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Project Overview: 
This project plans to investigate the key factors to electromigration and understand 
the role of back stress in reducing the overall detrimental effect of electromigration 
in SnBi solder joints. Key parameters such as PCB finishes, joint height, temperature, 
and current density will be studied for their impact on joint reliability in terms of joint 
electrical resistance rise and degradation of joint mechanical shock resistance. The 
aim is to show the possible approaches/scenarios to reduce the rate of 
electromigration and how to manage it within an acceptable envelop of joint height, 
current density and temperature using the most optimal PCB finish. The multiphase 
project will:  
 
In Phase 1 which is covered by this document: 

• Establish appropriate test vehicle for electromigration study of solder joints, 
including a convenient means of achieving various joint heights. 

• Investigate the role of back pressure in reducing electromigration in eutectic 
SnBi solder joints by determining the rate of electromigration of SnBi solder 
joints with and without diffusion barriers as a function of current density, 
temperature and joint height.    

 
In Phase 2 (Based on the learning and data collected in Phase 1): 

• Study the mechanical properties of the SnBi solder joints as a function of the 
extent of electromigration.  

• Investigate the impact of additional factors on electromigration, such as surface 
finish, pad design and solder paste composition.  
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In Phase 3 (Based on the learning and data collected in Phase 1 and Phase 2) 
• Development of electromigration model and validation of industry use case 

condition based upon empirical reliability data collection. 
 

Motivation 

High-density microelectronic packaging has the tendency to thermally warp when 
assembled using the relatively high temperature melting, RoHS-compliant SAC 
(SnAgCu) solders [1]. Thermal warpage results in defects such as head-on-pillow 
(HoP), Solder bridging and non-wet Open (NWO). High-temperature soldering can 
have an associated high cost of operating the solder reflow equipment and also have 
a corresponding negative impact on the environment. Low melting temperature lead-
free solders would be attractive alternatives to the SAC solders.  

Low melting temperature solders often contain Zn, In and Bi [2]. While SnZn solder 
alloys provide low melting temperature, they have significant issues such as poor 
oxidation resistance and poor wettability. High cost makes indium an unattractive 
candidate for low temperature solder alloys [3]. The low melting temperature of 
1380C makes the SnBi alloys attractive for assembling thermally warpage-prone high-
density microelectronic packaging that is becoming so commonplace today. However, 
SnBi alloys have several shortcomings that need to be addressed: their wettability is 
poor; Bi has high propensity for electromigration and segregation at the anode under 
high current density conditions, leading to potentially brittle solder joints with high 
electrical resistance with time in field [4, 5]. In comparison, SAC solders have 
acceptable resistance to electromigration, with proven reliability over the past 15 
years in products.  

Despite the shortcomings of the SnBi metallurgy noted above, there is need to 
explore ways to mitigate these shortcomings and develop SnBi solder joints that 
maintain their performance and reliability over the product life. Taking advantage of 
back stress, a phenomenon discovered by Ilan Blech in 1976 [6], is one potential way 
of reducing the rate of electromigration in solder joints. Blech discovered that 
compressive stress builds up at the anode pushing back on the electromigrating 
atoms, especially in very low height solder joints, thus slowing the rate of 
electromigration, and given ideal conditions making the joints immortal from a 
electromigration point of view. The chemical gradient arising from electromigration 
may be another push back mechanism. Either way, there is potential to reduce 
electromigration in low height solder joints by taking advantage of mechanical and/or 
chemical back stresses. 

Before delving into the design of experiments to explore the presence of back stress 
in SnBi solder joints, we need to state another shortcoming of thin SnBi solder joints. 
The Sn in the SnBi eutectic prefers to react with the Cu metallization forming Cu6Sn5 
intermetallic, pulling Sn out of the SnBi eutectic, leaving behind almost pure, brittle 
Bi, prone to mechanical shock failure. Bismuth segregation also results in a solder 
joint with high electrical resistance. One potential way of reducing Bi segregation is 
to electroless plate the copper metallization with nickel, which is the best known, 
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practical barrier to Sn and Cu diffusion [8]. 

The overall objective of this project is to determine the boundaries of the envelope 
formed by joint height, temperature, current density and PCB finishes within which 
the solder joint will operate reliably over the product life. The project will explore the 
presence of back stress in eutectic SnBi solder joints. Solder joints with three heights 
ranging from what is typical of commercial products today to the thinnest possible 
will be subjected to a range of temperatures and current densities to determine the 
contribution of back stress to reducing the overall detrimental effect of 
electromigration. 
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Project Business Impact 
The SnBi electromigration study will be of benefit to the electronics industry, including 
many iNEMI members involved in assembly, use of advanced packages and materials 
development. To date no industry level collaborative effort has been conducted to 
understand the impact of electromigration on the reliability of low temperature solder 
used in microelectronic packaging. Most testing to date has focused on “time zero” 
results of low-temperature solder versus SAC solder. An industry level collaborative 
effort such as this is needed to understand how low temperature solder will perform 
over the entire product life.  
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Project Plan 
This SoW only includes the details for Phase 1. Scope, resource plan, tasks and 
schedule for phase 2 and 3 will be detailed upon the completion and the output of 
phase 1.  

Project Scope  
Phase 1 will consist of  

• Design of the test vehicle for electromigration study 
• Review and select the variables for the phase 1 DOE 
• Establish experiment plan 
• Build test vehicles and conduct the experiments 
• Analyze the experiment results to understand the impact of each variable 
• Plan and conduct failure analysis 
• Collect solder microstructural data/image, including grain size, grain 

orientation, and IMC characterization 

Phase 1 experiment proposal:  
Bottom Termination Components (BTC) is considered to have a higher reliability risk 
due to electromigration. Based on an exploratory study including literature review 
and consideration of the available lab test equipment capability, an initial test vehicle 
design was proposed, which includes a mother board into which up to 10 daughter 
cards can be plugged. Each daughter card has a BTC component mounted on it (if 
such component is not available, a small PCB would need to be designed as an 
alternative to form the BTC solder joint). The proposed DoE plan is as follows.  
 
Level Solder Joint Height 
L1 ~0.25X L3  

(reduce stencil aperture) 
L2 ~0.5X L3 

(reduce stencil aperture) 
L3 Height as obtained from standard stencil 

aperture 
 
Current Density 

0.5 kA/cm2 

2 kA/cm2 

5 kA/cm2 

 
Ambient Temperature 

60o C 

80o C 

100o C 
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The anticipated DOE Table for the Experiment is given below. 

 
 
Eutectic SnBi solder joints with electroless nickel diffusion barriers will be studied for 
the role of back pressure in reducing the effect of electromigration. Literature search 
indicates that without nickel diffusion barriers, a eutectic SnBi solder joint quickly 
degenerates into a structure comprising of almost pure bismuth layer sandwiched 
between Cu6Sn5 intermetallic layers. Lifetimes of eutectic SnBi solder joints with 
electroless nickel barriers will be measured and reported as a function of solder joint 
height, current density and temperature. The ratio of the solder joint height to 
lifetime will be plotted against the Blech product (current density times the joint 
height). As shown in the figure below, the value of jcL will define the current density 
and joint height conditions under which back stress reduces the overall detrimental 
effect of electromigration: 
 

Leg # Solder Metallurgy Solder Composition Pattern Solder Joint Height, microns Current Density, kA/cm2 Ambient Temperature, C Replicates
Motherboards 

Needed
Time to Resistance 

Increase by 20%
1 LTS Bi58Sn42 132 0.25 of Standard 0.5 100 6
2 LTS Bi58Sn42 232 0.5 of Standard 0.5 100 6
3 LTS Bi58Sn42 332 Standard 0.5 100 6
4 LTS Bi58Sn42 112 0.25 of Standard 2 100 6
5 LTS Bi58Sn42 212 0.5 of Standard 2 100 6
6 LTS Bi58Sn42 312 Standard 2 100 6
7 LTS Bi58Sn42 122 0.25 of Standard 5 100 6
8 LTS Bi58Sn42 222 0.5 of Standard 5 100 6
9 LTS Bi58Sn42 322 Standard 5 100 6
10 LTS Bi58Sn42 133 0.25 of Standard 0.5 60 6
11 LTS Bi58Sn42 233 0.5 of Standard 0.5 60 6
12 LTS Bi58Sn42 333 Standard 0.5 60 6
13 LTS Bi58Sn42 113 0.25 of Standard 2 60 6
14 LTS Bi58Sn42 213 0.5 of Standard 2 60 6
15 LTS Bi58Sn42 313 Standard 2 60 6
16 LTS Bi58Sn42 123 0.25 of Standard 5 60 6
17 LTS Bi58Sn42 223 0.5 of Standard 5 60 6
18 LTS Bi58Sn42 323 Standard 5 60 6
19 LTS Bi58Sn42 131 0.25 of Standard 0.5 80 6
20 LTS Bi58Sn42 231 0.5 of Standard 0.5 80 6
21 LTS Bi58Sn42 331 Standard 0.5 80 6
22 LTS Bi58Sn42 111 0.25 of Standard 2 80 6
23 LTS Bi58Sn42 211 0.5 of Standard 2 80 6
24 LTS Bi58Sn42 311 Standard 2 80 6
25 LTS Bi58Sn42 121 0.25 of Standard 5 80 6
26 LTS Bi58Sn42 221 0.5 of Standard 5 80 6
27 LTS Bi58Sn42 321 Standard 5 80 6
28 SAC SAC305 132 0.25 of Standard 0.5 100 6
29 SAC SAC305 231 0.5 of Standard 0.5 100 6
30 SAC SAC305 332 Standard 0.5 100 6
31 SAC SAC305 112 0.25 of Standard 2 100 6
32 SAC SAC305 212 0.5 of Standard 2 100 6
33 SAC SAC305 312 Standard 2 100 6
34 SAC SAC305 122 0.25 of Standard 5 100 6
35 SAC SAC305 222 0.5 of Standard 5 100 6
36 SAC SAC305 322 Standard 5 100 6

3

3

3

3
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However, the market segments in which LTS is expected to be used uses 
exclusively a copper OSP surface finish on the PCB lands. Some BGA components 
also have a copper OSP surface finish on the component substrate lands. Hence, 
there are three possible pairs of surface finish combinations with the solder 
sandwiched in between, that need to be evaluated to cover all combinations for LTS 
application. These are, in priority for evaluation: 
[1] Copper OSP-Solder-Copper OSP 
[2] Nickel/Gold-Solder-Nickel/Gold  
[3] Copper OSP-Solder-Nickel/Gold 
 

IS / IS NOT Analysis 
This Project IS: This Project IS NOT: 

Project Phase 1   

Evaluation of electromigration in SnBi 
solder joints with electroless nickel 
diffusion barriers. 

Evaluation of EM in any low 
temperature melting solder paste 

Evaluation of electromigration only in 
binary eutectic Sn-Bi solder. Evaluation of ternary SnBi alloys.  

Evaluation of BTC solder joints only Evaluation of solder joints for all 
available component types 

Study of eutectic SnBi solder joint 
microstructural characteristics under 
selected assembly and reliability test 
conditions   

Assessment of bulk material properties 
of Bi-Sn based solders  
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Project Outcomes 
• Successful completion of this project will include the publication and 

presentation in the public domain of the knowledge acquired from the activities 
of this project on EM studies relevant to electronics industry enabling with LTS 
solder systems. 

• Deliverables of this project include the following: 

− Summary report after each phase of the project, containing all the data, 
analysis, conclusions and recommendations.  

− Develop detailed plan (update SoW) for future phase(s). 
− Project results will be shared with iNEMI members as well as the industry 

to drive alignment amongst the supply chain and the users. 
− Knowledge assessment results will be shared through presentations at 

leading industry conferences and journals, subject to group participant 
approval process. 

− If existing standards warrant updating, this will be done through the 
relevant standards publication entities.  

Resource Requirements 
The resources required for Phase 1 are listed below. These includes test vehicle 
design, purchasing the test components, PCB, LTS paste, test vehicle assembly, 
equipment and labor for EM test, potentially modelling & simulation software and 
capability. Potential participants and in-kind contributions are identified during the 
project formation. After the project sign-up, the final project participating members 
will discuss and determine the design of experiment matrix, detail the resource plan 
(e.g., quantity, who does what). 
 

Types Resource / Capability Needs 

Material / 
Components 

LTS paste 
BTC components (if not available, a small PCB would need to be designed as 
an alternative to form the BTC solder joint) 
Connectors 

Test Vehicle 
Design (mother board, daughter card, PCB to mirror daughter card 
component pattern) 
Fabrication for PCBs  

TV Assembly 
SMT line to assemble TV  
Engineering Resources to develop process for various solder joint heights 
Stencils 

EM Test Ovens, Wire and Cables, Potentiostats, Operator to connect the wires and 
cables, run the experiments in the lab 

Failure 
Analysis 

Access to cross-sectioning and polishing equipment, OM and SEM, EBSD; 
Operators to prepare cross-sections 

Schedule with Milestones  
The Timeline starts when the project is launched, which is after project sign-up 
period concludes and when sufficient participating team members and resources are 
confirmed. This project is anticipated to last 12-18 months depending on the 
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preliminary experiment results, which will provide a better prediction of the test 
duration needed to generate failures. 
 
  Q1   Q2   Q3   Q4   Q5   Q6  
Phase 1                   
Project signup/project 
member finalized             

      

Discuss Experimental 
Variables             

      

Finalize the Design of 
Experiments             

      

Design Test Vehicles                   
Order Test Vehicles                   
Assemble Test Vehicles                   
Execute Designed 
Experiments             

      

Collate and Analyze 
Results             

      

Publish Report including 
Next Steps             

      

Explore possible EM 
modeling and simulation             

      

Prospective Participants 
iNEMI’s member companies encourages the participation of individuals from 
different disciplines and divisions within their organizations to contribute on the 
range of tasks outlined in the project plan.  
 
This project team encourages the participation of low temperature solder paste 
manufacturers, component suppliers, PCB fabricators, EMS/ODMs, OEMs as well as 
researchers from academia.  

Participating Organizations in SOW Development 
The following companies have participated in the meetings for developing this 
project plan: IBM, CALCE, Dell, Heraeus, HP, Indium, Intel, MacDermid Alpha, 
Nihon Superior, Nokia, Purdue University and Shinko. We appreciate their inputs.  

Project Communication 
• An iNEMI Project Manager will be assigned to the Project team to facilitate the 

communications, meetings and project plan.  
• Participants will commit to attend regular iNEMI project calls to discuss/review 

progress. 
• Test results will be presented and reviewed at these Team meetings and others 

arranged as needed. 
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• Status reports will be made to the iNEMI Technical Committee and TIG on a 
periodic basis.  

• Team will decide by majority vote to approve any external publications. 
• Team will decide on any changes to the plan with the approval of the majority 

of the team, iNEMI VP of Technical and Project Operations and the iNEMI 
Technical Committee. 

General and Administrative  
Guidelines for this project and all other iNEMI Projects are documented at 
http://thor.inemi.org/webdownload/join/gen_guidelines.pdf. 


