
  
Abstract— Poor solder joint strength for BGA packages on lead-

free devices is a reliability concern when subjected to reliability 
stress test. With new technology of polymer core in the solder ball 
may be a good strategy to dissipate stress better compared to the 
SAC solder balls. However, for this polymer core solder ball, the 
diffusion rate of Cu is faster than Sn. Thus, this could affect the 
solder joint strength, when subjected to reliability stress by forming 
thicker IMC layer. Therefore, with the new polymer core solder ball 
with 1 µm thickness of Ni coated on the Cu could offer better solder 
joint by limit the Cu diffusion, thus reduce the IMC thickness. From 
this study, we could conclude that the polymer core solder ball with 
Ni layer coating shows higher joint strength and thinner IMC layer 
than the polymer core solder ball without Ni layer, subjected to MSL 
stress tests. 
 

Keywords— Polymer Core Solder Ball, Solder Joint, IMC, 
Diffusion.   

I. INTRODUCTION 
OWADAYS, BGA semiconductor chip are widely used 
by customer for many electronic applications including 
portable, automotive and telecommunication products 

that require stringent thermal and mechanical requirements. 
Ball Grid Array (BGA) has the advantages of smaller size, 
thinner weight and higher pin counts. Solder balls in BGA 
play an important function to provide electrical 
interconnections between silicon die and substrate. Lead 
solder alloys are used in BGA device at the early stage. 
However, when Restriction of Hazardous Substance (RoHS) 
Regulation came into effect in year 2006 [1] due to the 
hazardous effects of lead to human’s health and toxicity for 
environment, lead solders are then recommended to be 
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replaced with lead-free solders which is now widely used in 
BGA packages. 

However, there are many factors that affect the solder 
joint reliability such as environmental stress or the solder ball 
material itself. Thus, in order to develop and improve on the 
solder joint reliability for lead-free solder balls in BGA 
packages, lead-free polymer core solder ball with polymer 
core inside the solder ball is introduced. The main advantage 
of the polymer core solder ball is the ability of the polymer 
core to absorb and relieve stress [2]. This could result in a 
significant improvement to the solder ball joint, compared to 
the purely metallic lead-free solder ball. Therefore, it is 
important to study and choose the suitable solder balls in 
BGA devices for manufacturing process in order to solve the 
solder joint reliability issues. 

This work involves using the most common surface finish 
on BGA pads of which Nickel-Gold (Ni/Au) is plated over the 
Cu pad. The Ni layer is commonly used as a protective layer 
on a Cu conductor in electronic devises and circuit 
fabrications [3]. Au is to protect the surface finish of Ni from 
oxidation. 

II. EXPERIMENTAL 

A. Polymer Core Solder Ball Structure 
       The polymer core solder ball consists of three layers with 
a total diameter of 500 µm. The inner core is 400 µm in 
diameter and is coated by a Cu layer of 20 µm thickness while 
the outer most layer of solder with 30 µm thickness. The 
internal structure of the polymer core solder ball with an extra 
1 µm thickness of Ni layer added has a total diameter of 502 
µm with the same thickness for solder and Cu layer.   

B. Reliability Stress Test – MSL Level 
       Molded Array Process Ball Grid Array (MAPBGA) 
substrate with Ni/Au plating was used in this study for both 
types of polymer core solder balls. The solder ball diameter 
selected is 500 and 502 µm with solder ball pad 0.5 mm for 
both types of solder balls. 
     In this experiment, the polymer core solder balls were 
investigated via shear tests and mechanical cross-section 
observation. Moisture Sensitivity Level (MSL) stress tests 
were performed to study the mechanical properties and 
internal structure of polymer core solder balls.  
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     MSL test is an electronic standard for moisture sensitive 
devices that are exposed to approximately with 60% of room 
humidity/moisture. There are seven level of MSL test, 
according to the IPC/JEDEC J-STD-020Cspecification as 
shown in Table I [4].  
     Moisture test is important to the electronics devices as 
damage could occur when moisture from the external stress of 
heat or during reflow is absorbed by the devices. 

TABLE I 
MOISTURE SENSITIVITY LEVEL. 

 

     MSL 2 and 3 are the common tests used for the new 
product evaluation study for most of the semiconductor 
factory. Thus, MSL 2 and 3 are chosen for this experiment to 
study on the solder ball reliability performance. Table II 
shows the setting for the MSL 2 and 3 respectively according 
to JEDEC standard specification.  

TABLE II:  
SETTING FOR MSL 2 AND MSL 3. 

MSL 2 MSL 3 
Test Requirement 

 

Temperature-1: -65 °C NA 

Temperature-2: 150 °C NA 

Cycles: 10 NA 

HTS 
Temperature: 125 °C Temperature: 125 °C 

Hours: 24 Hours: 24 

Soak 

Temperature: 85 °C Temperature: 30 °C 

Humidity: 60% Humidity: 60% 

Hours: 168 Hour Hours: 192 Hour 

Reflow 
Reflow: 260 °C Reflow: 260 °C 

Cycles: 3 Cycles: 3 

 
     There is minor difference setting for MSL 2 and 3. MSL 2 
requires Temperature Cycle (TC) stress test and higher soak 
temperature (85 °C) in 60% humidity together with 168 hours. 
On the other hand, no TC stress test is required for MSL 3. 
MSL 3 has lower soak temperature at 30 °C in 60% humidity 
for 192 hours.  
     Moisture chamber is capable of operating and maintaining 
the required moisture soak conditions. The temperature 
tolerance is at +/-2 °C and the humidity tolerance at +/-3% 
RH. The same equipment will utilizes for TC, HTS and 
reflow. The test requirements are to follow in the following 
sequence, starting from TC, HTS, soak and lastly the reflow 
test. Devices are to go through the stress test before the soak 
test. The baking step was carried out under HTS test at 125 °C 
for 24 hours [4]. This is to remove moisture from the packages 
so that the packages would be ‘dry’ before continuing on the 
moisture soaking test. The reflow test is performed after the 

soak test in order to investigate if there any effect due to the 
humidity and high temperature after subjected to long term 
aging. These test samples are to be placed in a clean and dry 
container when performing the moisture test to prevent any 
other factors that could affect the test results. 

C. Solder Ball Shear Test 
      Currently, the most popular method to evaluate or perform 
the strength of solder ball joint is the ball shear test. Solder 
ball shear test is the process of removing a solder ball from a 
BGA package at room temperature with a certain force at a 
constant rate applied at the center of solder ball. The solder 
shear strength is defined by how much force is needed to 
remove the solder ball from the package during the solder ball 
shear test. Specialized equipment is generally required to 
perform the solder ball shear test. In July of 2000, Joint 
Electron Devices Engineering Council (JEDEC) established a 
new standard, JESD22-B117, for BGA ball shear test [5]. The 
shear tool height shall be as close to the substrate as possible 
without touching the substrate during the shear.  
     The clamping fixture must be designed to hold the sample 
tightly to prevent the movement of the test device in all axes, 
and to ensure that the device is in parallel to the ball shear 
tool. The clamping may be design to fit to our sample size in 
unit form. 
     Ball shear strength was conducted on 10 units of samples 
for both types of polymer core solder balls when subjected to 
MSL stress test. Ball shear tests are performed on 10 solder 
balls in one unit with the positions fixed at the corner and in 
the middle as shown in Fig.1. An average is taken on a total of 
100 solder ball shear reading. 

 
Fig. 1  Position for solder ball shear. 

 

     To perform the ball shear test, the shear tool height shall be 
as close to the substrate as possible without contacting the 
substrate surface during the shear test. The diameter of the 
shear tool should be larger than the solder ball diameter to 
cover 100% of the ball diameter and to prevent it from 
interfering with the adjacent solder ball during the shear test. 
Ball shear direction must be in parallel with the solder ball as 
shown in Fig. 2 [5]. The ball shear method is based on the 
JEDEC standard specification, JESD22-B117A [5]. 
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Fig . 2 Front view of ball shear tool parallel with solder ball. 

D. IMC Measurement 
All the units were cold mounted by epoxy resin and 

hardener, then mechanically cross-sectioned after 8 hours of 
cold molding.  

The sand paper grit size for the cross-section grinding 
started at 180 grit followed by 400, 600 and finally 1200 grit. 
The unit was then polished on the 9 µm and 3 µm polishing 
wheel, and finally with a soft black polishing cloth, which 
were impregnated with 0.05 µm colloidal silica chemical 
during the process to remove all the scratch lines. 

The IMC thickness and internal structure observation were 
conducted under Leica high power microscope under 
magnification of 50X. The IMC thickness was measured via 
the Qwin 3.5.1 software that linked to the high power 
microscope. The unit measured was in Micron meter (µm).  

Three of the highest IMC points were measured and the 
final value will be based on the average of these three points. 

III. RESULTS 

A. Ball Shear Strength 
       Fig. 3 shows the average ball shear strength between 
polymer core solder balls with and without Ni. From the 
general view, the average shear strength of the both types 
solder balls after  subjected to MSL 3 is higher than these 
subjected to MSL 2 stress condition, with probably due to the 
additional ten cycles of TC stress included in the MSL 2 that 
could affect the solder joint strength. The shear strength is 
much higher for the polymer core solder ball with Ni than 
without Ni under the MSL 2 and 3 reliability stress tests. For 
MSL 2, the shear strength for the sample of polymer core 
solder ball with and without Ni is at 1425.2 g and 1253.5 g 
respectively. On the other hand, for the MSL 3 stress 
condition, the shear strength is at 1493.8 g for polymer core 
with Ni and 1267.0 g for the polymer core without Ni. In 
conclusion, the shear strength for polymer core solder ball 
with Ni is higher after subjected to MSL 2 and 3 reliability 
stress conditions as compared to the sample of polymer core 
solder ball without Ni. 

B. IMC Thickness 
       Fig. 4 below shows the average IMC thickness after 
subjected to MSL 2 and 3 stress conditions. As expected, the 
IMC layer is the thickest in polymer core solder ball without 
Ni at 4.62 µm and 3.14 µm for MSL 2 and 3 respectively. 
Almost three times thinner is the IMC layer for polymer core 

solder ball with Ni at 1.73 µm for MSL 2 and 1.68 µm for 
MSL 3. 

 
Fig. 3 Ball shear strength after subjected to MSL stress condition. 

 

 
Fig. 4 IMC thickness in the polymer core solder ball internal 

structure after subjected to MSL stress test. 
 
     Fig. 5 and 6 shows the IMC layer after MSL 3 and 2 stress 
tests respectively between the core and solder interface for the 
polymer core solder ball with and without Ni. It is shown that 
the IMC layer is thinner for polymer core solder ball with Ni. 
It is because of the Ni diffusion barrier to limits the rapid 
diffusion from Cu [2]. 
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Fig. 5 IMC layer for polymer core without Ni (left) and polymer core 
with Ni (right) solder balls after MSL 3 stress test. 

 

 
Fig. 6 IMC layer for polymer core without Ni (left) and polymer core 

with Ni (right) solder balls after MSL 2 stress test. 

IV. DISCUSSION 
     The ball shear strength for polymer core solder balls after 
subjected to the MSL 3 is significantly higher than those 
subjected to the MSL 2 stress conditions. This is probably due 
to the additional TC stress included in the MSL 2 that could 
affect the solder joint strength. The polymer core solder ball 
without Ni has lower shear strength than the sample of 
polymer core solder ball with Ni as Cu could diffuse faster 
into the Cu core and Ni/Au ball pad interface resulting in 
thicker IMC. Thicker IMC layer is one of the factors that 
could affect the solder ball joint performance [2]. 
     Excessive Kirkendall voids formation in between the Cu 
and solder layer could affect the solder joint strength as well. 
The Kirkendall voids tend to form more easily in between the 
Cu and Sn (solder consists of 96.5% of Sn) when subjected to 
high temperature storage, as Cu diffuses much faster into Tin 
(Sn) than Sn into Cu [6-8]. The rapid diffusion from Cu to Sn 
could cause the Kirkendall voids formation under high 
temperature of about 100°C over a long aging time. The 
Kirkendall voids are normally formed in between the Cu3Sn 
and Cu layer. The IMC layer thickness tends to increase with 
increased aging time, repeated reflows times or with increased 
in TC [9]. 
     From the IMC thickness result, it is observed that the 
sample of polymer core solder ball without Ni have thicker 
IMC layer than that of polymer core solder ball with Ni in the 
MSL stress tests. This can be explained by the more rapid 
diffusion from Cu to Sn than Sn to Cu.  
     Overall, it is proven that polymer core solder ball with Ni 
demonstrate higher joint strength and thinner IMC layer in 
MSL than polymer core solder ball without Ni. The shear 
strength is much lower and IMC is much thicker when 
subjected to MSL stress conditions for the polymer core 
solder ball without Ni.  

V. CONCLUSION 
The ball shear strength for both types of polymer core 

solder balls after subjected to the MSL 3 is significantly 
higher than those subjected to the MSL 2 stress conditions. 
This is probably due to the additional TC stress included in 
the MSL 2 that could affect the solder joint strength. It is 
observed that, the shear strength is much higher for the 
polymer core solder ball with Ni than without Ni after 
subjected to the MSL 2 and 3 reliability stress tests. However, 
samples of polymer core solder ball without Ni layer have 
much thicker IMC layer compared to the sample of polymer 
core solder ball with the Ni layer when subjected to MSL 
reliability stress test. In general, the sample of polymer core 
solder ball with Ni demonstrates the most superior reliability 
in MSL 2 and MSL 3 stress test. 

From this research study, we can conclude that the polymer 
core solder ball with Ni demonstrate more superior 
performance in solder ball shear strength and thinner IMC 
layer in the MSL stress tests. With an additional coating of Ni 
layer, Cu diffusion into the solder could potentially be limited 
by Ni, thus resulting in better reliability performance such as 
good solder joint strength and thinner IMC layer. 
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