

intrinsic-volumetric stresses are built up at the reaction interfaces due to the difference in 

density of reacting materials and resulting compounds. These volumetric stresses increase 

with the increase in the thickness of compound layer and eventually make the reaction 

interfaces more prone to failure.  

Table 3.9 shows the density of reacting materials and resulting compounds in the 

Cu/electroless Ni-P/Sn-3.5Ag solder joint. The high density of Ni3Sn4 indicates that 

maximum volumetric stress generates with the growth of Ni3Sn4. This evidence supports 

our observation of the fracture at the Sn-3.5Ag/Ni3Sn4 interface in the samples aged at 180 

°C (Fig. 3.16). In these samples even though both Ni3Sn4 and Ni3P grew with aging, fracture 

occurred primarily at the Sn-3.5Ag/Ni3Sn4 interface. Apart from intrinsic stresses, there are 

a few other factors that also contribute to the failure at Sn-3.5Ag/Ni3Sn4 interface and will 

be discussed subsequently. 

 

 

Reacting materials and resulting 

compounds 

Density 

(g/cm3) 

References 

Electroless Ni-P (16 at.% P) 7.9 ASM, 1994 

Sn-3.5Ag 7.5 Qualitek, 2006 

Ni3Sn4 8.64 Jang et al., 1999 

Ni3P 7.82 Jang et al., 1999 

Ni2SnP 7.56 Furuseth and Fjellvag, 1985 

 

Ni3Sn4 Morphology  

The morphology of IMCs formed between solder and UBM during interfacial reactions 

Table. 3.9. Density of reacting materials and resulting compounds in the Cu/electroless 
Ni-P/Sn-3.5Ag solder joint. 
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is an area of great interest for researchers. There are various investigations in which the 

morphology of IMCs formed at the solder/electroless Ni-P interface has been studied (He et 

al., 2004b, d; Jang et al., 1999, 2000a). However, limited experimental evidence is available 

about their influence on the mechanical properties of the solder joint. In this investigation, a 

clear correlation was observed between Ni3Sn4 morphology and the tensile properties of the 

solder joint. In the case of as-prepared samples, the tensile strength was ~ 45 MPa and 

ductile fracture occurred in the bulk solder (Figs. 3.11 and 3.13). The tensile strength 

slightly increased to ~ 50 MPa in the case of samples aged at 160 °C, however similar 

ductile fracture occurred in the bulk solder (Figs. 3.11, 3.14a, and 3.14b). On the other hand, 

in the case of samples aged at 180 °C, the strength decreased to ~ 28 MPa and mixed 

fracture occurred at the Sn-3.5Ag/Ni3Sn4 interface (Figs. 3.11, 3.15, and 3.16).  

On comparing the interfacial microstructure of as-prepared and aged (at 160 and 180 °C) 

samples, the morphology of Ni3Sn4 was found to be one of the causes of mixed fracture at 

the Sn-3.5Ag/Ni3Sn4 interface in the samples aged at 180 °C.  In the as-prepared samples, 

Ni3Sn4 IMC had needle-type and chunky-type morphologies (Fig. 3.4) and its morphology 

changed into scallop-type due to the solid-state aging at 160 °C (Figs. 3.5b and 3.6b). 

Although in the samples aged at 180 °C Ni3Sn4 morphology changed into scallop-type, in 

these samples the Sn-3.5Ag/Ni3Sn4 interface became more even due to the large growth of 

Ni3Sn4 as shown in Figs. 3.5c and 3.6c. The even Sn-3.5Ag/Ni3Sn4 interface resulted in the 

less contact surface area between Sn-3.5Ag solder and Ni3Sn4 IMC, and that made the 

Sn-3.5Ag/Ni3Sn4 interface more prone to failure. 

Accumulation of Spalled Ni3Sn4 Particles at the Solder/Ni3Sn4 Interface 

A number of Ni3Sn4 particles were observed to spall off the Sn-3.5Ag/Ni3Sn4 interface 

during reflow (Fig. 3.4a). Although the spalled Ni3Sn4 particles were found not to influence 

the mechanical properties directly, these particles accumulated at the Sn-3.5Ag/Ni3Sn4 
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interface due to the large growth of Ni3Sn4 IMC in the samples aged at 180 and 200 °C (Fig. 

3.5c and d). The accumulated Ni3Sn4 particles decreased the contact surface area between 

Sn-3.5Ag solder and Ni3Sn4 IMC and caused the fracture to take place at the 

Sn-3.5Ag/Ni3Sn4 interface as shown in Figs. 3.15 and 3.16. 

To make the effect of Ni3Sn4 spallation on the interfacial microstructure and strength of 

Cu/electroless Ni-P/Sn-3.5Ag solder joint more clear, a schematic illustration is shown in 

Fig 3.23. As shown in Fig. 3.25a, a number of Ni3Sn4 particles spall off the 

Sn-3.5Ag/Ni3Sn4 interface during reflow and remain close to the Sn-3.5Ag/Ni3Sn4 interface 

after reflow. The Ni3Sn4 IMC grows further during solid-state aging and eventually spalled 

Ni3Sn4 particles come in contact with growing Ni3Sn4 IMC. The large growth of Ni3Sn4 

IMC causes the large accumulation of spalled Ni3Sn4 particles at the Sn-3.5Ag/Ni3Sn4 

interface (Fig. 3.25b). These accumulated particles break the direct contact between solder 

and Ni3Sn4 IMC and thus reduce the adhesion between solder and Ni3Sn4 IMC. 

 

 

 

 

 

 

 

 

Formation of a Layer of Kirkendall Voids at the Ni3P/Cu Interface 

It was observed that in the case of samples aged at 200 °C, the tensile strength 

decreased severely to ~12 MPa (Fig. 3.11) and brittle fracture occurred mainly at the 

Ni3P/Cu interface (Figs. 3.17 and 3.18b). Appearance of Ni3P/Cu interface as one of main 

fracture surfaces indicates that in these samples, the Cu surface lost its adhesion with the 

Fig. 3.25. Schematic illustration for the effect of Ni3Sn4 spallation on the interfacial 
microstructure of solder joint: (a) Ni3Sn4 spallation during reflow and (b) Accumulation of 
spalled Ni3Sn4 particles at the solder/Ni3Sn4 interface due to the growth of Ni3Sn4 layer 
during aging.  
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adjoining Ni3P layer. In these samples, electroless Ni-P layer completely transformed into 

Ni3P and Ni-Sn-P layers (Fig. 3.18a). Then, the Cu started depleting from the Cu surface to 

the Ni3Sn4 intermetallic through the Ni3P and Ni-Sn-P layers (Fig. 3.23). The depletion of 

Cu from the Cu surface resulted in the formation of a layer of Kirkendall voids at the 

Cu/Ni3P interface as shown in Figs. 3.7 and 3.18a. This layer of voids broke down the 

mechanical and atomic interlocking between Cu surface and Ni3P layer; thus causing a 

severe decrease in solder joint strength with a brittle fracture at the Cu/Ni3P interface (Fig. 

a. Tb).  

Although all the mentioned factors reduced the solder joint strength and changed the 

failure mode from ductile to brittle, the solder joint became extremely weak due to the 

formation of a layer of Kirkendall voids at the Ni3P/Cu interface. The Kirkendall voids at 

the Ni3P/Cu interface were found to form only after the complete transformation of 

electroless Ni-P layer into Ni3P layer, which opened the channel for Cu to diffuse from Cu 

surface to Ni3Sn4 intermetallic. 

 

a.5. Conclusions 

Interfacial reactions and mechanical properties of solder joint between Sn-3.5Ag solder 

and electroless Ni-P metallization on Cu substrate were investigated after reflow and high 

temperature solid-state aging. The following conclusions have been made based on the 

investigation 

1. During interfacial reactions, mainly three compounds, Ni3Sn4, Ni-Sn-P, and Ni3P, 

grow at the Sn-3.5Ag/electroless Ni-P interface. Ni3Sn4, Ni-Sn-P, and Ni3P grow due 

to the reaction between Sn and Ni, reaction between Sn and Ni3P, and depletion of Ni 

from electroless Ni-P, respectively. The depletion of Ni from electroless Ni-P layer 

results in the formation of columnar Kirkendall voids in the Ni3P layer. 

2. Ni3Sn4 grains with needle-type and chunky-type morphologies form during reflow; 
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however, their morphologies change into scallop-type after solid-state aging.  

3. Ni3Sn4 and Ni3P layers grow predominantly as long as electroless Ni-P layer is present 

at the reaction interface.  However, after the complete transformation of electroless 

Ni-P layer into Ni3P, Ni-Sn-P layer grows rapidly at the expanse of Ni3P layer. 

4. The growth of Ni3Sn4 and Ni3P follows t1/3 kinetics. Initially, the growth of ternary 

Ni-Sn-P compound also follows t1/3 kinetics, but after the complete transformation of 

electroless Ni-P layer into Ni3P, it follows linear (t1) kinetics due to the dominating 

reaction of Sn with Ni3P.  

5. The apparent activation energies for the growth of Ni3Sn4, Ni-Sn-P, and Ni3P 

compounds are found to be 98.9, 42.2, and 94.3 kJ/mol, respectively. 

6. Interfacial reactions degrade the mechanical properties of Cu/electroless 

Ni-P/Sn-3.5Ag solder joint due to the extensive growth of Ni3Sn4 IMC and due to the 

depletion of Cu from the Cu surface. The mechanical properties are degraded more 

severely with the latter. 

7. The growth of Ni3Sn4 IMC results in a mixed fracture at the Ni3Sn4/Sn-3.5Ag 

interface. The depletion of Cu from the Cu surface results in the formation of a layer of 

Kirkendall voids at the Cu/Ni3P interface, which further degrades the joint strength 

and causes a brittle fracture at the Cu/Ni3P interface. 

8. Growth of other compounds such as Ni3P and Ni-Sn-P does not affect the mechanical 

properties of solder joint as long as the electroless Ni-P layer remains on the Cu 

surface. However after the complete transformation of electroless Ni-P layer into Ni3P, 

columnar Kirkendall voids of Ni3P layer and fine grains of Ni-Sn-P layer help the 

fracture to transmit from the Ni3P/Cu interface to the (Ni1-xCux)3Sn4/Ni-Sn-P and/or 

Ni-Sn-P/Ni3P interfaces. 

 

From this investigation, it is clear that the mechanical properties of Cu/electroless 
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Ni-P/Sn-3.5Ag solder joint are influenced by the interfacial reactions. Furthermore, it has 

been reported that the UBM/solder interfacial reactions are influenced by the UBM 

thickness itself (Choi and Lee, 1999; Huang et al., 2003). Thus, the influence of Ni-P UBM 

thickness on the Cu/electroless Ni-P/Sn-3.5Ag interfacial reactions and solder joint strength 

has also been investigated and will be presented in the following chapter. 
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Chapter 4 

Influence of Ni-P thickness on Cu/Electroless Ni-P/Sn-3.5Ag 

Interfacial Reactions and Solder Joint Strength 

 

4.1. Introduction 

Numerous studies have been done on the interfacial reactions between solder and 

electroless Ni-P UBM and their effect on solder joint strength (Ahat et al., 2000, Alam et al., 

2003; Chonan et al., 2002a; He et al., 2005; Hung et al., 2000a; Islam et al., 2003; Liu and 

Shang, 2000a; Mei et al., 1998; Yoon et al., 2004). Nevertheless, understanding made so far 

on the influence of electroless Ni-P UBM thickness on interfacial reactions and solder joint 

strength is incomplete. Accordingly, in this part of the work, solid-state interfacial reactions 

and mechanical properties of solder joint between Sn-3.5Ag solder and electroless Ni-P 

UBM on Cu substrate have been studied for the different thicknesses of Ni-P UBM. An 

attempt has been made to correlate the mechanical properties of solder joint with the 

evolution of interfacial microstructure. 

 

4.2. Experimental Procedures 

4.2.1. Preparation of Test Samples 

The procedure for test samples preparation was the same as described in section 3.2.1. 

However, in this study, electroless Ni-P metallization, of three different thicknesses, was 

plated on the Cu plate by selecting the three different deposition times (10, 20, and 30 min) 

under the same process conditions.     

 

4.2.2. Thermal Aging of Test Samples 

In this work, thermal aging of as-prepared test samples was carried out at 160, 180, and 
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200 °C for 48, 100, 225, and 400 h. After aging, the samples were removed from the oven 

and cooled in air to room temperature. 

 

4.2.3. Tensile Testing of Test Samples 

The same as described in section 3.2.3. 

 

4.2.4. Microstructural Observations 

The same as described in section 3.2.4. 

 

4.3. Results 

The thicknesses of three as-plated electroless Ni-P layers were measured to be around 

3.9, 7.3, and 9.9 μm, while the P concentration was found to be around 16 at.%. According 

to their thicknesses, the electroless Ni-P layers are termed as thin, medium, and thick Ni-P. 

 

4.3.1. Interfacial Microstructure Analysis  

As-prepared Test Samples 

Fig. 4.1 shows the back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the 

as-prepared solder joints having electroless Ni-P layer of different thicknesses. Regardless 

of the Ni-P thickness, all the joints were found to have similar interfacial microstructure and 

chemistry. It can be seen that needle-type and chunky-type Ni3Sn4 intermetallic formed at 

the Sn-3.5Ag/Ni-P interface during the reflow, part of which spalled off into the molten 

solder. Underneath the Ni3Sn4, a ternary Ni-Sn-P layer of sub-micron thickness formed. 

Underneath the Ni-Sn-P layer, a dark thin Ni3P layer having a large number of voids formed 

within the electroless Ni-P layer. 
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Thermally-Aged Test Samples 

Fig. 4.2 is the back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the 

samples aged at 160 °C for 225 h showing the growth of Ni3Sn4 intermetallic and Ni3P layer. 

It can be observed that in the thin Ni-P sample, electroless Ni-P layer completely 

transformed into Ni3P, whereas in other samples, it was still present underneath the Ni3P 

layer. In all the samples, several voids formed in the Ni3P layer due to the depletion of Ni. 

However, a layer of voids also formed at the Ni3P/Cu interface in the thin Ni-P sample (Fig. 

4.2a). In addition, in this sample, the Ni3Sn4 intermetallic was found to have Cu up to 5 at.%. 

The presence of Cu in the Ni3Sn4 and the formation of layer of voids at the Ni3P/Cu interface 

imply that the Cu diffused out from the Cu substrate to the Ni3Sn4 in the thin Ni-P sample.  

  

Fig. 4.1. Back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the as-prepared 
samples having electroless Ni-P layers of thickness of (a) 3.9 μm, (b) 7.3 μm, and (c) 9.9 μm.
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Fig. 4.3 is the back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the 

samples aged at 180 °C for 225 h showing the growth of Ni3Sn4, Ni3P, Ni-Sn-P, and 

Ni-Cu-Sn compounds. From the figure, it is clear that the thickness of electroless Ni-P UBM 

influences the growth of interfacial compounds. Along with the transformation of Ni-P layer 

into Ni3P, only Ni3Sn4 grew predominantly in the thick Ni-P sample, whereas, Ni-Sn-P also 

grew in other samples. This Ni-Sn-P layer grew at the expense of Ni3P layer (Fig. 4.3a and 

b). The chemical composition of this Ni-Sn-P layer was close to that of Ni2SnP compound. It 

can be seen that in the thick Ni-P sample, the number of voids formed at the Ni3P/Cu 

interface is negligible as compared to the other samples. In this sample, the Cu 

concentration of Ni3Sn4 intermetallic (<1 at.%) was also negligible as compared to the other 

samples that had Cu up to 7 at.%. 
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Fig. 4.2. Back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the solder joints 
aged at 160 °C for 225 h and having (a) thin (3.9 μm), (b) medium (7.3 μm), and (c) thick (9.9 
μm) Ni-P layers. 
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Fig. 4.4 is the back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the 

samples aged at 200 °C for 400 h showing the growth of Ni-Cu-Sn, Ni-Sn-P, and Cu-Sn 

compounds. It can be seen that electroless Ni-P layer completely dissolved into Ni-Sn-P in 

all the samples. In the sample with thin Ni-P, two layers of Cu-Sn IMCs, Cu6Sn5 and Cu3Sn, 

formed at the Ni-Sn-P/Cu interface. The Cu3Sn formed close to Cu substrate, understood to 

be due to the large availability of Cu from the Cu substrate. In the sample with thin Ni-P, two 

Ni-Cu-Sn intermetallics of distinct colors and chemical compositions, (Ni1-xCux)3Sn4 and 

(Ni1-xCux)6Sn5, also formed at the Ni3Sn4/Ni-Sn-P interface (Fig. 4.4a and Table 4.1). On the 

other hand, no Cu-Sn or (Ni1-xCux)6Sn5 intermetallics were found to form in the samples 

with medium and thick Ni-P, however, (Ni1-xCux)3Sn4 formed with Cu up to 6 at.%. 
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Fig. 4.3. Back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the samples aged at 
180 °C for 225 h and having (a) thin (3.9 μm), (b) medium (7.3 μm), and (c) thick (9.9 μm) 
Ni-P layers. 
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Compounds Ni Cu Sn P 

Ni-Sn-P 45±1.5 <2 29±1.5 24±1.5 

(Ni1-xCux)3Sn4 33±1 8±1 59±1 - 

(Ni1-xCux)6Sn5 25±1.5 29±2.5 46±1.5 - 

Cu6Sn5 - 52±1.5 48±1.5 - 

Cu3Sn - 73±1.5 27±1.5 - 

 

The EDX element mapping analysis of Sn-3.5Ag/Ni-P/Cu interfaces of the sample 

having thin Ni-P layer and aged at 200 °C for 400 h is shown in Fig. 4.5. The presence of a 

dark red Ni-Sn-P layer in Fig. 4.5b and a dark black Ni-Sn-P layer in Fig. 4.5d, respectively, 

Sn-3.5Ag 

(Ni1-x Cux)3Sn4 
Ni-Sn-P 

Cu 

Layer of voids Cu6Sn5 

Cu3Sn 

(Ni1-x Cux)6Sn5 

a 

Sn-3.5Ag 

(Ni1-x Cux)3Sn4 

Ni-Sn-P Layer of voids 

Cu 

b Sn-3.5Ag 

(Ni1-x Cux)3Sn4 

Ni-Sn-P 

Cu 

Layer of voids 

c 

Fig. 4.4. Back-scattered SEM images of Sn-3.5Ag/Ni-P/Cu interfaces in the samples aged at 
200 °C for 400 h and having (a) thin (3.9 μm), (b) medium (7.3 μm), and (c) thick (9.9 μm) 
Ni-P layers. 

Table 4.1. EDS results showing the chemical composition (at.%) of compounds formed at 
the Sn-3.5Ag/Ni-P/Cu interfaces in Fig. 4.4a. 
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indicates that almost all the P atoms remain in the Ni-Sn-P layer and Cu atoms diffuse 

through the Ni-Sn-P layer without interacting with it. A number of Ag3Sn particles, which 

formed in the solder matrix, were observed to accumulate at the solder/Ni-Cu-Sn interface 

due to the extensive growth of Ni-Cu-Sn layer (Fig. 4.5e and f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. EDS element mapping analysis of Sn-3.5Ag/Ni-P/Cu interfaces of the sample 
having thin (3.9 μm) Ni-P layer and aged at 200 °C for 400 h: (a) SEM image, (b) mapping 
for P, (c) mapping for Ni, (d) mapping for Cu, (e) mapping for Sn, and (f) mapping for Ag. 
The concentration of element decreases with the increase in intensity of black color. 
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4.3.2. Tensile Strength and Fracture Analysis 

As-prepared Test Samples 

Regardless of Ni-P thickness, the tensile strength and fracture behavior of all the three types 

of as-prepared samples were found nearly the same. Average tensile strength of all the three 

types of as-prepared samples was in the narrow range of 42-45 MPa (Fig. 4.7) and ductile 

fracture inside the bulk solder occurred in all the as-prepared samples (Figs. 3.13 and 4.6). 

 

              

 

 

 

  

 

 

 

Thermally-Aged Test Samples 

Samples Aged at 160 °C 

Figs. 4.7 and 4.8 show the tensile strength and fracture energy (area under load-extension 

curve) of test samples having Ni-P layers of three different thicknesses as a function of aging 

duration at 160 °C. A considerable difference was noticed in the tensile strength and fracture 

energy depending upon the Ni-P thickness. In the case of thin (3.9 μm) Ni-P, the strength 

and fracture energy decreased with aging, while in the case of thicker Ni-P (7.3 and 9.9 μm) 

they increased with aging. Similarly, a significant difference was observed in the failure 

mode and fracture behavior of the samples having Ni-P layer of different thicknesses.  

Mainly, two types of failure mode were observed. First was a ductile failure in which the 

fracture occurred inside the bulk solder as shown in Figs. 4.9a and b and the second failure 

Fig. 4.6. Fracture surfaces of the as-prepared sample having thin (3.9 μm) Ni-P layer 
showing ductile fracture inside the bulk solder. 
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mode was a brittle failure in which fracture occurred at the interface between compounds 

(Figs. 4.9c and d). In the samples with medium and thick Ni-P layers, failure mode remained 

ductile throughout the aging, however in the samples with thin Ni-P, it gradually changed to 

brittle with the increase in aging duration as shown in Figs. 4.7 and 4.8.  

 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

 

 

 

 

  

 

 

Fig. 4.7. Tensile strength of test samples having Ni-P layers of different thicknesses as a 
function of aging duration at 160 °C. 

Fig. 4.8. Fracture energy of test samples having Ni-P layers of different thicknesses as a 
function of aging duration at 160 °C (typical load-extension curves are shown in the Fig. A.2 
of appendix A). 
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A detailed fracture analysis of the aged samples with thin (3.9 μm) Ni-P layer was 

carried out to understand its brittle failure. Fig. 4.10 shows the fracture surfaces of aged 

samples having thin Ni-P layer. After careful analysis, it was found that in these samples the 

fracture occurred at the mixed (Ni1-xCux)3Sn4/Ni-Sn-P and Ni3P/Cu interfaces. This was 

further confirmed by the cross-sectional SEM images of tensile tested sample shown in Fig. 

4.11. From the figure, it is clear that although brittle fracture occurred at both the Ni3P/Cu 

and (Ni1-xCux)3Sn4/Ni-Sn-P interfaces, the Ni3P/Cu interface was more susceptible to 

fracture. Interestingly, the Ni3P layer having a large number of columnar voids was found 

not to be prone to fracture, nevertheless it helped the fracture to transmit from Ni3P/Cu 

interface to the (Ni1-xCux)3Sn4/Ni-Sn-P interface through its columnar voids (Fig. 4.11b). 

 

 

 

Fig. 4.9. Fracture surfaces of the aged (at 160 °C for 100 h) samples having (a) thick Ni-P 
(one side), (b) thick Ni-P (other side), (c) thin Ni-P (one side), and (d) thin Ni-P (other side).
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Samples Aged at 180 °C 

Fig. 4.12 shows the tensile strength of test samples having Ni-P layers of three different 

Fig. 4.10.  Fracture surfaces of the aged samples having thin (3.9 μm) Ni-P layer and aged at 
160 °C for (a) 100 h (solder side), (b) 100 h (Cu side), (c) 400 h (solder side), and (d) 400 h 
(Cu side). Fracture surfaces are at the (Ni1-xCux)3Sn4/Ni-Sn-P and Ni3P/Cu interfaces. 

Fig. 4.11. SEM images showing fracture of the sample aged at 160 °C for 400 h and having 
thin (3.9 μm) Ni-P layer (a) Fracture occurring at the Ni3P/Cu interface and (b) Fracture 
transmitting to the (Ni1-xCux)3Sn4/Ni-Sn-P interface through the Ni3P layer. 
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thicknesses as a function of aging duration at 180 °C. Regardless of Ni-P thickness, the 

tensile strength of all the three types of samples were nearly the same and followed similar 

trend, decreased with the increase in aging duration. However, a difference was observed in 

the failure mode and fracture surfaces of these samples. In the samples with thick (9.9 μm) 

Ni-P layer, mixed fracture occurred at the solder/Ni3Sn4 interface as shown in Figs. 3.15, 

3.16, and 4.12. In the samples with medium (7.3 μm) Ni-P, at the beginning of aging, two 

types of factures, mixed fracture at the solder/Ni3Sn4 interface (Fig. 4.13a and b) and brittle 

fracture in the layer of Kirkendall voids between Ni3P layer and Cu surface (Fig. 4.13c and d) 

occurred, however at later stage of aging, only brittle fracture occurred (Fig. 4.12). On the 

other hand, in the samples with thin (3.4 μm) Ni-P, only brittle facture was found to occur 

primarily in the layer of Kirkendall voids throughout the aging (Figs. 4.12 and 4.14). 

 

 

 

 

 

 

 

 

 

             

Samples Aged at 200 °C 

The tensile strength of test samples having Ni-P layers of three different thicknesses as a 

function of aging duration at 200 °C is shown in Fig. 4.15. From the figure it is clear that all 

the three types of samples had nearly the same strength. In all the three types of samples, 

Fig. 4.12. Tensile strength of test samples having Ni-P layers of different thicknesses as a 
function of aging duration at 180 °C. 
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strength decreased mostly at the early stage of aging and then remained nearly constant. In 

addition, a similarity was also observed in the fracture behavior of all these samples. In all 

the samples, brittle fracture occurred in the layer of Kirkendall voids. However, the location 

of the layer of Kirkendall voids changed from Ni3P/Cu interface to the Ni-Sn-P/Cu and 

finally to the Ni-Sn-P/Cu-Sn interface with aging as shown in Fig 4. 16. 

 

 

 

 

 

 

          

 

 

  

 

 

                                                                          

 

 

 

 

 

                      

 

 

Fig. 4.13. SEM image showing fracture at the solder/Ni3Sn4 interface (a and b) and Ni3P/Cu
interface (c and d) in the medium (7.3 μm) Ni-P samples aged at 180 °C for 48 h. 

Fig. 4.14. SEM image showing fracture in the layer of Kirkendall voids between Cu and 
Ni-Sn-P layer in the thin (3.4 μm) Ni-P sample aged at 180 °C for 400 h. 
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Fig. 4.15. Tensile strength of test samples having Ni-P layer of different thicknesses as a 
function of aging duration at 200 °C. 

Fig. 4.16. Cross-sectional SEM images showing fracture path of the sample having thin (3.9 
μm) Ni-P layer and aged at 200 °C for (a) 48 h, (b) 100 h, and (c) 400 h. Fracture typically 
occurred in the layer of Kirkendall voids. 
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4.4. Discussion 

4.4.1. Growth Mechanism of Ni-Cu-Sn and Cu-Sn IMCs 

In this study, various compounds such as Ni3Sn4, Ni-Sn-P, Ni3P, (Ni1-xCux)xSn4, 

(Ni1-xCux)6Sn4, Cu3Sn, and Cu6Sn5 were found to form during Sn-3.5Ag/Ni-P/Cu interfacial 

reactions. Although the formation of many of these compounds has been discussed in the 

previous chapter, the growth mechanism of Ni-Cu-Sn and Cu-Sn IMCs is still not clear. 

From the study reported in the previous chapter, it is clear that during Sn-3.5Ag/electroless 

Ni-P/Cu interfacial reactions, Ni3Sn4, Ni-Sn-P, and Ni3P compounds grow due to the 

reaction between Sn and Ni, the reaction between Sn and Ni3P, and the depletion of Ni from 

electroless Ni-P, respectively. For the growth of Ni3Sn4, Sn comes from the solder to the 

Ni3Sn4/Ni-Sn-P interface, where it reacts with Ni that is coming from the electroless Ni-P 

layer. The depletion of Ni from the electroless Ni-P layer causes its crystallization or 

transformation into Ni3P compound. After the complete transformation of electroless Ni-P 

into Ni3P layer, Cu starts diffusing out from the Cu surface to the Ni3Sn4 IMC through the 

grain boundaries of Ni3P layer.  

In this study, it was found that the diffusion of Cu from the Cu surface results in the 

formation of a layer of Kirkendall voids and (Ni1-xCux)3Sn4 IMCs at the  Ni3P/Cu and 

Ni3Sn4/Ni-Sn-P interfaces, respectively (Fig. 4.2a). Concurrently, Sn starts reacting with the 

Ni3P layer to grow a Ni-Sn-P layer (Fig. 4.3a and b). After the complete transformation of 

the Ni3P layer into a Ni-Sn-P layer, Sn reaches the Cu surface and forms Cu3Sn and Cu6Sn5 

IMCs at the Ni-Sn-P/Cu interface (Fig. 4.4a). As interfacial reactions proceed, extensive 

inter-diffusion of Sn and Cu causes the growth of thick Cu-Sn and Ni-Cu-Sn IMCs. Initially, 

the (Ni1-xCux)3Sn4 IMCs, with low Cu concentration, forms and then eventually the 

(Ni1-xCux)6Sn5 IMCs, with high Cu concentration, forms due to the continued supply of Cu 

(Figs. 4.3a and 4.4a and Table. 4.1).  

A schematic illustration of compound growth in the Sn-3.5Ag/electroless Ni-P/Cu 
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system is shown in Fig. 4.17. The complete growth mechanism can be divided in to three 

stages. In the stage I, three compounds, Ni3Sn4, Ni-Sn-P, and Ni3P form at the reaction 

interfaces, whose thicknesses increase with thermal aging. After the complete 

transformation of electroless Ni-P layer into Ni3P, the supply of Ni becomes insufficient and 

thus Cu starts diffusing from Cu surface to compensate the Ni supply causing the formation 

of a layer of Kirkendall voids and (NixCu1-x)3Sn4 IMCs and simultaneously the Ni-Sn-P 

layer starts growing rapidly due to the reaction between Sn and Ni3P (stage II). In the final 

stage III, after the conversion of the entire Ni3P layer into Ni-Sn-P, Sn reaches the Cu 

substrate and forms Cu3Sn and Cu6Sn5 IMCs at the Ni-Sn-P/Cu interface. The continuous 

supply of Cu from Cu surface causes the formation (NixCu1-x)6Sn5 IMCs in the Ni-Cu-Sn 

layer. 

 

 

 

 

 

 

 

 

 

Since during Sn-3.5Ag/electroless Ni-P/Cu interfacial reactions, several compounds 

such as Ni-Sn-P, Cu-Sn, and Ni-Cu-Sn grow only after the complete transformation of 

electroless Ni-P UBM into Ni3P. Thus, the growth of these compounds can be hindered by 

preventing the complete transformation of electroless Ni-P UBM and this can be easily 

achieved by increasing the Ni-P thickness. 

 

Fig. 4.17. Schematic illustration for the growth of interfacial compounds in 
Sn-3.5Ag/electroless Ni-P/Cu system showing different stages of growth: (I) Formation of 
Ni3Sn4, Ni-Sn-P, and Ni3P compounds,  (II) Formation of (NixCu1-x)3Sn4 IMCs due to the 
reaction between Cu and Ni3Sn4 and growth of Ni-Sn-P layer due to the reaction between Sn 
and Ni3P, and (III) Formation of Cu-Sn and (NixCu1-x)6Sn5 IMCs due to the reaction between 
Sn and Cu and the large supply of Cu, respectively. 
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4.4.2. Effect of Ni-P Thickness on the Mechanical Strength of Solder Joint 

The mechanical strength of a solder interconnect is determined not only by the strength 

of solder alloy but also by the adhesion between interfacial layers growing at the 

solder/UBM interface. If the adhesion between interfacial layers is sufficiently high, 

fracture occurs inside the bulk solder. Whilst in the opposite case, fracture occurs at the 

weakest interface. Accordingly, in this study, fracture inside the bulk solder was observed in 

all the as-prepared samples and in the medium and thick Ni-P samples aged at 160 °C (Figs. 

3.13, 4.6, 4.7, 4.9a, and 4.9b). Further, in all these joints, the microstructure of 

Sn-3.5Ag/electroless Ni-P/Cu interfaces comprised of Ni3Sn4, Ni-Sn-P, Ni3P, and 

electroless Ni-P layers (Figs. 4.1, 4.2b, and 4.2c). The fracture shifted to the Ni3P/Cu and 

(Ni1-xCux)3Sn4/Ni-Sn-P interfaces in the thin Ni-P samples aged at 160 °C (Figs. 4.10 and 

4.11), in which microstructure of Sn-3.5Ag/electroless Ni-P/Cu interfaces changed into the 

(Ni1-xCux)3Sn4, Ni-Sn-P, and Ni3P layers and a layer of voids (Fig. 4.2a). 

On correlating the observed fracture behavior with the microstructure of 

Sn-3.5Ag/electroless Ni-P/Cu interfaces (Fig. 4.18), the cause of brittle failure of the solder 

joint with thin Ni-P layer can be understood. This correlation reveals that as long as 

electroless Ni-P layer is present at the Sn-3.5Ag/Ni-P/Cu interfaces, the adhesion between 

interfacial compounds remains quite high and Sn-3.5Ag solder is the weakest section in the 

solder joint. Thus during aging, the increase in tensile strength in the case of medium and 

thick Ni-P samples aged at 160 °C can be understood to be due to the growth of Ag3Sn 

intermetallic (Fig. 4.2) that reinforced the solder. On the other hand, in the case of thin Ni-P 

samples aged at 160 °C, as the electroless Ni-P layer transformed completely into Ni3P layer, 

Cu started depleting from the Cu surface through the grain boundaries or even the internal 

surface of the voids of the Ni3P layer (Fig. 4.19) to compensate the Ni supply, thereby 

resulting in formation of a layer of Kirkendall voids at the Ni3P/Cu interface (Fig. 4.2a). The 

layer of voids broke the mechanical and atomic interlocking between the Cu surface and the 
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Ni3P layer and made the Ni3P/Cu interface one of the weak sections in the solder joint. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Ni-Sn-P layer was reported (Matsuki et al., 2002) to be the weakest section in the 

electroless Ni-P/Sn-Pb solder joint. However, in this study, the interface of Ni-Sn-P layer 

with (Ni1-xCux)3Sn4 intermetallics was observed to be one of the weak sections in the solder 

joint and this was observed only after complete transformation of underlying electroless 

Ni-P layer into Ni3P layer. From the previous chapter, it is known that after the complete 

transformation of the electroless Ni-P layer, Sn coming from the solder starts reacting with 

Ni3P layer to grow Ni-Sn-P layer. On the other hand, Cu starts depleting from the Cu surface 

Fig. 4.18. Schematic illustrations correlating the fracture behavior with the interfacial 
microstructure of Cu/electroless Ni-P/Sn-3.5Ag solder joint: (a) fracture inside the bulk 
solder and (b) fracture at the interfaces between two compounds.    
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Fig. 4.19. Magnified view of Ni3P layer inside the rectangle frame in Figure 4.10c 
illustrating the Cu diffusion paths in the Ni3P layer by the arrows.   
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and forms Ni-Cu-Sn intermetallic compounds at the Ni3Sn4/Ni-Sn-P interface. Thus, there 

can be two possible reasons for the loss of adhesion between Ni-Sn-P and (Ni1-xCux)3Sn4 

layers in the case of the solder joint with thin Ni-P. One is the relatively high growth of 

Ni-Sn-P and the other is the formation of (Ni1-xCux)3Sn4  intermetallic compound. Since no 

big difference was observed in the Ni-Sn-P thickness grown in all the samples aged at 160°C 

(Fig. 4.2), it can be concluded that the formation of (Ni1-xCux)3Sn4 might be a cause for the 

brittle fracture at the (Ni1-xCux)3Sn4/Ni-Sn-P interface. The formation of (Ni1-xCux)3Sn4 

intermetallic at the Ni3Sn4/Ni-Sn-P interface can result in the generation of intrinsic stress at 

the interface and thereby in the loss of adhesion due to the breaking of mechanical 

interlocking and atomic bonding. Moreover, the contribution of fine morphology of Ni-Sn-P 

compound (Fig.4.20) in the loss of adhesion between Ni-Sn-P and (Ni1-xCux)3Sn4 layers can 

not be ruled out as fine morphology implies low mechanical interlocking. 

Although the above mentioned discussion explains the brittle failure of the thin Ni-P 

sample aged at 160°C, it can also be used for the samples aged at higher temperatures (180 

and 200°C). All these samples were found to have nearly the same strength and fracture 

behavior (except medium and thick Ni-P samples aged at 180°C, where mixed fracture 

occurred at the solder/Ni3Sn4 interface). As discussed in the previous chapter, the cause for 

the mixed fracture at the solder/Ni3Sn4 interface in the medium and thick Ni-P samples aged 

at 180°C can be understood to be due to the larger growth of Ni3Sn4 IMC. However in other 

samples, the layer of Kirkendall voids formed at the Ni3P/Cu interface was the main cause 

of brittle fracture (Fig. 4.13c and d). The layer of Kirkendall voids remained the main cause 

of brittle fracture even after the transformation of the Ni3P layer into Ni-Sn-P and the 

formation of Cu-Sn intermetallics at the Ni-Sn-P/Cu interface (Figs. 4.14 and 4.16).  
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As the layer of Kirkendall voids form only after the complete transformation of 

electroless Ni-P layer into Ni3P, it formed in the thin Ni-P samples much earlier than in the 

thicker Ni-P samples. As a result, brittle fracture was observed much earlier in the samples 

with thin Ni-P layer as compared to the samples with thicker Ni-P layers.     

 

4.5. Conclusions 

Interfacial microstructure, tensile strength, and fracture behavior of thermally aged 

Cu/electroless Ni-P/Sn-3.5Ag solder joint were investigated for three different Ni-P 

thicknesses (3.9, 7.3, and 9.9 μm). The following conclusions were made based on the 

investigation: 

1. The thickness of electroless Ni-P UBM influences the growth of compounds at the 

Sn-3.5Ag/electroless Ni-P/Cu interfaces due to the amount of Ni available from the 

electroless Ni-P. In the samples with thin (3.9 μm) Ni-P, various compounds such as 

Ni-Sn-P, Cu3Sn, Cu6Sn5, (Ni1-xCux)3Sn4, and (Ni1-xCux)6Sn5 grew at a lower aging 

temperature and within a shorter duration as compared to the samples with thicker (7.3 

and 9.9 μm) Ni-P. Thus, the growth of these compounds can be avoided by using the 

Ni-P UBM of proper thickness. 

Fig. 4.20. (a) Top view and (b) titled view of fracture surface of the thin Ni-P sample aged at 
180°C for 225 h showing fine morphology of Ni-Sn-P compound grown in between 
(Ni1-xCux)3Sn4 and Ni3P compounds.   
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2. The thickness of electroless Ni-P UBM influences the mechanical properties of 

Cu/electroless Ni-P/Sn-3.5Ag solder joint. In the thin Ni-P samples, brittle fracture at 

the Ni3P/Cu and Ni-Cu-Sn/Ni-Sn-P interfaces was found to occur much earlier than that 

in the samples with thicker Ni-P layers. 

3. The brittle fracture at the Ni3P/Cu and Ni-Cu-Sn/Ni-Sn-P interfaces is observed only 

after the complete transformation of electroless Ni-P layer into Ni3P. Through the Ni3P 

layer, Cu starts depleting from Cu surface and thereby a layer of Kirkendall voids is 

formed at the Ni3P/Cu interface. This layer of Kirkendall voids makes the Ni3P/Cu 

interface one of the weak sections in the solder joint. The layer of Kirkendall voids 

remains the main cause of brittle fracture even after the transformation of Ni3P layer into 

Ni-Sn-P and the formation of Cu-Sn intermetallics at the Ni-Sn-P/Cu interface. 

4. Cu diffuses out from the Cu surface and forms Ni-Cu-Sn intermetallic compounds at the 

Ni3Sn4/Ni-Sn-P interface. The formation of Ni-Cu-Sn intermetallics results in loss of 

adhesion between Ni-Cu-Sn and Ni-Sn-P compounds.  

5. Finally, it is clear that the brittle failure of Cu/electroless Ni-P/solder joint can be 

avoided by the selection of the electroless Ni-P UBM of proper thickness. For example, 

in this study, this thickness was found to be more than 3.9 μm (7.3 or 9.9 μm). 

 

Based on the findings of this investigation, it can be said that the thickness of electroless 

Ni-P layer plays an important role in determining the mechanical reliability of 

Cu/electroless Ni-P/sn-3.5Ag solder joint. However, there is another Ni-P feature, the P 

concentration, which can potentially influence the interfacial reactions and thus solder joint 

strength. Therefore, in the following chapter, interfacial and mechanical studies focused on 

the P concentration of the electroless Ni-P layer will be presented. 
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Chapter 5 

Influence of P Concentration on Cu/Electroless Ni-P/Sn-3.5Ag 

Interfacial Microstructure and Solder Joint Strength 

 

 

 

5.1. Introduction 

The influence of P concentration on the mechanical properties of electroless 

Ni-P/solder joint has been investigated in a few studies (Chonan et al., 2002a; Alam et al., 

2003). However, different thicknesses of electroless Ni-P UBM were used for investigating 

and comparing the influence of P concentration on the joint strength. As the thickness of 

electroless Ni-P layer itself influences the mechanical properties of electroless Ni-P/solder 

joint. It is essential to separate the effect of electroless Ni-P thickness from the effect of P 

concentration. Accordingly, in this study, electroless Ni-P layers of different P 

concentrations, but of the same thickness, were used to investigate the effect of P 

concentration on the interfacial microstructure and tensile strength of Cu/electroless 

Ni-P/Sn-3.5Ag solder joint.  

In electronic manufacturing, at least 2 reflows are required. The first reflow forms an 

area of solder bumps on a chip surface, while the second reflow bonds the chip to a substrate. 

Multiple reflows, in fact, are often experienced during subsequent surface mount, testing 

and repair of chips. In this study, multiple reflows up to 30 cycles were carried out. Our 

intention is to not only simulate the actual situation that a package may go through, but also 

drive the interfacial reactions to the extreme condition to reveal the endurance limit of 

different Ni-P alloys. 
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5.2. Experimental Procedures 

5.2.1. Preparation of Test Samples 

The procedure for test sample preparation was the same as described in section 3.2.1. 

However, in this study, different commercial electroless nickel solutions were used to coat 

three electroless Ni-P layers of different P concentrations and thus the electroless Ni-P 

layers of three different P concentrations, 6.1 wt.%, 8.8 wt.%, and 12.3 wt.%, were obtained. 

All electroless Ni-P layers were plated such that approximately the same thickness (~3 μm) 

was obtained. 

 

5.2.2. Multiple Reflows of Test Samples 

The as-prepared samples were subjected to multiple reflows of 2, 5, 10, 15, 20 and 30 

cycles. The each reflow cycle followed the same temperature profile as the one used during 

sample preparation.  

 

5.2.3. Tensile Testing of Test Samples 

The same as described in the section 3.2.3. 

 

5.2.4. Microstructural Observations 

The same as described in the section 3.2.4. 

 

5.3. Results and Discussion 

5.3.1. Influence of P Concentration on Interfacial Microstructure  

The cross-section of electroless Ni-P plated Cu substrate is shown in Fig. 5.1, in which 

an electroless Ni-P layer of uniform thickness of around 3 μm can be seen. Fig. 5.2 shows 

the interfacial microstructure of as-prepared samples. In all the three types of as-prepared 

samples, two distinct colored layers (light and dark grey) of compounds were observed at 
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the electroless Ni-P/Sn-3.5Ag interface. The light grey layer was of Ni3Sn4 intermetallic and 

the relatively thinner continuous dark grey layer formed between Ni3Sn4 and electroless 

Ni-P layers was mainly consisted of Ni3P compound. From previous electroless Ni-P/solder 

interfacial studies (He et al., 2004a; Lee and Lin, 1994), it is known that during interfacial 

reactions, Ni diffuses toward the solder side while Sn diffuses toward the electroless Ni-P 

side forming Ni3Sn4 intermetallic at the electroless Ni-P/solder interface. Owing to the 

depletion of Ni from electroless Ni-P, phosphorus atoms are left behind in the Ni-P layer. 

Continued reactions between electroless Ni-P and solder cause a large depletion of Ni from 

the electroless Ni-P layer. Consequently, there is an accumulation of P atoms at the interface 

between electroless Ni-P and Ni3Sn4 resulting in the crystallization or transformation of 

electroless Ni-P layer into higher P concentration Ni-P (Ni3P) layer (Jang et al., 1999). 

 

 

 

 

 

 

 

 

Comparing Figs. 5.2a, b, and c, it is apparent that electroless Ni-P layer in low P sample 

was thinner than those in higher P samples. This shows that electroless Ni-P UBM with low 

P was consumed more rapidly by Sn to form Ni3Sn4. The lower P concentration of 

electroless Ni-P layers results in the higher concentration gradient of Ni from the electroless 

Ni-P to the solder. This in turn allows faster Ni diffusion to the solder to form Ni3Sn4 and 

thus the faster consumption of electroless Ni-P UBM. This finding is in agreement with the 

study, which has been done by Sohn et al. (2004a) on the interfacial reaction between pure 

Electroless Ni-P 

Cu  

Fig. 5.1. Cross-section of electroless Ni-P plated Cu substrate. 
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Sn and electroless Ni-P layers with different P concentrations. They observed that the 

thickness of Ni3Sn4 intermetallic increases, or in other words, the consumption of 

electroless Ni-P UBM increases with decreasing the P concentration of electroless Ni-P 

layer. 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

In this study, the Ni3P layer that grew between electroless Ni-P and Ni3Sn4 layers was 

found to be the thinnest in the low P sample. Similar phenomenon has been reported in 

previous interfacial studies between electroless Ni-P and different solders (Chonan et al., 

2002a; Alam et al., 2003; Sohn et al., 2004a). Sohn et al. (2004a) demonstrated differential 

scanning calorimetry (DSC) analyses of electroless Ni-P layers with different P 

concentrations. It was reported that the crystallization temperature of electroless Ni-P 

decreases while the heat of crystallization increases with increasing the P concentration of 

Fig. 5.2. Interfacial microstructures of as-prepared samples having electroless Ni-P layers of 
(a) low (6.1 wt.%), (b) medium (8.8 wt.%), and (c) high (12.3 wt.%) P concentrations. 
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electroless Ni-P layer. These facts imply that the driving force for electroless Ni-P to 

transform into crystalline Ni3P phase increases with increasing P concentration. Thus, it is 

reasonable to conclude that the higher P electroless Ni-P UBM would be able to supply 

more P atoms to facilitate Ni3P formation and thus the Ni3P layer would be thicker in the 

higher P sample. 

In Fig. 5.2, it is worthwhile to notice that in the medium and high P samples, most of the 

Ni3Sn4 intermetallic compound spalled off into the solder leaving behind a thin layer of 

Ni3Sn4 adhering to the reaction interface. The spallation of Ni3Sn4 intermetallic during 

electroless Ni-P/solder interfacial reactions has been further confirmed from recent 

interfacial studies (Chen et al., 2004; Sohn et al., 2004b). Chen et al. (2004) have suggested 

that intermetallics spallation into the molten solder during liquid-state reaction could occur 

due to the mechanical stresses built up at the reaction interface. The mechanical stresses 

build at the reaction interface due to the growth of multi-layered compounds. As the 

compounds are generally of different densities, the growth of these compounds causes a 

volume change at the reaction interface and thereby results in volumetric stress generation. 

It has been known that the density of electroless Ni-P coatings is inversely proportional to 

their phosphorus concentration (ASM, 1994). The density of Ni3Sn4 is 8.64 g/cm3 (Chen et 

al., 2004), while the densities of electroless Ni-P layers containing 6.1, 8.8, and 12.3 wt.% P 

are approximately 8.2, 7.9, and 7.5 g/cm3, respectively (ASM, 1994). The higher P 

concentration of electroless Ni-P UBM yields the larger density difference between 

electroless Ni-P and Ni3Sn4 layers. As Ni3Sn4 intermetallic forms, stresses generate between 

electroless Ni-P and Ni3Sn4 layers. These stresses increase as Ni3Sn4 grows thicker and at 

certain extent spallation of Ni3Sn4 may occur. Due to the larger density difference between 

higher P-containing electroless Ni-P UBM and Ni3Sn4 intermetallic, higher mechanical 

stresses build between electroless Ni-P and Ni3Sn4 layers causing more severe Ni3Sn4 

spallation into the solder. As mentioned earlier, a thin layer of Ni3Sn4 remained adherent to 
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the reaction interface in spite of the spallation. This implies that the reaction between Ni and 

Sn was still taking place when the Ni3Sn4 spallation occurred and the Ni3Sn4 had not grown 

to the extent that the stresses generated would cause further spallation to happen. 

Fig. 5.3 shows the interfacial microstructure of the test samples subjected to 5 reflows. 

As compared to the as-prepared sample, it is apparent that the Ni3Sn4 intermetallic in the 

low P sample grew thicker with the number of reflows and thus the electroless Ni-P layer 

became thinner as the reaction between Ni and Sn continued (Fig. 5.3a). No trace of 

electroless Ni-P UBM was observed in the low P sample after 5 reflows. The thin dark Ni3P 

layer was no longer a continuous layer, compared with the as-prepared sample shown in Fig. 

5.2a. Instead, at many locations, it was dissolved and transformed into the Ni-Sn-P layer, 

which opened the channels for Sn to diffuse into the Cu substrate and for Cu to diffuse into 

the Ni3Sn4 layer. The diffusion of Sn and Cu through the “leaky” Ni3P and Ni-Sn-P layers 

resulted in the formation of Ni-Cu-Sn and Cu-Sn IMCs at the reaction interface as shown in 

Fig. 5.3a. No such formation of Ni-Cu-Sn and Cu-Sn IMCs was observed in the samples 

with medium and high P electroless Ni-P UBM (Figs. 5.3b and c). This observation can be 

explained by considering the lower consumption of higher P-containing electroless Ni-P 

UBM. As discussed previously, the Ni3P layer grows thicker with increasing the P 

concentration of electroless Ni-P UBM. The thicker Ni3P layer will slow down the Ni 

diffusion from electroless Ni-P to the Ni3Sn4/Ni3P interface due to the lower concentration 

gradient of Ni and consequently the consumption of electroless Ni-P UBM will be slowed 

down. This is the reason why there was still a continuous electroless Ni-P layer remaining in 

the medium and high P samples after 5 reflows. This remaining electroless Ni-P layer 

prevented the formation of Ni-Cu-Sn and Cu-Sn IMCs, by preventing the Sn and Cu 

diffusion. 
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The interfacial microstructures of low (6.1 wt.%) , medium (8.8 wt.%), and high (12.3 

wt.%) P samples after 20 reflows are depicted in Fig. 5.4.  All samples contained some 

features in common. Quite a large amount of Ni-Cu-Sn and Cu-Sn intermetallics were 

present at the interface. Moreover, no trace of electroless Ni-P was found in all the samples 

and there was no more Ni3Sn4 present at the interface. The apparent distinction between the 

three samples was that the Ni-Cu-Sn and Cu-Sn IMCs formed in low P sample were the 

thinnest among all the samples. The presence of thick layers of Ni-Cu-Sn and Cu-Sn IMCs 

in the samples with medium and high P electroless Ni-P UBM can be understood to be due 

to the Ni3Sn4 spallation, which occurred typically in the medium and high P samples. From 

the study reported in previous chapter (Fig. 4.16), it is known that after the complete 

transformation of electroless Ni-P layer into Ni3P and/or Ni-Sn-P layers, Cu starts diffusing 
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Fig. 5.3. Interfacial microstructures of the test samples having electroless Ni-P layers of (a) 
low (6.1 wt.%), (b) medium (8.8 wt.%), and (c) high (12.3 wt.%) P concentrations, after 5 
reflows. 
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out from Cu substrate and forms Ni-Cu-Sn intermetallics at the Ni3Sn4/Ni-Sn-P interface 

due to the reaction with Ni3Sn4.  Moreover, Sn coming from solder eventually reaches the 

Cu substrate and forms Cu-Sn intermetallics at the Ni-Sn-P/Cu interface. Thus, in the case 

of medium and high P samples, owing to the Ni3Sn4 spallation, the Cu-Sn and Ni-Cu-Sn 

IMCs formation is expected to be rapid since the Ni3Sn4 spallation shortens the Sn and Cu 

diffusion path through the remaining compound layers. 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2. Influence of P Concentration on Mechanical Properties 

Fig. 5.5 shows the variation in the average tensile strengths of low, medium, and high P 

samples as the samples underwent multiple reflows. From the figure, it is clear that the 

tensile strength of all the three types of samples (low, medium, and high P) decreases with 

increase in the number of reflows. All the three types of samples showed a similar tensile 

Fig. 5.4. Interfacial microstructures of the samples having electroless Ni-P layers of (a) low 
(6.1 wt.%), (b) medium (8.8 wt.%), and (c) high (12.3 wt.%) P concentrations, after 20 
reflows. 
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strength up to 5 reflows. However after 5 reflows, the strength of medium and high P 

samples decreased rapidly, while the strength of low P sample stabilized and remained 

nearly unchanged. The strengths of medium and high P samples were observed to be 

comparable to each other after 10 reflows. To sum up, low P samples exhibited the highest 

tensile strength among all after multiple reflows. In other words, the degradation in strength 

was the lowest in the case of low P sample. 

                

 

 

 

 

 

 

 

 

 

In order to understand the reasons for degradation in the tensile strength of 

Cu/electroless Ni-P/Sn-3.5Ag solder joints having different P containing electroless Ni-P 

layers, in-depth study of fracture surfaces and fracture path were carried out. Figs. 5.6 and 

5.7, respectively, show typical fracture path and fracture surfaces that occurred in the 

multiple reflowed samples. A general trend was observed in the fracture surfaces and 

fracture path of the samples having different P containing electroless Ni-P layers. For up to 2 

reflows, in all the three types of samples, the fracture path was entirely inside the solder (Fig. 

5.6a and 5.7a). However, as the number of reflows increased, the fracture path shifted from 

inside the bulk solder to the reaction interfaces between solder and Cu substrate (Fig. 5.6b 

and 5.7b). This indicates that in the samples reflowed more than twice, the cohesive strength 

Fig. 5.5. The tensile strength of low, medium, and high P samples after multiple reflows. 
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of the compounds formed at the Cu/electroless Ni-P/Sn-3.5Ag interfaces and their adhesive 

strength with both the Cu substrate and solder were much lower than the cohesive strength 

of solder. From Figs. 5.6a and 5.7a, it is also apparent that the failure mode was ductile in 

the samples reflowed up to 2 times. The necking in the solder (see Fig. 5.6a) clearly 

indicates that the solder experienced quite large amount of plastic deformation before 

fracture. However, as shown in Figs. 5.6b and 5.7b, with increased number of reflows, the 

appearance of fracture surface changed macroscopically from rough to nearly flat surface, 

in other words, the failure mode changed from ductile to brittle. 

   

 

 

 

 

 

 

   

 

 

 

 

 

 

Fig. 5.8 shows the SEM images of fracture surfaces of medium P samples reflowed for 

multiple times.  The figure shows a clear transition in the fracture surfaces. In the sample 

reflowed for 5 times, fracture surfaces were at the Cu/Ni3P and Ni3P/Ni-Cu-Sn interfaces 

(Fig 5.8a and b), which shifted to the Ni-Sn-P/Cu and Ni-Sn-P/Cu-Sn interfaces with the 

Fig. 5.6. Fracture path in low P sample (a) after 2 reflows, (b) after 20 reflows, showing the 
transition from ductile to brittle failure as the number of reflows increased.  
 

a b

a b

Fig. 5.7. Fracture surfaces of high P sample (a) after 2 reflows, (b) after 20 reflows, showing 
the transition from ductile to brittle failure as the number of reflows increased.  
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increase in reflow cycles (Fig. 5.8c and d). Finally, the fracture surfaces were at the 

Ni-Sn-P/Cu-Sn interface owing to the large growth of Cu-Sn intermetallics on the Cu 

substrate (Fig. 5.8e and f). The large growth of Cu-Sn intermetallics on the Cu substrate is 

further confirmed from the SEM images of fracture path shown in Fig. 5.9. 

  

 

 

 

 

  

 

 

 

 

  

 

 

 

 

 

 

 

It has been shown in the previous chapters that the Ni3P/Cu and Ni-Sn-P/Cu interfaces 

in the Cu/electroless Ni-P/Sn-3.5Ag solder joint are more prone to fracture due to the 

formation of a layer of Kirkendall voids at these interfaces. The layer of voids at the 

Ni3P/Cu interface forms after complete transformation of electroless Ni-P layer into Ni3P 

Fig. 5.8. Fracture surfaces of medium P samples after reflow for (a) 5 cycles (solder side), 
(b) 5 cycles (Cu substrate side), (c) 15 cycles (solder side), (d) 15 cycles (Cu substrate side), 
(e) 30 cycles (solder side), and (f) 30 cycles (Cu substrate side). 
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layer and due to the depletion of Cu from the Cu substrate through the Ni3P layer. The layer 

of voids remains at the reaction interface even after the formation of Ni-Sn-P and Cu-Sn 

compounds. In this study, a similar layer of voids was observed at the reaction interface after 

5 reflows (Figs. 5.3 and 5.4), which caused the facture to occur at the Ni3P/Cu interface (Fig. 

5.8a and b). The growth of Ni-Sn-P and Cu-Sn compounds at the Ni3P/Cu interface changed 

the appearance of fracture surfaces (5.8b, c, d, and e) and decreased the tensile strength 

severally (Fig. 5.5).  Thus, the decrease in tensile strength during multiple reflows can be 

understood to be due to the formation of a layer of voids and growth of Ni-Sn-P and Cu-Sn 

compounds between the solder and Cu substrate. 

 

 

 

 

 

 

 

 

Although the cause of degradation in tensile strength of all the three types of reflowed 

samples is quite clear, the cause of relatively small decrease in tensile strength of low P 

sample has to be understood as well. As discussed in previous section, owing to the low 

intermetallic spalling, the growth of Cu-Sn IMCs in the low P samples was very low as 

compared to that of medium and high P samples. Since the growth of Cu-Sn IMCs severely 

deteriorated the tensile strength of solder joints (Figs. 5.5, 5.8, and 5.9), the small decrease 

in tensile strength of low P samples is attributed to the low growth rate of Cu-Sn IMCs. 

Another difference observed in the low P samples was the fracture surface, which consists 

of mixed paths along different interfaces. Unlike the ones for medium and high P samples 

Sn-3.5Ag 

Cu 

Ni-Cu-Sn 
Cu-Sn 

10 μm 

Fig. 5.9. SEM image of fracture path in the medium P sample reflowed for 30 cycles, 
showing the large growth of Cu-Sn intermetallics on the Cu substrate. 
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(Fig. 5.7b and 5.8), the fracture in low P sample occurred at the mixed interfaces even after 

20 cycles of reflow (Fig. 5.10) and this mixed fracture could be the reason for no significant 

drop in tensile strength (Fig. 5.5). We tried to find out the cause for this mixed facture in the 

case of low P samples. From interfacial analysis, it was found that in the low P samples, the 

mixed fracture occurred due to the uneven growth of interfacial compounds as shown in 

Figs. 5.3a and 5.4a.  Since in the medium and high P samples, most of the compounds 

spalled off the reaction interface, no such uneven growth of compounds took place in these 

samples (Figs. 5.3b, 5.3c, 5.4b, and 5.4c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4. Conclusions 

From this study, it is clear that the P concentration of electroless Ni-P layer influences 

the interfacial microstructure and mechanical strength of Cu/electroless Ni-P/Sn-3.5Ag 
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Fig. 5.10. Fracture surfaces of low P sample after 20 reflows (a) solder side, (b) Cu substrate 
side, (c) magnified image of solder side, (d) magnified image of Cu substrate side, showing 
that fracture occurred at mixed solder/solder, solder/Ni-Cn-Sn, Ni-Cu-Sn/Ni-Sn-P, and 
Ni-Sn-P/Cu interfaces. 
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solder joint. Low P samples exhibited the highest joint strength among all, with little drop in 

tensile strength. The strengths of medium and high P samples decreased rapidly with the 

increase in reflow cycles. In the early stage, low P electroless Ni-P layer consumed more 

rapidly by its reaction with Sn due to the high concentration gradient of Ni from electroless 

Ni-P layer to solder. However, Ni3Sn4 IMC in low P sample was found to remain at the 

reaction interface. In contrast, Ni3Sn4 IMC that formed in the medium and high P samples 

mostly spalled into the molten solder and eventually the electroless Ni-P layer was 

consumed rapidly as the reflow cycles progressed. Although Ni3Sn4 spallation was not 

found to influence the solder joint strength directly, it shortened the Cu and Sn diffusion 

path through the remaining compound layers and consequently, Ni-Cu-Sn and Cu-Sn IMCs 

grew rapidly with the number of reflows. The extensive growth of Ni-Cu-Sn and Cu-Sn 

IMCs and voids at the reaction interface decreased the tensile strength of medium and high P 

samples severely. Therefore, low P electroless Ni-P is the best electroless Ni-P UBM against 

multiple reflows because of high solder joint strength, low spallation of interfacial 

compounds, and slow growth of interfacial compounds and voids. 

 

From this study, a qualitative understanding of the influence of P concentration on the 

interfacial microstructure and tensile strength of Cu/electroless Ni-P/Sn-3.5Ag solder joint 

has been made. In the next chapter, a quantitative account of the influence of P on the 

growth of interfacial compounds will be presented through analytical modeling.  
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Chapter 6 

Mathematical Model for the Growth of Ni3P and Ni3Sn4 

Compounds 

 

6.1. Introduction 

Although much is known about the formation of multiple compounds in the electroless 

Ni-P/Solder (Sn-Pb and Sn-Ag) system, there are still a lot of issues such as the variation in 

growth kinetics of compounds and the influence of P concentration on the growth of 

compounds, to be understood. A wide variation in Ni3Sn4 growth kinetics ranging from t1/2 

to t1/4 has been reported in different studies (He et al., 2004d; Jang et al., 1999; Jeon et al., 

2003b; Yoon et al., 2003; Yoon and Jung, 2004). As this variation cannot be explained 

simply with the help of the state of reaction (liquid or solid) or IMC grain coarsening, a 

thorough investigation is needed to explain it. Further, in a recent interfacial study (Sohn et 

al., 2004a), the P concentration of electroless Ni-P layer has been reported to influence the 

growth of Ni3P and Ni3Sn4 compounds. From these studies, it is clear that the growth 

mechanism and kinetics of Ni3P and Ni3Sn4 compounds are closely associated with the 

electroless Ni-P UBM. However, the exact mechanism behind these findings is still not 

clear. 

The Ni3P layer that formed in the electroless Ni-P layer under short reflow or 

liquid-state thermal aging has been reported to have nanocrystalline columnar grains (Chen 

et al., 2004; He et al., 2004a; Jang et al., 1999). However in the present study, after long 

solid-state thermal aging, this layer has been found to have columnar grains of micron-size 

(Figs. 3.21 and 4.18).  This implies that the growth of columnar Ni3P grain takes place 

during soldering reaction. Thus, considering the growth of columnar Ni3P grain, in this 

study, we developed a mathematical model for the growth of Ni3P and Ni3Sn4 compound 
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layers. The model not only can describe the variation in Ni3P and Ni3Sn4 growth kinetics, 

but also can help to understand the influence of P concentration on Ni3P and Ni3Sn4 growth.  

 

6.2. Derivation of Growth Model  

In modeling the growth of Ni3P and Ni3Sn4 compounds, we considered the following 

facts based on the previous studies (Chen et al., 2004; He et al., 2004a;  Jang et al. 1999; Lee 

and Lin, 1994; Matsuki et al., 2002): (a) Columnar Ni3P grains grow in electroless Ni-P 

layer due to the depletion of Ni and depleted Ni reacts with Sn to form Ni3Sn4 (Chen et al., 

2004; He et al., 2004a; Jang et al., 1999), (b) Ni diffuses through the grain boundaries of 

Ni3P layer and there is no out flux of P from electroless Ni-P layer, in other wards, P is 

completely consumed within electroless Ni-P layer to form Ni3P (Chen et al., 2004; Jang et 

al., 1999; Matsuki et al., 2002), and (c) Sn is the main diffusing element in Ni3Sn4, in other 

words, the Sn-Ni reaction takes place only at the Ni3P/Ni3Sn4 interface (Lee and Lin, 1994). 

Some assumptions were also made in the modeling, which are: (a) the interface between 

electroless Ni-P layer and Ni3P shifts due to the depletion of Ni (Kirkendall effect); however, 

formation of Kirkendall voids is ignored for convenience, (b) the thickness of Ni3P grain 

boundary ‘δ ’ is very small as compared to the width of the Ni3P gain ‘W’, (c) the 

geometrical shape of a columnar Ni3P grain can be represented by perfect rectangular 

column, and (d) the growth of ternary Ni-Sn-P compound can be neglected as this 

compound does not grow unless and until electroless Ni-P layer is completely transformed 

into Ni3P. 

Fig. 6.1 is a one-dimensional schematic diagram that shows the growth of columnar 

Ni3P compound in the electroless Ni-P layer. Considering the symmetry in Ni3P grains, in 

the model, only the growth of one Ni3P grain is taken into account. Lets at time t, ΔX1 and 

ΔX2 are the thickness of Ni3P and Ni3Sn4 layers, respectively. If in time Δt, due to the 

depletion of Ni from electroless Ni-P layer, ΔXL is the shift in the interface between 
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electroless Ni-P and Ni3P layers and ΔXK is the attenuation in electroless Ni-P layer, then the 

number of Ni and P atoms present per unit cross-sectional area of electroless Ni-P layer 

before and after its transformation into Ni3P will be 

Before transformation: 
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N Lbefore
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Δ
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where, C0 and Ci, respectively, are the atomic fraction of Ni in electroless Ni-P and Ni3P 

layers, and Ω is the molar volume. 

 

 

 

 

 

 

 

 

 

Since P is completely consumed within electroless Ni-P layer to form Ni3P layer, thus  

Fig. 6.1.  Schematic illustration of the growth of Ni3P grain in the electroless Ni-P layer due 
to the depletion of Ni during soldering reaction. 
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after
P

before
P NN =                                                                                               (6.5) 

( )34 0 −Δ=Δ CXX LK                                                                                 (6.6) 

Since ΔX=VΔt, thus 

( )34 0 −= CVV LK                                                                                          (6.7) 

where, VK and VL are the velocity of interfaces XK and XL, respectively. 

 

The number of Ni atoms that freed from electroless Ni-P layer in time Δt owing to its 

transformation into Ni3P can be calculated as  

after
Ni
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NiNi NNN −=Δ                                                                                  (6.8) 
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After substituting the value of ΔXK from Eq. 6.6, we get 

( )34 0 −
Ω

Δ
=Δ C

X
N L

Ni                                                                                 (6.10) 

Since all the freed Ni atoms diffuse through the Ni3P layer, thus from mass balance for Ni, 

the flux of Ni diffusing through the Ni3P layer must be equal to  

( )34 0 −
ΩΔ
Δ

=
Δ

Δ
= C

t
X
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N

J LNi
Ni                                                                     (6.11) 

Flux of Ni atom diffusing through the Ni3P layer can also be represented by 

1

11
X
CDJ eff

NiNi Δ
Δ

Ω
−=                                                                                    (6.12) 

where, eff
NiD is the effective diffusivity of Ni in Ni3P layer, and ΔC1/ ΔX1 is the gradient of 

the atomic fraction of Ni along the Ni3P layer. From Eqs. 6.11, and 6.12,  
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Since tVX LL Δ−=Δ , thus 
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Since the velocity of interface X12, V12, is equal to VK, then after substituting the value of VL 

in Eq. 6.7, we can get 

1

1
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CDVV eff
NiK Δ

Δ
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Considering the flux of Sn at the interface XM, the velocity of the interface VM can be 

determined as 

( ) ( )"'"'
SnSnMSnSn JJVCC −Ω=−                                                                      (6.16) 

where, '
SnJ  and "

SnJ   are the flux of Sn atoms diffusing through the solder and Ni3Sn4, 

respectively, and '
SnC  and "

SnC  are the mole fraction of Sn in solder and Ni3Sn4, respectively. 

After assuming Sn-3.5Ag solder as a pure Sn, the flux of Sn atoms diffusing through the 

Ni3Sn4 layer can be determined as 

{ })(0
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MSn VJ
7
31"

Ω
=                                                                                              (6.18) 

 

In electroless Ni-P/solder system, the growth of Ni3P and Ni3Sn4 layers are controlled by the 

diffusion of Ni through the Ni3P layer (Chen et al., 2004; Jang et al., 1999; Matsuki et al. 

2002), thus for the growth of Ni3Sn4 at the Ni3Sn4/Ni3P interface, the flux of Sn atoms 

coming from the solder through the Ni3Sn4 layer must be equal to the 4/3 times of the flux of 

Ni atoms coming from the electroless Ni-P through the Ni3P layer i.e. 

NiSn JJ
3
4" =                                                                                                   (6.19) 
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After substituting the value of NiJ  from Eq. 6.11, we get 
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Since tVX LL Δ−=Δ , then 
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After substituting the value of "
SnJ  from Eq. 6.18, we get the velocity of interface XM 
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And after putting the value of VL from Eq. 6.14, we get 
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Now, the growth rate of Ni3P layer can be determined as  
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and the growth rate of Ni3Sn4 IMC layer will be  
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From Eqs. 6.24 and 6.25, the ratio between thickness of Ni3Sn4 and Ni3P layers can be 

determined as 

0

0

1

2

1
34

03.1
C

C
X
X

−
−

=
Δ
Δ                                                                                      (6.26) 

 

If f is the structural factor depending upon the Ni3P grain’s structure, δ is the thickness of 

grain boundary, and gb
NiD is the grain boundary diffusivity of Ni through Ni3P layer, then the 

effective diffusivity of Ni in Ni3P layer will be 
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For columnar grain of square cross-section, f = 1, thus 
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=                                                                                               (6.27) 

On considering the lateral growth of Ni3P grain, two possibilities exist for eff
NiD . The first, 

when eff
NiD is constant due to the constant W and the second, when eff

NiD is varying with time 

due to the change in W.   

Case I: If there is no lateral growth in Ni3P grain, then W is constant, and thus from Eqs. 6.24 

and 6.27, 
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On integrating we get, 
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Since at t=0, 01 =ΔX , then 

tCD
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C
X gb
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1 34

1
8 Δ⎟⎟

⎠
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⎝

⎛
−

−
=Δ

δ                                                                    (6.30) 

After putting the value of ΔX1 in Eq. 6.26, ΔX2 will be 

tCD
WC

C
X gb

Ni 1
0

02
2 1

34
45.8 Δ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

−
=Δ

δ                                                               (6.31) 

Thus in this case, 2/1
1 tX ∝Δ ; 2/1

2 tX ∝Δ  

    

Case II: The previous case is an ideal one, however in practice, as soldering reaction 

proceeds, Ni3P grains grow in lateral direction also (as seen in Figs. 3.21 and 4.18). Thus in 

this case, W will not be a constant. Therefore in this case, we can assume that mXKW 1Δ≈ , 
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where K and m are the constants that depend upon the kinetics of grain growth. After putting 

the value of W in Eq. 6.28, we get 

m
gb
Ni X

C
D

KC
C

dt
Xd

+Δ
Δ

⎟⎟
⎠

⎞
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⎝

⎛
−

−
−=

Δ
1
1

1

0

01

34
1

4 δ                                                              (6.33) 

On integrating we get, 

( ) ( ) consttCD
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If at t=0, 01 =ΔX , then 
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1
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+=Δ + δ                                                     (6.35) 

After putting the value of ΔX1 in Eq. 6.26, ΔX2 will be 

( ) ( )( ) tCD
KC

C
mX gb

Ni

m
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022
2 1

34
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⎛
−

−
+=Δ

+
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Thus in this case, ( )mtX +∝Δ 2/1
1 ; ( )mtX +∝Δ 2/1

2  

From both cases, it is clear that the Ni3P and Ni3Sn4 compounds can follow not only t1/2 

but also t1/(2+m) growth kinetics depending upon the lateral growth of Ni3P grain. If the lateral 

growth of Ni3P grain is negligible, then the Ni3P and Ni3Sn4 compounds follow t1/2 growth 

kinetics, otherwise, they follow t1/(2+m) growth kinetics. Thus, it is reasonable to conclude 

that for the short period of soldering reaction, when width of Ni3P grain is approximately 

constant, Ni3P and Ni3Sn4 follow t1/2 growth kinetics. However for the long period of 

soldering reaction, the width of Ni3P grain increases, and eventually the Ni3P and Ni3Sn4 

compounds follow t1/(2+m) growth kinetics. 

Schaefer et al. (1998) has showed that IMC could follow t1/3 growth kinetics due to the 

grain growth by considering isometric grain growth.  Similarly, if we assume isometric 

grain growth (m ≈ 1) then our model also suggests t1/3 growth kinetics. Gusak and Tu (2002) 

also reported the existence of t1/3 IMC growth kinetics owing to the grain coarsening of IMC. 
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They considered an open system and assumed that during grain coarsening or ripening, the 

total surface area of grain undergoing coarsening remains constant while the total volume of 

the grain grows. However in practice, grain growth could be an-isometric in nature and 

there could be a change in the surface area along with the change in the volume of grain. 

And that is why there are several studies (He et al., 2004d; Jeon et al., 2003b;Schaefer et al., 

1998), which reported t1/(2+m) (m > 1) growth kinetics of IMC. 

To explain t1/(2+m) (m > 1) growth kinetics of compound, we considered that two driving 

forces, the reduction of surface energy (Lifshitz and Slyozov, 1961) and the gain of bulk free 

energy (Gusak and Tu, 2002), work together in the process of grain growth. When the gain 

of bulk free energy is much larger than the reduction of surface energy (normally in the early 

stage and short duration of aging when concentration or potential gradient and net atomic 

flux are large due to the thin layer of compound and a large number of grain boundaries, 

respectively), flux-driven grain growth is more likely to dominate.  However, once the gain 

of bulk free energy becomes low (normally in long duration aging where potential gradient 

and net atomic flux become low due to the thick layer of compound and a small number of 

grain boundaries, respectively), the reduction of surface energy will be the dominant driving 

force for grain growth and then the width of grain (W) will grow at much faster rate than the 

length (ΔX), or in other word, the value of m in Eqs. 6.34 and 6.35 will be more than 1. 

 

6.3. Comparison with Experimental Results 

6.3.1. Growth Kinetics of Ni3P and Ni3Sn4 Compounds 

Growth kinetics of Ni3P and Ni3Sn4 compounds in the electroless Ni-P/solder (Sn-Ag 

and Sn-Pb) joints has been examined in several interfacial studies (He et al., 2004d; Jang et 

al., 1999; Jeon et al., 2003b; Yoon et al., 2003; Yoon and Jung, 2004). It has been reported 

that these compounds follow both t1/2 (Jang et al., 1999; Jeon et al., 2003b) and t1/(2+m) (m > 

0) (He et al., 2004d; Jeon et al., 2003b; Yoon et al., 2003; Yoon and Jung, 2004) growth 
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kinetics. However, the cause for this difference in growth kinetics is not clear as Ni3Sn4 has 

been reported to follow both t1/2 (Jeon et al., 2003b) and t1/3 (He et al., 2004d) growth 

kinetics under liquid state aging. Since previously reported Ni3Sn4 growth kinetics cannot 

be explained with the help of state (liquid or solid) of aging, we used our model to explain 

this by considering the duration of the aging. As discussed in the previous section, for short 

soldering reaction, Ni3P and Ni3Sn4 compounds follow t1/2 growth kinetics because the 

lateral growth in Ni3P grain is negligible as compared to the longitudinal growth (see the 

aspect ratio of Ni3P grain is around 1/4 in Figs. 3.21 and 4.18), whereas, for long soldering 

reaction, compounds follow the t1/(2+m) growth kinetics due to the large increase in the width 

of Ni3P grain. This explanation matches quite well with all previously reported results 

because t1/2 growth kinetics was reported for short (up to a few minutes) liquid-state aging 

(Jang et al., 1999; Jeon et al., 2003b), whereas, t1/(2+m) growth kinetics was reported for long 

(a few hours) liquid-state aging (He et al., 2004d) as well as for long (a few hundreds hours) 

solid-state aging (Jeon et al., 2003b; Yoon et al., 2003; Yoon and Jung, 2004). 

  

6.3.2. Influence of P Concentration on the Growth of Ni3P and Ni3Sn4 

In the growth model, Eq. 6.26 shows a non-linear relationship between thicknesses of 

Ni3P and Ni3Sn4 layers growing at the electroless Ni-P/solder interface. From the equation, 

it is clear that thickness ratio of Ni3Sn4 to Ni3P layers decreases with increase in the P 

concentration of electroless Ni-P UBM. The relationship between Ni3P and Ni3Sn4 

thicknesses was verified from the experimental results of various electroless Ni-P/solder 

interfacial studies. To do this, the thickness of Ni3P and Ni3Sn4 layers were obtained from 

different electroless Ni-P/solder interfacial studies, which used electroless Ni-P UBM of 

different P concentrations. The obtained thickness of Ni3P and Ni3Sn4 layers were tabulated 

in Table 6.1 and their ratio was plotted as a function of P in Fig. 6.2 to compare with the 

modeling results.  Fig. 6.2 shows a good agreement between modeling and experimental 
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results. 

Eq. 6.24 shows that the P concentration of electroless Ni-P layer is a crucial factor in 

determining the growth rate of Ni3P layer. From the equation it is clear that Ni3P growth rate 

increases with increasing the P concentration of electroless Ni-P UBM. These results are in 

agreement with the results reported in previous interfacial studies between electroless Ni-P 

and different solders (Alam et al., 2003; Chonan et al., 2002a; Sohn et al., 2003; Sohn et al. 

2004a). Chonan et al. (2002a) measured the growth of P-enriched Ni-P (Ni3P) layer in the 

solder joints having electroless Ni-P layers of different P concentrations. It was observed 

that the growth of P-enriched Ni-P layer increases with the increase in P concentration of 

electroless Ni-P layer. Sohn et al. (2004a) also demonstrated with the help of differential 

scanning calorimetry (DSC) analysis that the driving force for electroless Ni-P to transform 

into crystalline Ni3P phase increases with increasing the P concentration. Thus, it can easily 

be understood that higher P electroless Ni-P UBM would be able to supply more P atoms to 

facilitate Ni3P formation and thereby the Ni3P layer would grow faster. 

 

 

 

 

 

 

 

 

 

 
Fig. 6.2.  A plot of Ni3Sn4/Ni3P thickness ratio versus P concentration of electroless Ni-P 
UBM showing good agreement of equation 6.26 with the experimental results. 
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6.4. Conclusions 

A mathematical model has been developed for the growth of Ni3P and Ni3Sn4 

compounds in the electroless Ni-P/solder system. The modeling results match very well 

with the experimental results. The model shows that t1/2 to t1/(2+m) (m > 0) transition in the 

growth kinetics of compounds is not due to grain boundary diffusion, but due to the lateral 

growth of Ni3P grain. The influence of the P concentration of electroless Ni-P UBM on the 

growth of Ni3P and Ni3Sn4 has also been clearly understood with the help of growth model. 

 

In this and previous parts of the work, the focus is given to Cu/electroless 

Ni-P/Sn-3.5Ag interfacial reactions and/or their effect on the solder joint strength. In the 

next chapter, the effect of electromigration will be presented on the Cu/electroless 

Ni-P/Sn-3.5Ag interfacial reactions and solder joint strength. 
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Chapter 7 

Effect of Electromigration on the Interfacial Microstructure and 

Mechanical Properties of UBM/Solder Joints 

 

 

7.1. Introduction 

The trend of miniaturization of VLSI devices is causing the requirements of smaller 

size and higher I/O density solder flip chip and ball grid array (BGA) packages. A higher I/O 

density results in the finer pitch and smaller size interconnects. As the size of interconnects 

is decreasing, the current density of electric current passing thorough them is increasing. 

High current density (~104 A/cm2) causes the electrical failure of solder interconnects due to 

the electromigration and current crowding (Lee et al., 2001a, b; Yeh et al., 2002). Even at 

moderate current density (~103 A/cm2), electromigration influences the IMC formation at 

the UBM/solder interface (Chen and Chen, 2001; Chen et al., 1998; Gan and Tu, 2005). 

Moreover, there are a few examples in which moderate electric current density (~ 103 A/cm2) 

has been found to influence the IMC formation, precipitation, recrystallization, and grain 

coarsening in different materials (Conrad, 2000). As all these microstructural changes can 

influence the mechanical properties of a material, it is imperative to study the effect of 

electric current on the mechanical properties of solder joints. Accordingly in this study, the 

effect of electric current has been investigated on the interfacial microstructure and 

mechanical properties of UBM/solder joint. Three UBM/solder systems, electroless 

Ni-P/Sn-3.5Ag, Ni/Sn-3.5Ag, and electroless Ni-P/Sn-37Pb, are compared in terms of 

microstructure and mechanical properties to achieve a complete understanding.  
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7.2. Experimental Procedures 

7.2.1. Preparation of Test Samples 

The preparation method of the electroless Ni-P/Sn-3.5Ag test samples has been 

described in section 3.2.1. For the electroless Ni-P/Sn-37Pb test samples, the preparation 

method was the same, but Sn-37Pb solder was used instead of Sn-3.5Ag and the thickness of 

electroless Ni-P metallization deposited on Cu plate was around 7 μm. Even for the 

Ni/Sn-3.5Ag test samples, a similar preparation method was followed. However in this case, 

Ni plate was used instead of Cu and immersion Au was deposited directly on the surface 

cleaned Ni plate without depositing electroless Ni-P (see Fig. 7.1). Pure Ni/Sn-3.5Ag solder 

joint was prepared by cutting the Au coated Ni plate into two plates of sizes of 40 mm × 25 

mm × 6 mm and 30 mm × 25 mm × 6 mm, and then joining them using Sn-3.5Ag solder 

wires as described in section 3.2.1. Finally, the joined plates were cut into a number of small 

test sample shown in Fig. 7.2. 

 

 

 

 

 

 

 

 

  

 

7.2.2. Thermal Aging and Electrical Stressing of Test Samples 

The experimental setup used for electrical stressing of test samples is shown in Fig. 7.3. 

As-prepared test samples were connected to a current source with the help of a specially 

Fig. 7.2. Schematic diagram of Ni/Sn-3.5Ag test sample. 

Fig. 7.1. Schematic of metallization layout on Ni plate. 
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designed sample holder. The sample holder had a ceramic base and several Cu electrodes to 

hold the Cu or Ni part of the test samples. The upper surface of Cu electrodes was insulated 

with the ceramic plates to disconnect them electrically from the sample holder’s metallic 

body. These Cu electrodes were directly connected to a current source. 

For thermal aging with electrical stressing, the experimental setup was kept in the oven 

and as-prepared test samples were aged at 160 °C for 100 h with different DC current 

densities ranging from 0 to 3 × 103 A/cm2. For zero current density, test samples were aged 

without current. After aging, samples were removed from the oven and cooled in air to room 

temperature. 

Electric current results in Joule heating, hence the increase in temperature due to the 

electrical stressing was measured with the help of a thermocouple. As shown in Fig. 7.3, a 

thermocouple was kept at the center of test sample with the help of high temperature 

thermo-tape. The increase in temperature was monitored at the room temperature with 

increasing current density. A maximum increase in temperature of around 5 °C was 

observed at the highest 3 × 103 A/cm2 current density used. This small increase in 

temperature due to the passage of electric current was neglected as compared to the thermal 

aging temperature of 160 °C. 

 

  

  

 

 

 

 

 Fig. 7.3. Schematic diagram of experimental setup used to pass the electric current through 
test samples during thermal aging in oven. 
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7.2.3. Mechanical Testing of Test Samples 

Two types of mechanical testing were carried out in this study. The first was tensile 

testing that has been described in section 3.2.3 and the second was nano-indentation. The 

nano-indentation test was carried out using a nano-indentation tester (Micro Materials 

NanoTest) having a Berkovich diamond pyramid tip. Twelve indentations in the solder 

matrix of a sample (six on one side and six on the opposite side) were performed. Before 

indentations, the samples were cold mounted in epoxy and polished down to 1 μm finish to 

make the solder surface smooth. Nano-indentations were performed in force-controlled 

mode with a loading rate of 0.2 mN/s to a maximum load of 10 mN. The dwelling time of 

20s was used with an unloading rate of 0.2 mN/s. A distance of 30 μm was maintained in 

between two subsequent indentations, so that the previous indentation cannot affect the new 

one.  

 

7.2.4. Microstructural Observations 

The same as described in section 3.2.4. 

 

7.3. Results  

7.3.1. Tensile Strength of UBM/Solder Joints 

Fig. 7.4 shows the tensile strength of Ni-P/Sn-3.5Ag, Ni-P/Sn-37Pb, and Ni/Sn-3.5Ag 

solder joints as a function of current density. It can be observed that the average tensile 

strength of Ni-P/Sn-3.5Ag and Ni-P/Sn-37Pb joints increased slightly or remained the same 

after aging with current as compared to aging without current. The average tensile strength 

of Ni/Sn-3.5Ag solder joint, however, decreased slightly with an increase in current density.  

In the case of Sn-3.5Ag solder, as shown in Fig. 7.4a and c, the variation among the 

individual tensile strength of the solder joints aged with the same current density increased 
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with an increase in current density. 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

7.3.2. Fracture Energy of UBM/Solder Joints 

In this study, the fracture energy of UBM/solder joint is defined by the area under load 

versus extension curve of tensile tested sample. The high fracture energy indicates the 

ductile failure of solder joint, while low indicates brittle failure. The fracture energy of 

different UBM/solder joints is plotted as a function of current density in Fig. 7.5. From the 

figure, it is clear that the average fracture energy of all three types of solder joints decreased 

with an increase in current density. However, the decrease in fracture energy was more 

Fig. 7.4. Tensile strength of (a) Ni-P/Sn-3.5Ag (b) Ni-P/Sn-37Pb and (c) Ni/Sn-3.5Ag solder 
joints as a function of current density. 

(a) Ni-P/Sn-3.5Ag (b) Ni-P/Sn-37Pb 

(c) Ni/Sn-3.5Ag 
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severe in the case of Ni-P/Sn-37Pb and Ni/Sn-3.5Ag solder joints (Fig. 7.5b and c) as 

compared to the Ni-P/Sn-3.5Ag solder joint (Fig. 7.5a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A difference was also observed in the variation among the individual fracture energy of 

all three types of solder joints aged with the same current density. In the case of 

Ni-P/Sn-3.5Ag and Ni-P/Sn-37Pb solder joints, the variation was relatively high in the 

samples aged with high 2 × 103 and 3 × 103 A/cm2 current densities (Fig. 7.5a and b). 

However, in the case of Ni/Sn-3.5Ag, it was high in the samples aged without current or 

with a low 1 × 103 A/cm2 current density and became relatively small in the samples aged 

with the higher current densities (Fig. 7.5c). The reason for this trend of variation of 

(a) Ni-P/Sn-3.5Ag (b) Ni-P/Sn-37Pb 

(c) Ni/Sn-3.5Ag 

Fig. 7.5. Fracture energy of (a) Ni-P/Sn-3.5Ag (b) Ni-P/Sn-37Pb and (c) Ni/Sn-3.5Ag 
solder joints as a function of current density. 
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individual fracture energy was that in the case of Ni-P/Sn-3.5Ag and Ni-P/Sn-37Pb solder 

joints, all the five samples aged without current or with the low current density had ductile 

failure (Fig. 7.6a), whereas a few of the five samples aged with the higher current densities 

had brittle or mixed failure (Fig. 7.6b). On the other hand, in the case of Ni/Sn-3.5Ag solder 

joint, a few of the five samples aged without current or with the low current density had 

brittle failure (Fig. 7.7a), while all the five samples aged with the higher current densities 

had brittle or mixed failure (Fig. 7.7b). 

 

 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

(a)  

1 × 103 A/cm2 current density 

(b) 

Fig. 7.6. Load vs. Extension curves of the Ni-P/Sn-3.5Ag solder joints aged with (a) 1 × 103 
A/cm2 and (b) 3 × 103 A/cm2 current densities, showing ductile, brittle, and mixed failures. 

3 × 103 A/cm2 current density 

Brittle failure 

Ductile failure 
Ductile failure 

Mixed failure 

Fig. 7.7. Load vs. Extension curves of the Ni/Sn-3.5Ag solder joints aged with (a) 1 × 103 
A/cm2 and (b) 2 × 103 A/cm2 current densities, showing ductile, brittle, and mixed failures.

(a)  (b) 

1 × 103 A/cm2 current density 2 × 103 A/cm2 current density 

Brittle failure 

Ductile failure 

Mixed failure 

Brittle failure 

Mixed failure 
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7.3.3. Fracture Analysis 

Fracture analysis was carried out to examine the fracture behaviour of all three types of 

solder joints. 

Electroless Ni-P/Sn-3.5Ag Samples 

In all the Ni-P/Sn-3.5Ag samples aged without current or with a low 1 × 103 A/cm2 

current density, as shown in Figs. 7.5a and 7.8, failure was ductile and fracture path was 

inside the bulk solder. However in the case of samples aged with higher current densities, a 

few samples had brittle or mixed failure (Figs. 7.5a and 7.9) and in these samples fracture 

was primarily at the Ni3Sn4/Sn-3.5Ag interface (Fig. 7.10). No polarity effect of electric 

current was observed on the brittle failure of solder joint, as the failure occurred at both the 

anode and cathode side Ni3Sn4/ Sn-3.5Ag interfaces. 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Sn-3.5Ag 

b 

Sn-3.5Ag 

a 

Fig. 7.8. SEM images showing fracture in the electroless Ni-P/Sn-3.5Ag solder joint aged at 
160 °C for 100 h with 1 × 103 A/cm2 current density: (a) Anode side top view, (b) cathode 
side tope view, and (c) cross-sectional view. Neck formation in the bulk solder indicates the 
ductile failure of solder joint. 

Cathode Anode 
e

Cu Sn-3.5Ag Sn-3.5Ag 

c 

Cu 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 7: Effect of Electromigration on the Interfacial Microstructure and Mechanical Properties of UBM/Solder Joints 

   146

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pure Ni/Sn-3.5Ag Samples 

In the case of Ni/Sn-3.5Ag samples, some of the samples aged without current had 

Fig. 7.9. SEM images showing fracture in the electroless Ni-P/Sn-3.5Ag solder joint aged 
at 160 °C for 100 h with 3 × 103 A/cm2 current density: (a) Anode side top view, (b) cathode 
side tope view, and (c) cross-sectional view. Brittle failure occurred at the Ni3Sn4/Sn-3.5Ag 
interface. 

b a 

Fig. 7.10. Fracture surfaces of the electroless Ni-P/Sn-3.5Ag solder joint aged at 160 °C for 
100 h with 3 × 103 A/cm2 current density: (a) Anode side and (b) cathode side. 

b 

Sn-3.5Ag 

a 

Ni3Sn4 

Anode e- 

Cu Cu Sn-3.5Ag 
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Cathode 
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ductile fracture inside the bulk solder (Fig. 7.11) and some had brittle or mixed fracture at 

the Sn-3.5Ag/Ni3Sn4, Ni-Sn IMC/Ni-Sn IMC, and Ni-Sn IMC/Ni interfaces (Fig. 7.12). The 

tendency of brittle fracture increased with the increase in current density and almost all the 

samples aged with the current density higher than 1 × 103 A/cm2 had brittle fracture (Figs. 

7.13 and 7.5c). In most of the brittle-failed samples, fracture surfaces were found to have 

very fine Ni-Sn grains as shown in Fig. 7.14. Similar to the Ni-P/Sn-3.5Ag samples, no 

polarity effect of electric current was observed on the brittle failure of Ni/Sn-3.5Ag 

samples. 

 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 7.12. Fracture surfaces of the Ni/Sn-3.5Ag solder joint aged at 160 °C for 100 h without 
current: (a) solder side and (b) Ni side. Brittle fracture occurred at the mixed 
Sn-3.5Ag/Ni3Sn4, Ni-Sn IMC/Ni-Sn IMC, and Ni-Sn IMC/Ni interfaces. 

Fig. 7.11. Fracture in the Ni/Sn-3.5Ag solder joint aged at 160 °C for 100 h without current 
showing ductile failure inside the bulk solder. 

Sn-3.5Ag Sn-3.5Ag Ni Ni 
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Electroless Ni-P/Sn-37Pb Samples 

In most of the electroless Ni-P/Sn-37Pb samples aged without current or with a low 1 × 

Cathode Anode e- 

Ni Ni Sn-3.5Ag 

c 

a 

Sn-3.5Ag 

b 

Ni3Sn4 

Fig. 7.13. SEM images showing mixed fracture in the Ni/Sn-3.5Ag solder joint aged at 160 
°C for 100 h with 2 × 103 A/cm2 current density: (a) Anode side top view, (b) cathode side 
tope view, and (c) cross-sectional view. 

Fig. 7.14. Fracture surfaces of the Ni/Sn-3.5Ag solder joint aged at 160 °C for 100 h with 3 ×
103 A/cm2 current density, showing fine grains of Ni-Sn IMC at both the fracture surfaces. 

a b 

Ni-Sn IMC Ni-Sn IMC 
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103 A/cm2 current density, ductile fracture occurred inside the bulk solder (Fig. 7.15). 

However, with an increase in current density, fracture became brittle or mixed and always 

occurred at the cathode side Ni3Sn4/solder interface of the sample (Fig. 7.16). 
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Ni3Sn4 

a 

Sn-37Pb 

Fig. 7.16. SEM images showing mixed fracture in the electroless Ni-P/Sn-37Pb solder joint 
aged at 160 °C for 100 h with 3 × 103 A/cm2 current density: (a) Anode side top view, (b) 
cathode side tope view, and (c) cross-sectional view. 

Cathode Anode e- 

Cu Cu Sn-37Pb 

c 

Fig. 7.15. Fracture in the Ni-P/Sn-37Pb solder joint aged at 160 °C for 100 h with 1 × 103 
A/cm2 current density, showing ductile failure inside the bulk solder. 
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7.3.4. Nano-indentation Test 

Nano-indentation tests were carried out to investigate the effect of electric current on 

the mechanical properties such as modulus and hardness of solder. All three types of solder 

joints were tested after aging without current and with 2 × 103 A/cm2 current density. To get 

reliable results, twelve indentations in the solder matrix of a sample, six on one side and six 

on the opposite side, were performed (Fig. 7.17). The measured values of reduced modulus 

and hardness of solder in different solder joints are tabulated in the Table 7.1. From these 

values, it is clear that the reduced modulus and hardness of solder increased slightly due to 

the thermal aging with current as compared to the thermal aging without current.  Similar 

trend of increase in the modulus and hardness of eutectic Sn-Pb solder due to the electric 

current was observed by Ye et al. (2003b). However, they attributed that increase to 

experimental error. This interpretation is based on the expectation that, normally, the 

modulus and hardness of a material should decrease as defects nucleate, assisted by electric 

current in this case. However, we believe that in the case of UBM/solder joints, electrical 

current can increase the modulus and hardness of solder by accumulating the defects at 

certain locations, thereby reducing the defect density of rest of the solder matrix.  

Though in this work no visible accumulation of defects took place, however in several 

previous studies with higher current densities (~ 104 A/cm2 ), defects or vacancies were seen 

to accumulate in the form of voids at the cathode side solder/IMC interface (Hsu et al., 2003; 

Gan and Tu, 2005; Lee et al., 2001a, b; Shao et al., 2004). Thus, the high-density electric 

current can increase the modulus and hardness of solder by reducing the defect density of 

bulk solder by accumulating the defects at the cathode side solder/IMC interface.  
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7.3.5. Microstructural Analysis 

Microstructural analysis of all three types of samples was carried out to analyse the 

formation of IMC and to understand the evolution of microstructure. 

 

Electroless Ni-P/Sn-3.5Ag Samples 

Fig. 7.18 shows the cross-sectional SEM images of the electroless Ni-P/Sn-3.5Ag 

interfaces of the sample aged at 160 °C for 100 h without current. It can be observed that 

mainly Ni3Sn4 and Ni3P compounds grew during aging. The interface between Ni3Sn4 IMC 

and Sn-3.5Ag solder was very uneven. In the electrically stressed sample also, as shown in 

Fig. 7.19, mainly two compounds, Ni3Sn4 and Ni3P, grew and the Ni3Sn4/Sn-3.5Ag interface 

was very rough. No significant difference was observed in the thickness of Ni3Sn4 grown at 

Fig. 7.17. SEM images showing nano-indentation marks in the Ni/Sn-3.5Ag sample aged at 
160 °C for 100 h with 2 × 103 A/cm2 current density: (a) Anode side, (b) cathode side, and (c) 
magnified view of a single mark. 
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Sn-3.5Ag 
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the anode side and cathode side Ni-P/Sn-3.5Ag interfaces (Fig. 7.19). 

  

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

Pure Ni/Sn-3.5Ag Samples 

In the case of Ni/Sn-3.5Ag samples, mainly one compound, Ni3Sn4, grew during 

thermal aging without and with electric current as shown in Figs. 7.20 and 7.21, respectively. 

As compared to the electroless Ni-P/Sn-3.5Ag samples, the Ni3Sn4/Sn-3.5Ag interface was 

very smooth in these samples. Another difference observed was the higher thickness of 

Ni3Sn4 IMC grown at the anode side Ni/Sn-3.5Ag interface than that of Ni3Sn4 IMC grown 

at the cathode side interface of the samples aged with electric current (Fig. 7.21).  

Fig. 7.19. Cross-sectional SEM images of electroless Ni-P/Sn-3.5Ag interfaces of the 
sample aged at 160°C for 100 h with 2 × 103 A/cm2 current density: (a) anode side and (b) 
cathode side. 

Fig. 7.18. Cross-sectional SEM images of electroless Ni-P/Sn-3.5Ag interfaces of the 
sample aged at 160 °C for 100 h without current. 
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Electroless Ni-P/Sn-37Pb Samples 

Similar to the electroless Ni-P/Sn-3.5Ag samples, in electroless Ni-P/Sn-37Pb samples 

also, mainly two compounds, Ni3Sn4 and Ni3P, grew during thermal aging without and with 

electric current as shown in Figs. 7.22 and 7.23, respectively. However, in these samples, the 

Ni3Sn4/solder interface was relatively even, which can be understood to be due to the 

relatively low growth of Ni3Sn4 IMC. Similar to the electrically stressed Ni-P/Sn-3.5Ag 

samples, no big difference was observed in the thickness of Ni3Sn4 IMC grown at the anode 

and cathode side Ni-P/Sn-37Pb interfaces of electrically-stressed samples (Fig. 7.23). 

Fig. 7.20. Cross-sectional SEM images of Ni/Sn-3.5Ag interfaces of the sample aged at 160 
°C for 100 h without current. 

Fig. 7.21. Cross-sectional SEM images of Ni/Sn-3.5Ag interfaces of the sample aged at 
160°C for 100 h with 2 × 103 A/cm2 current density: (a) anode side and (b) cathode side. 
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Fig. 7.24 shows the SEM images of the microstructure of Sn-37Pb solder in the samples 

aged at 160 °C for 100 h with different current densities. From the figure, it is clear that 

grain coarsening takes place in the Sn-37Pb solder due to the electric current and it increases 

with the increase in current density. The grain coarsening in Sn-Pb solder owing to the 

electric current has been also observed in previous electrical studies (Chen et al., 2006; Ye et 

al., 2004). In a material, grain coarsening takes place during thermal aging due to the 

diffusion of atoms across the grain boundaries.  During grain coarsening, the larger grain 

grows at the expense of the smaller one and the reduction of surface energy acts as a driving 

Fig. 7.22. Cross-sectional SEM images of electroless Ni-P/Sn-37Pb interfaces of the sample 
aged at 160 °C for 100 h without current. 

Fig. 7.23. Cross-sectional SEM images of electroless Ni-P/Sn-37Pb interfaces of the sample 
aged at 160°C for 100 h with 2 × 103 A/cm2 current density: (a) anode side and (b) cathode 
side. 
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force for atomic diffusion (Lifshitz and Slyozov, 1961). Thus, in the presence of high 

electric current, fast grain growth is expected to be due to the extensive diffusion of atoms 

owing to the additional electromigration force. 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

7.3.6. Growth of Ni3Sn4 IMC 

Fig. 7.25 shows the thickness of Ni3Sn4 IMC in the samples aged at 160 °C for 100 h, as 

a function of current density. In the samples aged with current, thickness was measured at 

both the anode side interface (where the flow of electrons was from solder to metallization) 

and the cathode side interface (where the flow was from metallization to solder). In the 

samples aged without current, Ni3Sn4 thicknesses at both the interfaces were nearly the 

same; therefore only the average value is reported. From Fig. 7.25, it is apparent that electric 

Fig. 7.24. Microstructure of Sn-37Pb solder in the samples aged at 160 °C for 100 h with (a) 
0 A/cm2, (b) 1 × 103 A/cm2,  (c) 2 × 103 A/cm2, and (d) 3 × 103 A/cm2 current densities, 
showing Pb and Sn grains coarsening. 
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current influenced Ni3Sn4 growth significantly in the case of Ni metallization (Fig. 7.25b), 

whereas its effect was relatively negligible in the case of electroless Ni-P metallization (Fig. 

7.25a and c). In the case of Ni metallization, the thickness of Ni3Sn4 IMC that formed at the 

anode side Ni/Sn-3.5Ag interface increased with an increase in current density, whereas the 

thickness of Ni3Sn4 IMC that formed at the cathode side Ni/Sn-3.5Ag interface decreased 

slightly with current density (Fig. 7.25b). On the other hand, in the case of electroless Ni-P 

metallization, no big difference was observed in the thickness of Ni3Sn4 IMC grown at the 

anode and cathode side electroless Ni-P/solder interfaces with an increase in current density 

(Fig. 7.25a and c). 
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Fig. 7.25. Thickness of Ni3Sn4 IMC in the (a) electroless Ni-P/Sn-3.5Ag, (b) Ni/Sn-3.5Ag, 
and (c) electroless Ni-P/Sn-37Pb samples aged at 160 °C for 100 h, as a function of current 
density. 
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7.4. Discussion 

7.4.1. Electromigration-Induced Brittle Failure of Solder Joints 

In this study, it was observed that electric current causes the brittle failure of 

UBM/solder joints. Electric current was also observed to increase the mechanical properties 

such as hardness and modulus of bulk solder in the solder joints (Table. 7.1). These 

observations imply that electrical current increases the mechanical strength of solder and 

thus causes the failure to occur at the brittle solder/IMC and/or in the IMC layers rather than 

inside the ductile solder. Though electric current-induced brittle failure occurred in all three 

types of UBM/solder joints, its occurrence varied significantly with the type of UBM/solder 

joint. For example, among all the three types of solder joints, electroless Ni-P/Sn-3.5Ag 

solder joint mechanically performed best, whereas the mechanical performance of 

Ni/Sn-3.5Ag solder joint was the worst (Fig. 7.5). Similarly, a polarity effect of electric 

current was observed on the brittle failure of electroless Ni-P/Sn-37Pb solder joint (Fig. 

7.16); however, no polarity effect was observed in the electroless Ni-P/Sn-3.5Ag solder 

joints (Fig. 7.9). All these findings suggest that UBM and solder materials themselves play 

an important role in determining the effect of electric current on the brittle failure of 

UBM/solder joint and hence their role has been discussed here in detail.  

 

Effect of Solder on the Electromigration-Induced Brittle Failure  

In this work, two types of solders, lead-free Sn-3.5Ag and eutectic lead Sn-37Pb were 

investigated with the same electroless Ni-P metallization. It was found that the effect of 

electric current is more detrimental on the mechanical properties of Sn-37Pb solder joint 

than that of Sn-3.5Ag solder joint (Fig. 7.5). While in the case of both solders, electric 

current-induced brittle fracture occurred at the solder/Ni3Sn4 interface, fracture energy 

decreased more severely with current density in the case of Sn-37Pb. In addition, a clear 

polarity effect of electric current was observed on the brittle failure of Sn-37Pb solder joint. 
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These observations indicate that electric current effect was more prominent in Sn-37Pb 

solder than that in Sn-3.5Ag. The larger effect of electric current in eutectic lead solder than 

that in lead-free solder was further confirmed from the previous electromigration study in 

eutectic Sn-Pb and Sn-3.8Ag-0.7Cu solders (Lee et al., 2001a). It was reported that the 

atomic flux driven by electromigration in eutectic Sn-Pb is much faster (around 10 times 

faster) than that in Sn-3.8Ag-0.7Cu due to the lower melting temperature of eutectic Sn-Pb 

(183 °C) than that of Sn-3.8Ag-0.7Cu (220 °C). As solders used in the present study have 

nearly the same compositions and melting temperatures, Sn-37Pb (183 °C) and Sn-3.5Ag 

(221 °C), the same difference of electromigration effect can be expected in these solders. 

Thus in the case of Sn-37Pb, large electromigration-induced atomic flux from cathode to 

anode caused the large accumulation of vacancies at the cathode side Sn-37Pb/Ni3Sn4 

interface, making this interface more prone to failure. As electromigration effect on the 

atomic flux in Sn-3.5Ag solder was not so prominent, no such failure was observed.  

 

Effect of Metallization on the Electromigration-Induced Brittle Failure 

Two types of metallizations, pure Ni and electroless Ni-P, with the same Sn-3.5Ag 

solder were investigated in this work. Although in these solder joints, no polarity effect of 

electromigration was observed, but electromigration-induced brittle failure was most 

prominent in the case of pure Ni/Sn-3.5Ag solder joint (Fig. 7.5). The absence of polarity 

effect is understood to be due to the low electromigration effect on the atomic flux in 

Sn-3.5Ag solder, however the brittle failure of these joint has to be understood.    

The mechanical strength of a solder joint is determined not only by the cohesive 

strength of solder alloy but also by the adhesive strength of interfacial layers. If the adhesion 

between interfacial layers is sufficiently high, fracture occurs inside the ductile solder. 

Whilst in the opposite case, fracture occurs at the brittle solder/IMC interface and/or in the 

brittle IMC layers. Accordingly, in this investigation, fracture at the brittle Sn-3.5Ag/Ni3Sn4 
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interface and/or in the brittle Ni-Sn IMCs was observed in some of the electrically-stressed 

Ni-P/Sn-3.5Ag samples and in most of the electrically-stressed Ni/Sn-3.5Ag samples due to 

the increase in cohesive strength of Sn-3.5Ag solder (see Table 7.1). A large occurrence of 

brittle-interfacial fracture in the Ni samples as compared to the electroless Ni-P samples 

indicates that the interfacial strength of Ni/Sn-3.5Ag solder joint was much lower than that 

of Ni-P/Sn-3.5Ag. Moreover, the fracture and microstructure analyses of these solder joints 

revealed the presence of smooth Ni3Sn4/solder interface (Fig. 7.21) and a large number of 

small Ni-Sn IMC grains (Fig. 7.14) in the Ni/Sn-3.5Ag solder joints. Since smooth 

Ni3Sn4/solder interface and fine IMC grains imply low mechanical interlocking and less 

atomic bonding, the low interfacial strength of Ni/Sn-3.5Ag solder joint can be understood. 

Thus, it can be said that in metallization/Sn-3.5Ag solder joint, Ni metallization assists the 

electromigration-induced brittle failure by forming a weak Ni/Sn-3.5Ag interface. On the 

other hand, rough Ni3Sn4/Sn-3.5Ag interface formed in the case of electroless Ni-P 

metallization hinders the electromigration-induced brittle failure of electroless 

Ni-P/Sn-3.5Ag solder joint. 

 

7.4.2. Effect of Electromigration on Ni3Sn4 Growth 

In several studies (Bertolino et al., 2001; Chen and Chen, 2001; Chen et al., 1998; Chen 

and Chen, 2003; Gan and Tu, 2005; Liu et al., 1998; Vanhecke et al., 1993), 

electromigration has been reported to influence the interfacial reactions in various metallic 

systems in terms of phase formation and/or growth of IMCs. In this work also, 

electromigration was found to influence the Ni3Sn4 growth in the Ni/Sn-3.5Ag samples (Fig. 

7.25b); however, such an electromigration effect was relatively negligible in the Ni-P/solder 

samples (Fig. 7.25a and c). Moreover, no electromigration effect was observed on the phase 

formation of interfacial compound as in all the three types of UBM/solder systems, the same 

compound(s) formed during aging with or without an electric current. 
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Effect of Metallization on the Electromigration-Induced Ni3Sn4 Growth 

The growth of IMC in a UBM/solder joint depends upon the direction of atomic fluxes 

at the reaction interface. If atomic fluxes flowing toward the reaction interface are larger 

than the fluxes flowing outward, then IMC grows; otherwise, it shrinks. As electromigration 

influences the atomic flux of species in heterogeneous materials system (Bertolino et al., 

2001; Chen and Chen, 2001; Chen et al., 1998; Gan and Tu, 2005; Liu et al., 1998), in most 

of the systems, electromigration increases the atomic flux of species when electrons flow in 

the direction of species diffusion driven by concentration gradient, whereas it reduces the 

atomic flux of species when electrons flow in the opposite direction. In this study, it was 

observed that in the Ni/Sn-3.5Ag system, electromigration increases the Ni3Sn4 growth at 

the anode side interface with the increase in current density, whereas it suppresses the 

Ni3Sn4 growth at the cathode side interface (Fig. 7.25b). A similar electromigration effect on 

the growth of Ni3Sn4 IMC in the Ni/Sn-3.5Ag system during aging at different temperatures 

and durations was observed by Chen and Chen (2001). They found that electromigration 

influences the Sn flux through the Ni3Sn4, whereas it does not have significant effect on the 

Ni flux through the Ni3Sn4. Thus, as shown in Fig. 7.26a, in the Ni/solder system, 

electromigration enhances the Ni3Sn4 growth at the anode side interface (where electrons 

flow from solder to Ni) by increasing the influx of Sn, whereas it suppresses the Ni3Sn4 

growth at the cathode side interface (where electrons flow from Ni to solder) by reducing 

the influx of Sn. 

On the other hand, in the electroless Ni-P/solder system, as mentioned in the previous 

chapters, Ni3Sn4 grows at the Ni-Sn-P/Ni3Sn4 interface, for which Ni comes from the 

electroless Ni-P layer through the Ni3P and Ni-Sn-P layers and Sn comes from the solder 

through the Ni3Sn4 layer. The presence of Ni3P and Ni-Sn-P layers in between the 

electroless Ni-P and Ni3Sn4 layers plays an important role in defining the electromigration 
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effect in the electroless Ni-P/solder system. Fig. 7.26b illustrates the electromigration effect 

on Ni3Sn4 growth in the electroless Ni-P/solder system. During the passage of electron 

current through the Ni-P/solder/Ni-P sample, at the anode side interface (where electrons 

flow from solder to Ni-P), electromigration enhances the Sn flux through the Ni3Sn4 but 

retards the Ni flux through the Ni3P, whereas at the cathode side interface (where electrons 

flow from solder to Ni-P), it retards the Sn flux but enhances the Ni flux. As a result, the net 

effect of electromigration on Ni3Sn4 growth in the Ni-P/solder system remains negligible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.5. Conclusions 

In this study, the effect of electromigration on the interfacial microstructure and 

mechanical properties of three UBM/solder joint, Ni-P/Sn-3.5Ag, Ni/Sn-3.5Ag, and 

Ni-P/Sn-37Pb was investigated. The following conclusions can be drawn from this study: 

Fig. 7.26. Schematic illustration for electromigration effect on the growth of Ni3Sn4 IMC in 
(a) Ni/solder and (b) electroless Ni-P/solder systems. 

Anode side interface Cathode side interface 

Ni3Sn4 Ni3P Solder Ni-P 

Sn Ni e-

Ni3P Ni-P 

Sn Ni 

Ni3Sn4 

Direction of flux due to 
the electromigration 

Direction of flux due to the 
concentration gradient 

(b) 

Ni-Sn-P Ni-Sn-P 

Anode side interface Cathode side interface 

Ni3Sn4 Solder        Ni 

Sn e-
Sn 

 Ni3Sn4 

Direction of flux due to 
the electromigration 

Direction of flux due to the 
concentration gradient 

(a) 

  Ni 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 7: Effect of Electromigration on the Interfacial Microstructure and Mechanical Properties of UBM/Solder Joints 

   163

1. Electromigration causes the brittle failure of solder joint and the tendency of brittle 

failure increases with an increase in current density. Electromigration causes the 

fracture to occur at the brittle solder/IMC interface and/or in the brittle IMCs rather 

than inside the ductile solder. 

2. A higher cohesive strength of metallization/solder interface results in a better 

performance of solder joint against electromigration-induced brittle failure. The 

electroless Ni-P/Sn-3.5Ag solder joint performed best among all investigated solder 

joints due to the high cohesive strength of the electroless Ni-P/Sn-3.5Ag interface. 

3. A lower melting temperature of solder results in a larger tendency of 

electromigration-induced brittle failure. A clear polarity effect of electric current on 

the electromigration-induced brittle failure of electroless Ni-P/Sn-37Pb solder joint 

was observed due to the low melting temperature of Sn-37Pb solder. A significant 

grain coarsening in Sn-37Pb solder also takes place due to electromigration and that 

increases with the increase in current density. 

4. Electromigration influences the IMC growth depending on the metallization. In the 

case of pure Ni metallization, Ni3Sn4 IMC grows thicker at the anode side 

Ni/Sn-3.5Ag interface (where electrons flow from solder to Ni) as compared to the 

cathode side Ni/Sn-3.5Ag interface (where electrons flow from Ni to solder).  

5. In the case of electroless Ni-P metallization, electromigration does not appear to 

have significant effect on Ni3Sn4 growth. In the current density range investigated in 

this study, this behavior of electromigration in electroless Ni-P/solder joint is 

understood to be due to the presence of the Ni3P layer in between the electroless 

Ni-P and Ni3Sn4 layers. 
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Chapter 8 

Conclusions and Recommendations 

 

8.1. Conclusions 

The main objective of this work was to study the effects of interfacial reactions and 

electromigration on the mechanical behavior of Cu/electroless Ni-P/Sn-3.5Ag solder joint. 

For a complete understanding, several process and material parameters, such as aging 

temperature, aging duration, Ni-P thickness, P concentration of Ni-P, and current density 

were varied systematically and their effect was studied on the solder joint strength. From 

this work, the following conclusions can be drawn: 

The Cu/electroless Ni-P/Sn-3.5Ag interfacial reactions results in the formation of 

multiple interfacial compounds, such as Ni3Sn4, Ni2SnP, Ni3P, Cu6Sn5, Cu3Sn, 

(Ni1-xCux)6Sn5,  and (Ni1-xCux)6Sn5,  and a number of Kirkendall voids in the Ni3P layer and 

at the Ni3P/Cu interface. The extensive growths of Ni3Sn4 IMC at the Ni3Sn4/solder 

interface and Kirkendall voids at the Ni3P/Cu interface degrade the solder joint strength. 

The extensive growth of Ni3Sn4 IMC decreases the solder joint strength from ~ 45 MPa to ~ 

28 MPa and changes the fracture mode from ductile to mixed (macroscopically brittle, but 

microscopically ductile). The mechanical properties of the solder joint further degrade due 

to the growth of Kirkendall voids at the Ni3P/Cu interface, which decreases the solder joint 

strength to ~ 12 MPa and causes a brittle fracture at Ni3P/Cu interface. 

The mechanical properties of Cu/electroless Ni-P/Sn-3.5Ag solder can be improved by 

increasing the thickness of electroless Ni-P layer. A thick layer of electroless Ni-P delays the 

complete transformation of electroless Ni-P into the Ni3P layer and thereby hinders the 

brittle failure of solder joint by hindering the growth of Kirkendall voids at the Ni3P/Cu 

interface. The P concentration of electroless Ni-P layer also influences the mechanical 

properties of Cu/electroless Ni-P/Sn-3.5Ag solder joint. The lower P concentration of Ni-P 
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layer results in the lesser spallation of Ni3Sn4 into molten solder and thereby in slower 

growth of voids and Ni-Cu-Sn and Cu-Sn IMCs. Due to the slow growth of voids and IMCs, 

the lowest P samples exhibit the highest joint strength.  

Electromigration causes the brittle failure of solder joint and the tendency of brittle 

failure increases with increasing current density. In the case of high current density, fracture 

occurs at the brittle solder/IMC interface rather than inside the ductile solder. This effect of 

electromigration depends upon the microstructure and the physical properties of 

UBM/solder joint. Against electromigration-induced brittle failure, the Ni-P/Sn-3.5Ag 

solder joint performs best among the Ni-P/Sn-3.5Ag, Ni/Sn-3.5Ag, and Ni-P/Sn-37Pb 

solder joints due to high Ni-P/Sn-3.5Ag interfacial strength and high melting temperature of 

Sn-3.5Ag solder. Electromigration also influences the growth of Ni3Sn4 IMC, depending on 

the metallization. In the case of pure Ni metallization, thicker Ni3Sn4 forms at the anode side 

Ni/Sn-3.5Ag interface as compared to the cathode side Ni/Sn-3.5Ag interface. However, in 

the case of electroless Ni-P metallization, electromigration does not have significant effect 

on the Ni3Sn4 growth due to the presence of the Ni3P layer in between electroless Ni-P and 

Ni3Sn4 layers. 

This work has clearly shown that the thickness and the P concentration of Ni-P layer 

play an important role in determining the mechanical reliability of Cu/electroless 

Ni-P/Sn-3.5Ag solder joint. A thicker electroless Ni-P metallization with a lower P 

concentration is needed to achieve good mechanical reliability of the solder joint. 

Considering the thermal aging (160 °C for 1000 h) and multiple reflows requirements of 

advanced packages, the usage of ~ 10 μm thick Ni-P metallization with ~ 12 at.% P 

concentration is proposed to achieve reliable electroless Ni-P/solder joint. Moreover, as 

shown in this study, the amount of current density that would pass through the solder joint 

has to be taken in account for the mechanical reliability of the solder joint. The amount of 

current density should not be more than 1 × 103 A/cm2, otherwise it can cause the brittle 
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failure of solder joint much earlier than the formation of electromigration-induced voids and 

hillocks. The amount of current density can be easily controlled by changing the 

metallization pad and solder ball sizes. 

 

8.2. Recommendations for Future Work 

Based on the understanding of present work, the following work is recommended for 

further studies: 

The present work has shown that the concentration of P in electroless Ni-P plays an 

important role in determining the mechanical reliability of electroless Ni-P/solder joint and 

a low P concentration is desirable for a reliable solder joint. Recently, a few researchers 

(Balaraju and Rajam, 2005; Bangwei and Haowen, 2000; Yu et al., 2001) developed a 

number of ternary electroless Ni-P-X (Cu, W, Sn, Mo, Co) alloys and reported that the 

addition of a third element reduces the P concentration of electroless Ni-P-X layer. Thus, the 

interfacial and mechanical studies of these electroless alloys with lead-free solders should 

be carried out to produce the next generation UBM which would be more reliable and 

economical.  

The growth of Kirkendall voids at the Ni3P/Cu interface has been found to be very 

detrimental for the reliability of Cu/electroless Ni-P/solder joint. Thus, an effort should be 

made to determine the growth kinetics of these voids. This can be determined by choosing 

the appropriate experimental conditions, such as Ni-P thickness, aging temperature, and 

aging duration. 

In the present work, it has been found that the effect of electromigration on the 

mechanical properties of solder joint depends not only on current density but also on 

UBM/solder system. Though in the present study we have studied three UBM/solder 

systems, more work should be done using other promising solders such as Sn-Cu and 

Sn-Ag-Cu and UBMs such as electrolytic Ni and Ni-V.  
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Appendix A 

Typical Load-Extension Curves 

 

 Typical load-extension curves of the samples having 9.9 μm thick Ni-P layer and aged 

for 225 h at different temperatures are shown in Fig. A.1. These curves help in identifying 

the failure mode of Cu/Ni-P/Sn-3.5Ag solder joint. A clear difference can be seen in the 

shape of load-extension curves and the extensions in solder joint, indicating the ductile and 

brittle failure of the solder joint. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.1. Load-extension curves of the samples having 9.9 μm thick Ni-P layer and aged for 
225 h at (a) 160 °C, (b) 180 °C, and (c) 200 °C, showing ductile and brittle failures. 
 

(a) 160 °C (b) 180 °C 

(c) 200 °C 

Ductile failure 

Brittle (mixed) failure 

Brittle failure 
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Fig. A.2 shows the typical load-extension curves of the samples having Ni-P layers of 

different thicknesses. The area under these load-extension curves has been reported in the 

Fig. 4.8. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.2. Load-extension curves of the samples aged at 160°C for 225 h and having (a) thin 
(3.9 μm), (b) medium (7.3 μm), and (c) thick (9.9 μm) Ni-P layers, showing ductile, mixed 
and brittle failures. 

(a) 3.9 μm Ni-P (b) 7.3 μm Ni-P 

(c) 9.9 μm Ni-P 

Ductile failure 

Brittle failure 

Ductile failure 

Mixed failure 

Ductile failure 
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Appendix B 

Quantitative EDS Analysis 

 

 

This section describes quantitative EDS analysis in the SEM to yield the elemental 

composition of different compounds. On-line processing of EDS data from unknown and 

simple standards can yield quantitative analysis with detection limits of around 0.1 wt% and 

relative error of ± 3 % (Lyman et al., 1990). The basis for quantitative EDS analysis is that 

(Lyman et al., 1990; Goldstein et al., 1992):     

                         i
i

i

i

i k
I
I

C
C

=∝
)()(

                                      (B.1) 

where Ci and C(i) are the composition in weight concentration of element i in the specimen 

(unknown) and in the standard, respectively. Ii and I(i) are the measured characteristic x-ray 

intensity for i element in the specimen and in the standard, respectively, and their ratio, Ii/I(i) 

is called as “k ratio”. The proportionality sign in equation B.1 indicates that the relationship 

between concentration and intensity is not exact. In most quantitative chemical analyses, the 

measured intensities from specimen and standard need to be corrected for differences in 

electron backscattering, density, and X-ray energy loss and absorption within the solid in 

order to get the proportionality constant between the intensity ratio and the concentration 

ratio (Goldstein et al., 1992). These corrections are referred to as matrix corrections. There 

are a number of types of matrix correction methods, such as “ZAF”, “phi or φ (ρz)”, and 

“empirical”. In present work, ZAF method has been used to determine the elemental 

composition of compounds and thus it will be discussed in this section. In ZAF method, 

matrix effects are divided into those due to atomic number, Z; X-ray absorption, A; and 

X-ray fluorescence, F. Using these matrix effects, the most common form of the correction 
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equation is (Lyman et al., 1990; Goldstein et al., 1992) 

                      i
i

i

i

i kZAF
I
I

ZAF
C
C

][][
)()(

==                      (B.2) 

Since equation B.2 is the common basis for X-ray microanalysis in the SEM, it is important 

to develop a good understanding about the origin and procedure of ZAF matrix correction. 

 

B.1. ZAF Factors in X-Ray Microanalysis 

The matrix effects Z, A, and F all contribute to the corrections for X-ray microanalysis 

as given in equation B.2. This section discusses the origin of each of the matrix effects 

individually. 

 

Atomic Number Effect (Z) 

Electrons entering the surface of a specimen both penetrate the specimen and are 

scattered by it. The effects of these processes on X-ray emission are considered in terms of 

the two factors R and S (Chandler, 1981). The electrons that are backscattered from the 

specimen surface do not contribute to X-ray production. The fraction of the incident 

electrons that enters the sample and remains within it is called R. Specimens of low atomic 

number produce less backscattering and consequently a higher value of R. 

The electrons that penetrate the specimen may cause ionizations, producing X-rays, or 

they may be scattered within it. The production of X-ray by ionization depends on the 

critical ionization potential of the specimen and thus on its composition. Elements of low 

atomic number (Z) have lower critical ionization potential, are more easily ionized, and 

have greater stopping power per unit mass. The stopping power of the specimen is called as 

S, and is higher for elements of low atomic number.  

The initial energy (E0) of the electrons affects the values of R and S also. Higher energy 

electrons may more readily be backscattered and escape from a sample, producing a lower 
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value of R, while stopping power of the sample may be reduced, producing a lower value for 

S. 

Thus we have R and S varying inversely with both E0 and Z. This is fortunate since the 

atomic number correction to be applied depends on the ratio of R and S as (Chandler, 1981) 

                           
S
RZ =                                           (B.3) 

Thus the two factors tend to cancel each other out as both the atomic number and 

electron accelerating voltage vary. Although the atomic number correction is minimized in 

this way, it is still important part of the matrix correction. 

 

Absorption Effect (A) 

X-rays traveling through a material of density ρ suffer absorption, which can be 

represented as (Chandler, 1981; Goldstein et al., 1992) 

                        ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠
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⎛
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I
I t ρ

ρ
μ .exp

0

                      (B.4)                                      

where It is the transmitted X-ray intensity, I0 is the original intensity, μ/ρ is the mass 

absorption coefficient, and t is the distance traveled by the X-rays. The value of μ/ρ depends 

on the X-ray energy as well as on the composition of the specimen. For a specimen 

composed of a number of elements the value for μ/ρ is given by the sum of the individual 

absorption coefficients multiplied by their mass fractions.  

X-rays are generated at different depths within a specimen and hence must travel 

through different distances to leave the sample. They are thus absorbed to different degree. 

The correction for this absorption, A, takes into account the shape of the volume of 

specimen producing the X-rays, the angle at which the X-rays are collected from the 

specimen surface, the angle at which the incident electron beam enters the specimen surface, 

and the composition of the specimen. 
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Fluorescence Effect (F) 

The absorption of X-rays traveling through the sample occurs when the X-ray photons 

give up their energy in ionizing other atoms (Chandler, 1981). Thus if an X-ray photon of 

element Z1 has an emission energy which is slightly more than the energy required to ionize 

element Z2, that photon is very likely to be absorbed, and element Z2 will emit X-ray 

photons. Thus, if element Z2 is being measured, its intensity will be raised and its apparent 

concentration will be artificially increased. The degree of enhancement depends on the 

relative excitation probability, the fluorescent yield, and the depth of electron penetration 

and X-ray production within the sample. 

In addition, X-ray enhancement may occur due to the fluorescence by the white 

radiation, the effect being greatest in specimens of high atomic number that produces the 

greatest bremsstrahlung. 

The combination of these parameters makes up the correction factor for fluorescence 

(F). 

 

B.2. Procedure for ZAF Matrix Correction 

The ZAF matrix correction procedure is complex mathematically and thus is carried out 

on a computer (Chandler, 1981). In the usual experiment, one determines a set of k ratios, 

but the factors Z, A, and F depend upon the true composition of the specimen, which is 

unknown. This problem is handled by using the measured k ratios as the first estimate of 

concentration (Goldstein et al., 1992). In this way, 

                            
∑

=

i
i

i
i k

k
C                                  (B.5) 

for all elements i in the specimen. These first-estimate concentrations are normalized to sum 

of 100%. The resulting mass fractions are used to compute the initial ZAF factors for each 
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element. The estimated concentrations and ZAF factors for each element are used to 

calculate ki values that are then compared to the measured ki values. Iteration proceeds until 

results converge. 

 

B.3. Quantitative EDS Analysis using Standard ZAF Correction Method 

The most effective strategy for quantitative EDS analysis is to record and archive 

spectra from standards (pure elements or simple compounds) under standardized electron 

beam and X-ray spectrometer conditions (Lyman et al., 1990). The archived standard 

spectra may be used to process X-ray spectra from the specimen to calculated k ratio. The 

ZAF matrix correction method may then be applied to the k ratio to produce the final 

measured composition. 

In present work, EDS results were analyzed using standard ZAF matrix correction 

method to determine the chemical composition of compounds. This section includes the 

experimental procedure as well as the results of the quantitative EDS analysis. 

 

B.3.1. Experimental Procedures for Standard ZAF Correction Method 

The following steps were followed to analyze the EDS results using standard ZAF 

matrix correction method: 

1. Preparation of standards: Pure (99.9 wt%) Ni, Sn, and Cu metals and GaP compound 

were used as standards for Ni, Sn, Cu, and P to do standard ZAF quantitative 

analysis. These standards were prepared in the same way as the specimens were 

prepared for EDS analysis. Sample preparation method for EDS analysis has been 

described in the section 3.2.4 of chapter 3. It should be noted that the samples for 

EDS analysis were not etched as etching causes a rough surface and rough surface 

may cause an error in the acquisition of EDS spectra (Lyman et al., 1990). 

2. EDS spectrum acquisition from the standard: In standard ZAF quantitative analysis 
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the EDS operating condition are kept same for recording the spectra of standards and 

specimen. As our SEM system did not have probe current detector (PCD) system, 

the probe current was calibrated manually. For this purpose, a stable metal sample 

known as “calibration sample” is normally used. In present work, Cu was used as 

“calibration sample” and following steps were followed to acquire standards 

spectra: 

a. The calibration sample was mounted in sample holder along with standards. 

b. Acquisition conditions selected were as 20.0 kV accelerating voltage, 10 mm 

working distance, 60 sec real time, 90.0 deg incidence angle, 35.0 deg. 

take-off angle, and 0.0 deg tilt. 

c. The spot size was adjusted at a fix value using the calibration Cu sample to 

achieve 30% dead time or 1600 cps. 

d. 1nA probe current was selected as an acquisition condition. 

e. Acquired standard spectrum from pure Cu, Ni, Sn and GaP and then 

registered it. During registration, a standard file will be created automatically 

in the computer for standard analysis. Fig. B.1 shows the spectra from 

different standards acquired and used in the present work. 

3. EDS spectrum acquisition from the specimen: The EDS spectrum acquisition 

procedure for specimen was the same as of standard. Different locations of the 

samples subjected to different experimental conditions were analyzed to determine 

the chemical compositions of compounds. After acquiring the EDS spectrum from 

the specimen (Fig. B.2), analytical software was used to do standard ZAF matrix 

correction by selecting appropriate options as shown in Fig. B.3a. The same 

software can be used for standardless ZAF matrix correction (Fig. B.3b). 
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(a) Cu Standard (b) Sn Standard 

(c) Ni Standard  (d) GaP Standard 

Fig. B.1. EDS spectra from (a) pure Cu, (b) pure Sn, (c) pure Ni, and (d) GaP standards.  

Fig. B.2. EDS spectrum from the Ni/Sn-3.5Ag sample aged at 160 °C for 100 h showing 
formation of Ni-Sn IMC. 
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B.3.2. Quantitative EDS Analyses of Compounds Observed in Present Study 

Fig. B.4 shows the SEM images of the Sn-3.5Ag/Ni-P/Cu interfaces of the samples 

having 9.9 μm electroless Ni-P layer and aged at different experimental conditions. The 

quantitative EDS analyses (with standard ZAF matrix correction) of the compounds formed 

at the interfaces were carried out and the results are shown in Fig. B.5. The elemental 

compositions of these compounds indicate the formation of Ni3Sn4, Ni3P, and Ni2SnP 

phases. 

 

 

Fig. B.3. ZAF (a) standard and (b) standardless quantitative analyses of Ni-Sn spectrum 
from the sample aged at 160 °C for 100 h, indicating the formation of Ni3Sn4 IMC. 

(a)  

(b)  
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Fig. B.6 shows the SEM image of the Sn-3.5Ag/Ni-P/Cu interfaces of the sample 

having 3.9 μm electroless Ni-P layer and aged at 200 °C for 400h. The EDS analyses of the 

Element At. % 
Ni 72.33 
P 27.67 

Element At. % 
Ni 41.69 
Sn 58.31 

Element At. % 
Ni 47.62 
Sn 28.17 
P 24.21 

a 

1(Ni3Sn4) 
2(Ni3P) 

b 

3(Ni2SnP) 

Fig. B.4. SEM images of the Sn-3.5Ag/Ni-P/Cu interfaces of the samples having 9.9 μm 
electroless Ni-P layer and aged at (a) 160 °C for 400 h and (b) 200 °C for 100 h. 

Fig. B.5. EDS analyses of the points (a) 1, (b) 2, and (c) 3 that shown in the Fig B.4, 
indicating the formation of Ni3Sn4, Ni3P, and Ni2SnP phases, respectively.  

(a) Ni3Sn4 (b) Ni3P 

(c) Ni2SnP 
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points 1, 2, 3, and 4 that shown in the Fig. B.6 clearly indicate the formation of 

(Ni1-xCux)3Sn4, (Ni1-xCux)6Sn5, Cu6Sn5, Cu3Sn IMCs, respectively.  

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                           
 
 
 
 
 
 
 
 
 
 
                                          
 
 
 
                                                                          
 
 
 
 

Element At.% 
Ni 35.33 
Sn 57.67 
Cu 7.00 

Element At.% 
Ni 21.39 
Sn 45.05 
Cu 33.56 

Element At.% 
Cu 56.37 
Sn 43.63 

Element At.% 
Cu 76.56 
Sn 23.44 

Fig. B.7. EDS analyses of the points (a) 1, (b) 2, (c) 3, and (d) 4 that shown in the Fig B.6, 
indicating the formation of (Ni1-xCux)3Sn4, (Ni1-xCux)6Sn5, Cu6Sn5, Cu3Sn IMCs, 
respectively. 

Fig. B.6. SEM image of the Sn-3.5Ag/Ni-P/Cu interfaces of the sample having 3.9 μm 
electroless Ni-P layer and aged at 200 °C for 400 h. 

(a) (Ni1-xCux)3Sn4 (b) (Ni1-xCux)6Sn5 

(c) Cu6Sn5 (d) Cu3Sn 

1((Ni1-xCux)3Sn4) 2((Ni1-xCux)6Sn5) 

3(Cu6Sn5) 
4(Cu3Sn) 
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B.3.3. Comparison between the Results from Standard and Standardless ZAF 

Correction Methods 

Table B.1 shows the elemental composition of different compounds that measured 

using standard and standardless ZAF matrix corrections. From the table it is clear that both 

standard and standardless ZAF corrections give nearly the same elemental composition and 

the measured composition is close to the ideal composition (Massalski, 1986) of the 

compound. 

 

 

 

Compounds Elemental composition using 
standard ZAF method 

(at.%) 

Elemental composition using 
standardless ZAF method 

(at.%) 
Ni3Sn4 41.69% Ni, 58.31% Sn 42.45% Ni, 57.55% Sn 

Ni3P 72.33% Ni, 27.67% P 76.45% Ni, 23.55% P 

Ni2SnP 
47.62% Ni, 28.17% Sn, 24.21% P 50.41% Ni, 29.15% Sn, 20.43% P 

(Ni1-xCux)3Sn4 
35.33% Ni, 7.0% Cu, 57.67% Sn 36.38% Ni, 6.23% Cu, 57.39% Sn 

(Ni1-xCux)6Sn5 
21.39% Ni, 33.56% Cu, 45.05% Sn 22.74% Ni, 31.03% Cu, 46.23 % Sn

Cu6Sn5 
56.37%Cu, 43.63%Sn 53.99%Cu, 46.01% Sn 

Cu3Sn 76.56% Cu, 23.44% Sn 74.65 % Cu, 25.35% Sn 

 

Table B.1. Elemental composition (at.%) of different compounds that measured using 
standard and standardless ZAF matrix corrections. 
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