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Abstract 

 

    A direct and deleterious effect on packaging reliability has been observed during 

elevated temperature isothermal aging for fine-pitch ball grid array (BGA) packages with 

Sn-1.0Ag-0.5Cu (SAC105), Sn-3.0Ag-0.5Cu (SAC305), and Sn-37Pb solder ball 

interconnects. Package sizes ranging from 19 mm with 0.8 mm pitch BGAs to 5 mm with 0.4 

mm pitch BGAs with three different board finishes (ImSn, ImAg and SnPb) were evaluated. 

The aging temperatures were 25
o
C, 55

o
C, 85

o
C, and 125

o
C, applied for a period of 6 months.  

Subsequently, the specimens were thermally cycled from -40
o
C to 125

o
C with 15 min dwell 

times at the high temperature. Weibull analysis of failures vs. cycle number show a ~ 50% 

reduction in  package lifetimes when aged at 125
o
C compared to room temperature, with 

less dramatic but measurable reductions in lifetime at 85
o
C and even 55

o
C.  In contrast, the 

reliability performance of Sn-37Pb is much more stable over time and temperature.  The 

degradation was observed for both SAC alloys on all tested package sizes and board finishes. 

For the 19 mm SAC105 case, for example, there was a 53% (32%) reduction of characteristic 

lifetime at 125
o
C (85

o
C) compared to room temperature aging. The trends were in the 

expected directions; namely, the reliability was reduced when using higher aging 

temperatures, smaller solder balls, and SAC105. The dominant failure mode can be 

associated with the growth of Cu6Sn5 intermetallic compounds (IMC) during the aging, 

particularly on the pad side.  

   In a second portion of this work, longer aging with more different type packages have 

been investigated. The degradation rate becomes slower compared with 6 months aging, but 
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continuous reduced lifetime cycles are observed. The microstructures of these packages have 

been examined and correlated to their mechanical properties and reliability performance. 
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Chapter 1 

General Introduction  

 

1.1 Soldering Alloys in Electronics 

Soldering is a metallurgical joining process in which two or more metal items are 

joined together by melting a filler metal into the joint. The filler metal with melting 

point below 425Ņ is called solder [1]. As metal joint, the use of solder alloys can be 

dated back to thousands of years. In the electronics material world, solder 

interconnects have three major roles: thermal, electrical, and mechanical. The quality 

of the solder is crucial to the integrity of a solder joint, which in turn leads the overall 

functioning of the assembly. 

From the history of the electronics industry, the solder used is primarily 

63Sn-37Pb (a eutectic composition), or 60Sn-40Pb (a near eutectic composition). The 

Sn-Pb binary system has a relatively low melting eutectic temperature of 183 Ņ and 

is compatible with most substrate materials and devices. According to recent reports, 

Pb in Sn-Pb solder contributes many technical advantages, [2, 3]:  

- Pb improves the wetting ability by reducing the surface tension of pure tin. 

- Pb provides ductility to Sn-Pb solder alloys. 
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- Pb prevents the transformation of ɓ-tin to Ŭ-tin, which will cause %26 volume 

increase and loss of structural integrity. 

- As a solvent metal, Pb helps tin and copper to form intermetallic bonds by 

diffusion.  

- Pb is inexpensive and readily available. Sn-Pb has relatively low melting 

temperature of 183 Ņ, which allows low reflow temperature in electronics 

packaging process and prevents the high temperature negative effect on the 

boards and components. 

However, the harmful effect of lead to humans is well known. Amount of 

electronic waste ends up in landfills and the lead will leach into soil [4-13]. More and 

more concerns and pending legislation push forward lead free solders used in global 

electronics market. The European Commissionôs (EC) adopted two directives, Waste 

Electrical and Electronic Equipment (WEEE) and the Directive of Restriction of the 

Use of Certain Hazardous Substance (RoHs), both ban the use of lead from end-of-life 

electrical or electronic components after July1, 2006 in European Union countries.  

In Japan, there is no government ban of lead in electronics components, the advisory 

committee of Japan Institute of Electronics Industry Development Association 

(JEIDA) creates a roadmap for lead-free solders and gives recommendations for 

industry. In the United States, the U.S. environmental Protection Agency (EPA) and 

IPC (the Institute of Interconnecting and Packaging Electrical Circuits) have also 

proposed a roadmap for the lead-free movement in U.S.. Therefore, developing 

practical alternative Lead-free solders for electronics packaging is important. 



 3 

1.2 Performance Characteristics of Solders 

The solder alloys used in microelectronics have strict performance requirements 

[14]. First, the solder alloy needs the qualified electrical and mechanical performance. 

Second, the solder must be suitable to all aspects of electronics manufacturing process, 

which include: the solder must have desired melting temperature. It must adequately 

wet common PCB pads, form inspectable solder joints, allow high volume soldering 

and rework of defective joints, and provides reliable solder joints during service 

conditions and low assembly cost. The properties of solders both for manufacturing 

and reliability are summarized in Table 1.1 [14]. 

   There are some basic criteria for ñperfectò lead-free alternatives [15, 16]: 

- Similar melting temperature to existing Sn-Pb solders in order to have similar 

reflow manufacturing profile. 

- Good wettability to ensure good metallization during manufacturing process. 

- Equal or better electrical properties to efficiently transmit the electrical 

signals. 

- Adequate mechanical properties to provide the reliability of the electronic 

packaging products. 

- Non-toxic and relatively low price. 
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Table 1.1 Important Characteristics of Solders Alloys 

Manufacturing Reliability 

Melting/liquidus temperature  Electrical conductivity 

Wettabilitty (of copper) Thermal conductivity 

Cost Coefficient of thermal expansion 

Environmental friendliness Shear properties 

Availability and number of suppliers Tensile properties 

Manufacturability using current processes Creep resistance 

Ability to be made into balls Fatigue properties 

Copper pick-up rate  Corrosion and oxidation resistance 

Recyclability Intermetallic compound formation 

Ability to be made into paste  

 

1.3 Component Finish-Lead Free Solder Candidate 

   There are a large number of Pb-free options, and these solder alloys include binary, 

ternary and some quaternary alloys. More than 70 alloys were identified in the 

literature [14]. Among these alloys, a large number are based on Sn as the primary or 

major constituent. 

1.3.1 Pure Tin 

    Sn becomes the principal components of most solder alloys because Sn can wet 

and spread on a wide range of substrates. Elemental Sn has melting temperature at 

231Ņ and exists in two forms with different crystal structures. ɓ-tin has  a 
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body-centered tetragonal crystal structure and is stable at room temperature. Ŭ-tin has 

a diamond cubic crystal structure and is thermodynamically stable below 13Ņ [14]. 

The transformation from ɓ-tin to Ŭ-tin happens when the temperature falls below 13Ņ, 

which is referred as ñtin pestò or ñtin diseaseò. It will lead to volume increase and 

cracking in the tin structure. For most of the devices, the cycle is cross the 13Ņ, 

therefore, when tin is exposed to thermal cycles, plastic deformation and cracking at 

gain boundary happens. Also Tin is prone to whisker growth, elements (Bi and Sb) 

can suppress whisker growth in tin [17-19].   

1.3.2 Sn-Zn 

SnZn was one choice to replace SnPb due to its cheaper and low melting 

temperature of around 198 Ņ, and the processing temperature can be even lower by 

addition of bismuth-Sn8Zn3Bi to 192 Ņ. The eutectic structure consists of two 

phases: a body centered tetragonal Sn Matrix phase and a secondary phase of 

hexagonal [20]. Sn-Zn is reactive because both Sn and Zn interact with Cu to form 

intermetallic phases. However, SnZn solders are prone to form hard paste to oxidation 

and some issues including wetting problems. 

1.3.3 Sn-Cu 

The Sn-Cu binary alloy solder has a eutectic composition of Sn-0.7 wt.˿  Cu 

with a eutectic temperature of 227 Ņ. The low price of this alloy is attractive, but in 

the reflow process, it has poor properties and is prone to whisker growth.  

1.3.4 Sn-Bi 

The eutectic Sn-Bi of 42Sn-58Bi is potential alternative for Sb-Pb with its low 
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melting temperature of 139 Ņ [21-23]. Wettability of 42Sn-58Bi is acceptable and its 

low temperature mechanical properties are better than Sb-Pb alloy. It is reported that 

cracking in the alloy may occur at slow cooling rate since Bi in Sn will precipitate in 

the Sn phase as the alloy cools. Large grains forms during slow cooling rate, and 

crack occurs between these large grain boundaries. 

1.3.5 Sn-Ag 

The Sn-Ag (Sn-3.5 Ag) binary system has eutectic temperature of 221 Ņ. The 

microstructure consists of Sn and Ag3Sn. Addition of 1˿  Zn is shown to improve the 

solidification microstructure by introducing finer and uniform dispersion of Ag3Sn. 

However, the poor performance on the wetting blocks its wide use in industry. 

1.3.6 Sn-In  

The eutectic composition of In-49.1Sn has eutectic temperature is 117 Ņ. Due to 

the low melting temperature, Sn-In has been used in SMT applications. However, 

Indium price is even more expensive than silver, and low availability. The Sn-In 

solder alloys are not popular in the electronics packaging industry. 

1.4 Sn-Ag-Cu (SAC) 

    The Sn-Ag-Cu (SAC) alloy has been the prevailing alloys system in major 

electronics manufacturing [24-27]. There alloys [28] include 96.5Sn-3.0Ag-0.5Cu 

(SAC 305) in Japan, 95.5Sn-3.9Ag-0.6Cu (SAC 396), and 95.5Sn-4.0Ag-0.5Cu (SAC 

405) used for BGA solder joint, in addition, recently for portable electronics, more 

and more manufacturers are using SAC 105. The benefits of SAC over other Pb-free 

alloy systems include relatively low melting temperature, good mechanical and 
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solderability properties. Soldertec surveys [29] show 70˿ of the lead-free alloys 

market is SAC series, Fig.1.1. There are still some changes for SAC series alloys. 

First , SAC series alloys have higher melting temperature around 217 Ņ, which need 

higher reflow profile in process and leads to reliability issues. Second, the excessive 

formation of intermetallic compounds at the interface between solder joints and 

copper pad can cause reliability problems. Thirds, SAC alloys cost more than Sn-Pb.  

 

Fig.1.1 The Market Share of Different Lead-free Solders [29] 

1.4.1 Sn-Ag-Cu Solder Alloys 

In the Sn-Ag-Cu eutectic or near eutectic series alloys, SAC alloys contain 3.0 

-4.0˿  of Ag and 0.5-1.0˿  of Cu. The eutectic melting temperature was 217 Ņ with 

4.7 wt.˿  Ag and 1.7 wt.˿  Cu. Loomans and Fine [30] refined the composition as 

3.5 wt.˿  Ag and 0.9 wt.˿  Cu. Figure 1.2 shows one 3-D ternary phase diagram. 

The lowest point or temperature in the isothermal lines is the eutectic composition. 

The eutectic reaction formulation is: 
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,O !Ç3Î#Õ  3Î 3Î -ÁÔÒÉØ 

The 2-D of the ternary phase diagram of Sn-Ag-Cu shows in Figure 1.3. The red 

region is near eutectic region. Most popular SAC alloys is in this region with around 

melting temperature of 217 Ņ. 

 

Figure 1.2 Typical 3-D Ternary Phase Diagram 

(http://www.tulane.edu/*sanelson/geol212/ternaryphdiag.htm) 

    Sn and Ag react to form !Ç3Î and Sn and Cu react to form #Õ  3Î (Fig. 

4-5), these intermetallic compounds have much higher strength than Sn-Pb, which 

block the fatigue movement of dislocation. SAC alloys have 3-4 times better fatigue 

properties than Sn-Pb eutectic solders [32]. 

http://www.tulane.edu/*sanelson/geol212/ternaryphdiag.htm
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Figure 1.3 Sn-Ag-Cu Ternary Phase Diagram 

(http://www.metallurgy.nist.gov/phase/solder/agcusn.html) 

 

Figure 1.4 (a) Top view of Sn-3.9Ag-0.6Cu [31], (b) Front View of 

Sn-3.8Ag-0.7Cu Solder Bumps (T.Y. Lee at UCLA). 
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Figure 1.5 Microstructure of SAC Alloy 

1.5 Mechanical Properties of Solder Joint 

The solder joints of electronic device are subjected to mechanical stresses and 

strains during operation. The primary cause of the stresses and strains is due to 

different coefficient of thermal expansion between electronic component and the 

board and between die and packaging body. The failure of the solder connections can 

be classified into three parts: electrical, mechanical and corrosion failures. A summary 

of the failure mechanisms in electronics packaging is shown in Figure 1.6. Fatigue 

and fracture of solder joints lead to most failure of electronic devices.  

When operation temperature changes, the solder balls are subjected to shear 

strain, which is because of the difference of CTE. As the operation temperature cycles, 

the solder balls are subjected to cyclic shear strain. The CTE mismatch factors include: 

the range and frequency of the temperature, the design of the component and solder 

Sn+Cu6Sn5 

Sn+Ag3Sn 
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joint distribution, the solder joint geometry, and the solder alloy elastic-plastic and 

creep constitutive relationships. 

When the boards or substrate are bent during manufacturing process or handling, 

the solder joints can also meet tensile loading. Tensile and creep properties are 

critically important for the reliability of the electronic device. 

 

Figure 1.6 Summary of Failure Mechanisms in Microelectronic Packaging 

1.5.1 Tensile Properties 

The tensile properties of lead free solder, such as Youngôs modulus, yield 

strength, ultimate tensile strength (UTS) are necessary to determine the solder joint 

reliability of electronic packages (BGA, CSP, QFN). Yielding is defined as the 

material will deform elastically and will return to its original shape when stress is 

removed. The applied stress that causes yielding is defined as the yield stress (YS). 
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The ultimate tensile stress (UTS) is the maximum load divided by the initial 

cross-sectional area of the specimen. Engineering stress and engineering strain are 

defined as followed [38]: 

ŭ                                                           (1.1) 

Ů                                                          (1.2) 

Where P is applied stress, !  is initial cross-sectional area, ) is final gage length, 

Ì is initial gage length. A typical stress-strain curve of lead-free is shown in Figure 

1.7. 

 

Figure 1.7 Typical Stress-Strain Curve of Lead-free Alloys 

    The elastic modulus is the slope of the elastic portion of the stress-strain curve. 

In  engineering practice, 0.2 ˿  of plastic deformation is used as Yield Stress.  
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1.5.2 Shear Properties 

Solder joints of electronic devices have shear loading most of the time, which is 

generated by the CTE mismatches. In thermal cycling condition, CTE mismatches 

lead to cyclic shear stresses on the solder connections. Figure 1.8 shows one example 

of flip chip packages, and the stresses are generated between the silicon and substrate 

[14]. Figure 1.9 shows WSBGA 54, assembled with SAC solder, failed at 1639 cycles 

in 0-100 Ņ thermal cycling [100]. Similar to tension properties, shear properties 

include shear modulus and shear strength. The shear modulus G can be calculated if 

elastic modulus E and Poissonôs ratio are given [38]:  

'
ɜ

                                                     (1.3) 

 

Figure 1.8 Solder Joints subjected to Shear strain during Thermal Cycling due to 

CTE M ismatch 
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Figure 1.9 WSBGA 54, Assembled with SAC Solder, Failed at 1639 Cycles in 

0-100 Ņ Thermal Cycling [99] 

1.5.3 Creep  

Electronic devices are also subjected to long periods of constant elevated 

temperatures. Creep deformation causes the solder joints to fail under a constant load 

at elevated temperatures. The homologous temperature is defined as the ratio of the 

temperature of the material and its melting temperature in degrees Kelvin [41]. 

4                                                    (1.4) 

When 4 is greater than 0.54 , creep is considered as the dominant solder 

deformation mechanism in SMT [41]. For the typical thermal testing profile -40 Ņ to 

125 Ņ, 4 of Sn-Pb is 0. 51 to 0.87, 4 of SAC is 0.48 to 0.814 , both are in the 

rapid creep deformation range. 

Creep is time-dependent strain plastic deformation. When solder material is 

exposed with a constant load at a long constant temperature, the creep of solder joints 

shows three stages: primary creep, secondary creep and tertiary creep. Figure 1.10 
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shows a typical lead-free creep curve, which include the three stages above [42]. In 

the first stage, the strain rate decreases rapidly over time due to strain hardening, 

which restricts the deformation. In the second stage, if 4 is greater than 0.54 , most 

of the plastic deformation creep will occur in this stage. In the third stage, necking 

and micro-cracking will occur. Eventually creep rupture will occur. 

There are many creep mechanisms that have been studied. Nabarro-Herring 

Creep is believed to be the dominate deformation mechanism with low stress at high 

temperature. If there is no pressure, atoms in the lattice will migrate in proportion to 

the gradient of the concentrations. The lattice defects tend to move in directions that 

will relieve the imbalance of pressure [44], then which will lead to creep deformation. 

Grain-boundary sliding is another creep deformation at high temperatures. It is 

associated with other deformation mechanisms. If 4 is greater than 0.54 , the stress 

mainly determines the creep deformation mechanism. For low level stress, the creep 

deformation will be lattice diffusion and grain-boundary diffusion. At intermediate 

stress, dislocation creep will dominate. At high stress level, dislocation gliding will be 

the main contribution for the creep. Figure 1.11 shows the creep deformation map of 

the solder alloys.  
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Figure 1.10 Creep Curve of Lead-free Solders 

    

Figure 1.11 Creep Deformation Map of Solder Alloys 
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1.5.4 Fatigue 

Fatigue occurs when a material is subjected to cyclic loading. Fatigue failure is 

caused by localized stress concentrations. Due to CTE mismatches between two 

adjacent materials, displacement leads to crack initiation and crack propagation. 

Cracks initiate at the sites of stress concentration such as micro-cracks, indents, 

dislocation slip steps, etc.. We should note that even when the cyclic stress is below 

yield stress, fatigue failure still can occur at defects and irregularities in the 

microstructure. 

Fatigue failure is sudden, catastrophic, and involves little plastic deformation. 

Ductile materials often behave as if they were brittle when subjected to fatigue. The 

fatigue damage is cumulative, and the materials can not recover when load is removed. 

There are three stages for a fatigue failure to fully develop and occur [99]: 

Stage 1: Crack nucleation 

Cracks initiate at the sites of stress concentration (micro-cracks, scratches, 

indents, interior corners, dislocation slip steps, etc). 

Stage 2: Crack propagation occurs in two steps: 

I: Initial slow propagation along crystal planes with high resolved shear stress. 

Fracture formed in this step features flat surface. 

II: Faster propagation perpendicular to the applied stress. Cracks grow by 

repetitive blunting and sharpening process at crack tip. 

Stage 3: Ultimate failure, where cracks eventually reach critical dimension and 

propagate very rapidly. 
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1.6 Lead-Free Printed Circuit Board Surface Finishes 

From July 1, 2006 RoHS compliance has established of new set of regulations 

restricting circuit board manufacturers to use of lead-free finishes. There are various 

protective finishes available. Considering cost and availability, there are some finishes 

popular in industry, which include: Organic Solderability Preservative (OSP), Hot Air 

Solder Leveling (HASL), Immersion Silver ImAg and Immersion Tin ImSn, 

Electroless-Nickel Immersion Gold (ENIG). 

- OSPôs is designed to coat a thin, uniform protective layer on the copper surface of 

PCBôs. OSPôs finishes are inexpensive, and provide good surface oxidation, 

coplanarity and good process control. The drawbacks of OSPôs include poor shelf 

life, degrades with high temperature, poor wettability and very poor electrical 

testability.  

- Lead-Free-HASL is the predominant surface in industry for a long time. The 

process consists of immersing circuit boards in a tin/lead alloy and the excess 

solder is removed by blowing hot air across the board. It is the lowest cost, but 

lead process is banned from 2007, leaf-free HASL experiences difficulty in 

controlling thickness and has thermal shock the boards during process. 

- ImAg offers good wettability, good shelf life, good coplanar and is suitable for 

multi-process reflow. The only problem for ImAg is slow uptake of technology.  

- ImSn is another alternative surface finish. Similar to the advantages of ImAg, 

ImSn is very poor for reflow cycles. 
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- The properties of ENIG are the best among these lead-free board finishes. 

Excellent wettability and coplanarity, excellent surface oxidation and electrical 

testability. The disadvantage of ENIG is higher cost and óblack padô which is 

referred as the nickel layer is prone to break up during mechanical stress.  

There is table 1.2 shown properties of different surface finishes. And NEMI Users 

Group has published a PCB finish rating in Table 1.3 [48]. 

 

Table 1.2 Comparison of Surface Finishes 

Finish Recommend Risky Not Acceptable No Vote 

Immersion Ag 6 2 0 1 

Immersion Sn 5 3 0 1 

OSP 5 2 1 1 

ENIG 4 2 2 1 

HASL (SnCu) 2 4 0 3 

Table 1.3 NEMI Users Group PCB Finish Rating 
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1.7 Issues in developing Lead-free SMT Assembly Process 

Figure 1.12 shows the impact of using lead-free on the SMT assembly process 

[45]. Most popular lead-free alloys have a melting temperature of 35- 40 Ņ higher 

than eutectic Sn-Pb, which is melting at 183 Ņ. According to Kester report, the key 

process variables for Lead-free SMT assembly are listed below. 

- Melting temperature of solder alloy 

- Flux Chemistry ï activation, temperature effects 

- Wetting and surface tension properties of the alloy 

- Solder balling and bridging potential increase 

- Component/ board reliability 

- Compatible rework / repair 

 

 Figure 1.12 Lead-Free Assembly Process Impact 
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The high reflow profile shrinks the process window dramatically in Figure 1.13. 

Reflow profile significant impacts wetting and microstructure of the solder joint, 

which is critical to the performance of lead-free solder joints. 

 

Figure 1.13 Comparing Sn-Pb and SAC Process Window 

The flux in higher temperature issues include increased paste slump and charring 

of the slump. Solder paste manufacturers are using resins and gelling agents, which 

are stable at higher preheats and higher peak reflow temperatures, and offer good hot 

slump resistance and activators. 

1.8 Background of Electronic Packaging Evolution 

Electronic Package is defined as an electronic structure that protects an 

electronic or electrical element and its environment from each other [35]. From the 

silicon to the printed wiring board level, technologies all belong to packaging 

hierarchy. One packaging evolution is shown in Figure 1.14. Silicon efficiency is the 

percentage of the functional Printed Circuit Board (PCB) area taken by the silicon. 
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The function of an IC package is to protect, power, cool the microelectronic device 

and play a role as a bridge for electrical and mechanical connection as in Figure1.15. 

The trends of higher speed, small package size with higher I/O, and low cost 

requirements push peripheral array evolve into area array package like Pin Grid Array 

(PGA).  

Surface mount technology uses solder joints directly to attach the package on the 

board, which saves more surface area for additional components and reduce the 

electrical parasitic because of shorter interconnect length. Ball Grid Array (BGA) and 

Chip Scale Package (CSP) meet most of the requirement of todayôs microelectronics 

industry. CSP and BGAs are the most prevalent package types in portable hand held 

consumer electronics. CSP can even achieve the package size to silicon size ratio of 

1.2. BGAs have become popular because they have robust balls at higher pitches 

instead of fragile leads like QFP. And BGAs are self-alignment during reflow even if 

they are misplaced by 50˿, i.e. during reflow, an BGA that has not been properly 

placed, will float back to its optimal position on the solder lands thanks to surface 

tension forces, as shown in Figure 1.16. They can obtain higher I/O count for a given 

substrate area, reduce component size, weight and cost, easier manufacturing process 

especially for placing machine, furthermore, they can extend to multichip modules 

like 3-D Packaging. Figure 1.17 shows recent trends of the BGA technology. Fine 

pitch, even micro pitch BGAs, can meet the demand of interconnect density increase 

with pitch size reduction.  

Quad Flat No Leads (QFN) is another surface mount technology, similar to CSP, 
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with a planar copper lead frame substrate. Compared with BGAs and CSPs, QFN has 

better thermal performance due to exposed copper die-pad technology. 

 

Figure 1.14 Evolution of Electronic Packaging Technology [36] 

 

Figure 1.15 Basic Electronic Packaging Function 

 

Figure 1.16 BGAs Are Correctly Positioned During Reflow Soldering 
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Figure 1.17 ITRS: Trend of BGA Technology 

 

1.8.1 Plastic Ball Grid Array Packages 

Plastic ball grid array (PBGA) is a low cost and low profile package. The plastic 

ball grid array (PBGA), shown in Figure 1.18, is made of high temperature PCB 

laminate. Bismaleimide triazene (BT) resin has a high glass transition temperature and 

is the most commonly used resin for PBGA. PBGAs have most of the BGAsô 

advantages, however, there are some major issues with PBGA. First, PBGA packages 

are extremely moisture sensitive and larger PBGAs are susceptible to warpage. 

Second, it is difficult to rework for the underneath balls.  

The low coefficient of thermal expansion (CTE) of silicon die contributes greatly 

to the failure of the solder balls failure of PBGA. CTE mismatch between die and 

packaging body can cause solder joints to fail. Solder mask defined (SMD) and 

non-solder mask defined (NSMD) are two solder mask designs used with PBGAs. 

Each design has its own advantages and drawbacks. But the biggest issue for SMD is 
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the sharp edges formed in the solder balls where stress concentrations can occur. 

Examples of these two types of solder mask pads are in Figure 1.19. 

 

Figure 1.18 Cross-section of PBGA [Courtesy: Amkor] 

 

Figure 1.19 Solder Mask Defined and Non Solder Mask Defined 

 

1.9 Outline of the Dissertation 

The dissertation is divided into the following chapters: 

¶ Chapter 1: Introduction to electronics packaging evolution and Pb-free soldering 

technology, alloys and board finish. 

¶ Chapter 2: Present literature survey on lead-free assembly process, room 
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temperature aging effects, elevated thermal aging effects.  

¶ Chapter 3: Description of the testing vehicle part I and manufacturing process and 

the experimental procedures.  

¶ Chapter 4: Long term of aging effects on the thermal reliability of Pb-free BGAs, 

CSP and QFN and microstructure evolution analysis. 

¶ Chapter 5: Description of the testing vehicle part II and manufacturing process 

and the experimental procedures. 

¶ Chapter 6: Short term of aging effects on the thermal reliability of Pb-free BGAs, 

CSP and QFN and microstructure evolution analysis. 

¶ Chapter 7: Summary and conclusions of the dissertation. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Lead-free soldering of electronic packaging has attracted more research and 

development from both industry and academic institutes with the agreement on the 

implementation of the WEEE/ROHS legislation in Europe and market trends. Surface 

mount technology changed the function of solder joints from simply supplying the 

electrical connection to offer including the mechanical reliability. Most lead free 

alloys require higher reflow temperatures, which needs different assembly processes. 

Not only the package level reliability but also board level reliability is a primary 

concern. A lot of solder alloys have been examined, only a few can meet the baseline 

requirements of manufacturability, cost, availability and reliability. Even though 

thousands of technical papers have tried to discover the mechanical properties of 

lead-free, the actual impact of these lead free replacement alloy systems on the board 

level is not well understood, especially across the different package types [47]. There 

are a variety of main causes. First, due to different lead-free solder joints in real 

electronic packages, and package variables include die size, package size, ball count, 

pitch, mold compound and substrate material, it is difficult to obtain mechanical 
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properties from bulk solder. Second, due to complex material properties of solder 

joints in electronic packages, the impact of different environmental stresses on the 

microstructure and thermo-mechanical reliability has discrepancy. 

Accelerated testing is mostly used in finding the reliability of lead-free solders. 

Thermo-mechanical solder fatigue is the main failure mechanism in solder joints, 

which is the key failure for those applications whose service lifetime is expected to be 

a few years or longer. The most common accelerated reliability test is temperature 

cycling. And for the typical thermal testing profile [49], here is shown in table 2.1. 

Electronics  Operating Temperature 

Consumer  0 C to + 70 C 

Industry  -40 C to 85 C 

Automotive -40 C to +125 C 

Military  -55 C to +125 C 

Table 2.1 Typical Thermal Operating Environments [49] 

    There are few previous studies on the impact of isothermal aging on board level 

solder joints. However, most solder alloys have a high homologous temperature even 

in room temperature. Unlike eutectic tin-lead, the microstructure and mechanical 

behavior of Sn-Ag-Cu serial alloys degrades over time at room temperature and 

especially more rapidly during elevated temperature. When electronic devices are 

subjected to long periods of constant elevated temperatures, the microstructure and 

mechanical behavior of solder alloys can change significantly over time during long 

term isothermal aging. Most manufacturing components are stored at room 
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temperature for a prolonged period of time before assembly, and during 

manufacturing assembly, the solder alloys are exposed to elevated temperature, which 

results in aging of the second level solder joints [52]. Even though some researchers 

have begun to study the isothermal aging on solder joints, more accelerated tests and 

field data are necessary before getting conclusions about the long-term reliability of 

lead-free solder material and the trend of effects of thermal aging on different package 

designs. 

It is useful to set up reliable constitutive models for solder alloys in order to 

assess solder joint stress/ strain analysis and predict solder joint life. Solder joints 

show complicated creep-plasticity interaction and temperature-strain rate dependent 

material characteristics during operation. Current finite element models do not evolve 

with material aging. There will be significant error in calculations with the new free 

SAC alloys. It is indeed necessary investigate constitutive modeling of solder alloys. 

2.2 Effects of Aging on Solder Joints 

The microstructure, mechanical, response, and failure behavior of lead-free 

solder joints in electronic assemblies are constantly evolving when exposed to 

isothermal aging and/ or thermal cycling environment [46, 47, 51-59]. And most 

common reliability threat comes from stress-relaxation, which is based on thermal 

fatigue damage. And the most common accelerated reliability test is elevated 

temperature isothermal aging and/ or thermal cycling. And the material behavior [51] 

during test includes reduction in stiffness, yield stress, ultimate strength, strain to 

failure and accelerated creep. And even room temperature aging can affect the 
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behavior of lead-free solder joints [51, 59, 60, 61].  

For tin-lead solder joints, in 1976, Lampe reported that when Sn-Pb and 

Sn-Pb-Sb solder alloys stored for 30 days at room temperature, losses in shear 

strength and hardness were up to 20%, as shown in Figure 2.1. and Medvedev [61] 

found 30 % loss of tensile strength of bulk Sn-Pb solder compared to 23% loss for 

solder joints for 435 days. The aging effect on a specific operating condition and 

solder joint is different. Lee et al. also observed that during 3 days room temperature 

aging after reflow the shearing stress of solder joints decreased by up to 10 % [62,63], 

which is shown in Figure 2.2. 

 

Figure 2.1 Room Temperature Aging Effects on Sn-Pb Solder Joints 
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Figure 2.2 Deduction in ball shear strength at RT 

    Xiao studied the stress-strain curve of SAC396 during different durations of 

room temperature aging, and there are losses of ultimate tensile strength up to 25 % at 

room temperature over days [64, 65]. Xiao elevated SAC396 temperature aging at 180. 

At this highly elevated temperature, they observed a quick softening of the material 

during the first 24 hours followed by a gradual hardening with time. 

2.2.1 Thermal Aging Effects 

There are widely published studies about thermal aging effects at elevated 

temperatures, they found dramatic changes in the microstructure and mechanical 

properties. Darveaux [67] performed an extensive experimental study on the 

stress-strain and creep behavior of area array solder balls subjected to shear. He found 

that aging for 1 day at 125 Ņ caused significant effects on the observed stress-strain 

and creep behavior. The aged specimens were also found to creep much faster than 

un-aged ones by a factor of up to 20 times for both SAC305 and SAC405 solder 

alloys. 

Some studies [58, 69 ï 71] have been performed on the degradation of BGA ball 
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shear strength with elevated temperature aging at 125 Ņ or 150 Ņ. And all these 

studies documented microstructure coarsening and intermetallic layer growth during 

the aging period. Chiu found significant reductions in drop reliability during elevated 

temperature aging [58], voids formation and coalesce is to be the dominant 

mechanism for solder joint strength and board level reliability degradation. And Ding, 

et al. [68] explored the evolution of fracture behavior of SnPb tensile samples with 

elevated temperature, cracks propagated across the Sn-dendrites and Sn-Ag eutectic 

structure. 

Some papers have studied under aging effects the relationship between solder 

joint and substrate finish. Lee et al. in Cisco [72] investigated the interaction between 

isothermal aging and the long-term reliability of fine-pitch ball grid array (BGA) 

packages with Sn-3.0Ag-0.5Cu-0.5Cu solder interconnects. Two different surface 

finishes with 0.4-mm fine-pitch packages with 300-ɛm-diameter Sn-Ag-Cu solder 

balls were used. During thermal cycles from 0 Ņ to 100 Ņ with 10 min dwell time, 

they found package lifetime was reduced by around 44% by aging at 150 Ņ. Aging at 

100 Ņ showed smaller impact but similar trend. 

In Auburn, CAVE Research has studied aging effects on solder for more than 10 

years. The microstructure, mechanical response, and failure behavior of lead free 

solder in electronic assemblies are constantly evolving when exposed to isothermal 

aging and/or thermal cycling environments. Ma, et al. [51, 66] demonstrated that the 

observed material behavior variations of SAC305 and SAC 405 lead free solders 

during isothermal aging at 125 Ņ were unexpectedly large and universally 
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detrimental to reliability. The measured stress-strain data demonstrated large 

reductions in stiffness, yield stress, ultimate strength, and strain to failure (up to 50%) 

during the first 6 months after the reflow process. After approximately 1000 hours of 

aging, the lead free solder joint material properties were observed to degrade at a slow 

but constant rate. Even more dramatic evolution was observed in the creep response 

of aged solders, where up to 500X increases in the secondary creep rates were 

observed for aging up to 6 months. And the degradation of lead SAC solder joints is 

much larger than the corresponding changes occurring in traditional 63Sn-37Pb 

assemblies. Most important observation from Ma, et al. research is the cross- over 

point. For 125 Ņ aging of lead-free and lead, this cross-over point occurred after 

around 50 hours of aging, and marked the point where lead free solders began to creep 

at higher rates than 63Sn-37Pb. But such phenomenon was not observed for solder 

joints aging at room temperature. 

Zhang.et al [103] demonstrated the significant effects of elevated temperature 

exposure on the creep behavior of solder joints. And the creep rates evolved more 

dramatically when temperature was increased. In addition, the effects of aging were 

shown to be significant even for aging temperature slightly above room temperature 

(e.g. T = 75 
o
C). In addition, the lower silver content alloys (e.g. SAC105) were 

observed to be much more sensitive to aging (have greater changes in the creep rate 

for a given aging time) than the higher silver content alloys (e.g. SAC405). 

Ma.et al [104] investigated aging effects in solders for aging durations of up to 6 

months. Thermal aging significantly decreases the mechanical properties of both SAC 
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and Sn-Pb solder alloys.  Compared to the room temperature aging described in the 

previous study, the aging at elevated temperatures has a much more significant effect 

on the mechanical properties (stress-strain and creep).  The aging effects are more 

significant at higher aging temperatures and for longer aging durations.  There is a 

cross-over point at about 200 hours of aging at elevated temperatures where the creep 

resistances of the SAC alloy becomes lower than that of Sn-Pb. 

Zhang.et al [105] continued to exam the effects of aging on mechanical behavior of 

lead free solders by performing stress- strain and the effects of aging on mechanical 

behavior of lead free solders have been examined by performing stress-strain and 

creep tests on four different SAC alloys (SAC105, SAC205, SAC305, SAC405) that 

were aged for various durations (0-6 months) at room temperature (25 
o
C), and 

several elevated temperatures (50, 75, 100, and 125 
o
C). Analogous tests were 

performed with 63Sn-37Pb eutectic solder samples for comparison purposes.  

Variations of the mechanical and creep properties were observed and modeled as a 

function of aging time and aging temperature.   In addition, the chosen selection of 

SAC alloys has allowed us to explore the effects of silver content on aging behavior 

(we have examined SACN05 with N= 1%, 2%, 3%, and 4% silver; with all alloys 

containing 0.5% copper).The results obtained in this work have demonstrated the 

significant effects of elevated temperature exposure on the stress-strain and creep 

behavior of solder joints.  As expected, the mechanical properties and creep rates 

evolved (degraded) more dramatically when the aging temperature was increased.  In 

addition, the effects of aging were shown to be significant even for aging temperature 
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slightly above room temperature (e.g. T = 50 
o
C). The recorded data demonstrate that 

the material property (stiffness and strength) degradation becomes linear with aging 

time. The creep rate evolves (increases) in an exponential manner, and the behaviors 

of lead free and tin-lead solders experience a ñcross-over pointò where the lead free 

solders begin to creep at higher rates than standard 63Sn-37Pb solder for the same 

stress level.  In addition, the creep behaviors of the lower silver content alloys (e.g. 

SAC105) were observed to be much more sensitive to aging (have greater changes in 

the creep rate for a given aging time) than the higher silver content alloys (e.g. 

SAC405). The times required before the cross-over occurred were reduced when 

considering higher aging temperatures or SAC alloys with lower silver content.  It 

was also observed that lowering of the silver content of a SAC alloy leads to increases 

in the creep rates for all aging conditions. However, the addition of dopants was also 

shown to lessen the aging effects. The degradations of the mechanical and creep 

properties of lead free SAC solders during aging are caused by microstructural 

evolution. In particular, there is dramatic coarsening of the secondary intermetallic 

particles. When the particles are small and fine precipitations, they can effectively 

block the movement of dislocations and reduce grain boundaries sliding, thus 

strengthening the materials and enhancing creep resistance. When the second phase 

particles grow larger, their ability to block the dislocation movements and grain 

boundary sliding are significantly reduced leading to reduced strength and to 

degraded resistance to creep deformations.  

Zhang, et al [50] extended to include a full test matrix of aging temperature and 
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solder alloys. The different alloys from SAC105 to SAC405 were aged for various 

durations (0-12 months) at 25Ņ, 50Ņ, 75Ņ, 100 Ņ, and 125 Ņ. And the results in 

this work have demonstrated the significant effects of the elevated temperature 

exposure on the creep behavior of solder joints, the effects of aging were shown to be 

significant even for aging temperature slightly above room temperature (e.g. T=75 Ņ), 

as shown 2.3.  In addition, the lower silver content alloys (e.g. SAC105) were much 

more sensitive to aging than high silver content alloys (e.g. SAC 405). And the times 

required before the cross-over occurred were reduced when considering higher aging 

temperature or SAC alloys with lower silver content. Table 2.2 shows ratio of creep 

rate to non-aged creep for 4 months at temperature 125 Ņ. 

 

Figure 2.3 SAC Creep Rate comparisons (Aging at 75 Ņ) 

SAC Alloy  Maximum Aging Induced Increase in 

Creep Rate 
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SAC105 5500X 

SAC205 1000X 

SAC305 220X 

SAC405 220X 

Figure 2.4 Ratio of Maximum Creep Rate to Non-Aged Creep Rate for Each 

SAC Alloy 

    The relationship between solder ball reliability and substrate pad finish under 

aging conditions has also been studied. Hasegawa, et al. [101] observed the 

relationship of thermal aging at 150 Ņ for prolonged time on the reliability of Sn-Pb 

and SAC alloys on substrates with different PBGA surface finishes. Little change was 

observed in the mechanical strength (shear strength and elastic modulus). Zhou, et al. 

[102] studied the SAC 387 solder joint on both Cu and Ag substrate at an aging 

temperature of 170 Ņ, and there was little effect on the SAC/Ag interface, but 

dramatically softened the SAC/Cu joint, which was due to lower residual stresses at 

the SAC/Ag joint interface. 

2.2.2 Thermal Aging Microstructure  Evolution 

    Thermal Aging effects reduce the mechanical strength of solder alloys. And 

some studies [51, 67, 69, 73] shows it is related to a micro-structure coarsening 

process. When the gain structure is coarser, there are fewer gain boundaries to block 

the dislocation movement, causing strength loss of material. The continuous 

degradation of the mechanical properties is caused by the dramatic coarsening of the 

secondary intermetallic particles. When the particles are small and fine precipitations, 
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they can effectively block the movement of dislocations and reduce grain boundaries 

sliding, thus strengthening the materials.  When the second phase particle grows 

coarser, their ability to block the dislocation movements and grain boundary sliding, 

which are known to be the major reason for creep failure, are significantly reduced. 

the SAC solder coarsening is shown in Figure 2.5. 

Fan [74] investigated Aging effects on the microstructures of 63Sn-37Pb, 

Sn-3.5Ag and SAC405 solder balls on Cu/Ni/Au surface finish. The thickness of the 

IMC layers all increased with aging time and temperature. 63Sn-37Pb has the larger 

diffusion coefficient and the IMC thickness grow rapidly. 

Li et al [75, 76] studied microstructure of flip-chip packaging with SAC387 

solder joints aging at different temperature. The facet-like morphology of interfacial 

IMC (Cu,Ni)6Sn5 remained unchanged during aging, but its thickness increased 

considerably by a volume diffusion mechanism. The !ÇSn IMCs existed as 

plate-like or lamella-like phases or as small particles around the ɓ-Sn dendrites in the 

bulk solder. Two different !ÇSn coarsening processes took place under high 

temperature aging: first, small !ÇSn particles directly coarsened into pebble-like 

phases and second the plate and lamella Ag3Sn phases broke up into small parts and 

then coarsened into pebble-like phases. 
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(a)                     (b)                  (c) 

Figure 2.5 (a) SAC Reflowed, No aging (b) 50 hours at 125 Ņ (c) 100 hours at 

125 Ņ 

2.2.3 Kirkendall Voiding  and Effect on Reliability 

    The formation of Kirkendall voids at the solder/Cu interface has been reported 

for many years. The interdiffusion of Cu and Sn leads to void in solder joints. There 

are two steps for this process. (1) Cu atoms leave the Cu pad and diffusion towards 

the solder, which generated vacancies near the #ÕSn layer. (2) The vacancies 

coalesce into voids with time and higher temperature. 

    Chiu et al. [58] reported tests of ball grid arrays (BGAs) with Sn-Ag-cu solder 

balls with Cu pad thermal aging at 100 Ņ, 125 Ņ, 150 Ņ, and 175 Ņ for 3, 10, 20, 

40 and 80 days. They found extensive Kirkendall voids at the interface of solder joint 

to Cu substrate. The voiding process is activated even at 100 Ņ. And after 10 days 

aging at 125 Ņ. The drop performance degraded 80%. Higher temperature will 

generate more voids during the same aging time, as shown in Figure 2.6. 
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Figure 2.6 (a) 3 days aging at 125 Ņ (b) 40 days aging at 125 Ņ 

Date et al. [78] studied miniature Charpy tests on solder balls of eutectic Sn-Pb 

and near eutectic Sn-Ag-Cu bounded to Cu, and aged at 150 Ņ for up to 1000 h. 

After 500 h aging at 150 Ņ a lot of voids were observed in the #ÕSn phase at the 

interface between solders and Cu. And with aging time increased, transition from 

ductile to brittle associated with the fracture inside the solder to within the interfacial 

intermetallic compound (IMC) phase was reported. 

Ahat el al [79] did a study of interface microstructure and shear strength of 

96.5Sn-3.5Ad and 63Sn-36Pb-2Ag on Cu after aging at 150 Ņ for 0, 50, 250, 500 

and 1000 h. The voids formed in the #ÕSn phase with the aging time increased. The 

shear strength of both Sn-Ag and Sn-Pb-Ag decreased with the aging time. They also 

studied the fracture mode change from the mixture of solder and IMC at zero aging 

time, to complete fracture within IMC layer after 1000 h aging. 

Mei et al. [77] studies conditions for voids formation and voids effects on the 

electronic reliability. And from 9 cases studies, voids were found in high, low even 
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zero densities in samples of different cases after aging either for 20 days at 125 Ņ or 

for 5 days at 145 Ņ. Voids were seen in thermal cycled assemblies. It seemed that 

the Cu plating process and the small concentration of Ni in either the solder or the 

substrate influences the void density and distribution. 

2.3 Impact of design and material choices 

SAC305 was once dominated for Pb-free assembly. SAC305 is starting to lose 

favor with increased need for shock resistance in consumer products. Some 

manufacturers are switching to SAC105. SAC105 melts at about 227 Ņ about 10 Ņ 

higher than melting temperature of SAC305 at 217 Ņ and also performs poorly in 

thermal cycle testing. In the lead-free manufacturing process, the most challenged 

issue is requiring peak temperature to reflow the solder, which did more hostile 

environment to the components on the boards. Moisture of BGAs can further 

aggravate component reliability with lead-free reflow soldering. Internal delamination, 

cracks, bond lifting, die lifting and even pop-corning effects can occur. Kester have 

recommended the profile in figure 2.7 [80].  
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Figure 2.7 Reflow Recommended for Lead-free Packages 

2.3.1 Impact of reflow profile 

    The basic requirement of the reflow solder must wet and bound to metallic 

substrates, which means that substrates implies that a constituent of the solder must 

form intermetallic compounds with copper, nickel and other metals plating on the 

boards. The second requirement is that the solder must have a melting point low 

enough to be reflowed as a paste and high enough to stand up to operating 

temperature. 

As Li [81] reported, the reflow temperature, reflow time and number of reflows 


