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ABSTRACT 
Damage Mechanics of solder interconnects under electrical 
stressing is an important reliability issue for next generation 
power electronic packaging as well as for future IC 
packaging. The high electrical stressing in solder joints leads 
to electromigration and thus could not be ignored. In this 
paper, the state-of-the-art research on electromigration in 
solder joints is reviewed. An experimental electromigration 
study on solder joints is conducted and results are reported 
in this paper. The strain field in the solder joints under 
electrical stressing is measured with Moir6 Interferometry 
technique. 
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1. INTRODUCTION 

Flip-chip technology, such as BGA, is now adopted to build 
the next generation power electronic packaging, which can 
provide better electrical performance and much larger real 
estate for high IC density. Thus the mechanical reliability of 
solder joints under electric currentholtage load becomes an 
important issue for the next generation electronic packaging. 
The current density in the solder joints.of power IGBT BGA 
package is very high, which can cause electromigration. 
This is also true for flip chip in micro-electronic industry. 
Electromigration of interconnect metal lines is the major 
failure phenomenon in ICs since 1970s and seldom a 
prominent reliability concern for solder joints in low power 
ICs. This is not the case in the high power electronic flip 
chip packaging or hture ICs, where the current density on 
solder joints is very high. Most research conducted in the 
past is focused on the electromigration of thin metal lines, 
and only very few were about solder joints. In this paper, a 
brief summary of literature survey in current research on 
solder joints electromigration is presented. In this project a 
set of BGA joints balls were tested under high electrical 
current density. Strain field in the solder joints was 
measured in-situ by means of Moirk Interferometry. 
Preliminary results are presented in the following sections. 
This is a major undertaking with no prior knowledge base to 

fall on. Hence this paper presents our preliminary findings 
but not a physical model. 

2. ELECTROMIGRATION IN SOLDER JOINTS 

The classical definition of electromigration refers to the 
structural damage caused by ion transport in metal as a 
result of high current density. It's a mass transport in a 
diffusion-controlled process under a certain drivirig force. 
The driving force here is more complicated than what is 
involved in a pure difhsion process, in which the 
concentration gradient of the moving species is the only 
component. The electrical driving force for electrornigration 
consists of the electron wind force and the direct field force. 
The electron wind force refers 1.0 the effect of momentum 
exchange between the moving electrons and the ioruc atoms 
when an electrical current is applied to a conductor. When 
c6rrent density, which is proportional to the electron flux 
density, is high enough, this momentum exchange effect 
becomes significant, resulting in a noticeable mass transport 
- electromigration [ 1 ;2]. Elechomigration of intr:rconnect 
metal lines is the major failure phenomenon in ICs since 
1970s and seldom a prominent reliability concern lor solder 
joints in low power ICs. This is not the case in the high 
power electronic flip chip packaging or future ICs, where 
the current density on solder joints is very high. The solder 
is a low melting point alloy and works at elevated 
temperature (>OSTmelt) due tcl the heat dissipated by the 
device, therefore it is subjected 1.0 greater atomic diffusivity. 
Electromigration in solder joints has been reported by 
several researchers [3-61. The nature of electromiption in 
solder joints is currently unknown, and is expected to be 
different from that in metal interconnect line. This is 
primarily due to the differences in the materials properties 
and the microstructures of a typical solder bump and 
interconnects metal lines [7]. The fact that there are more 
than one diffusive species in solder joints makes the 
problem even more complex. 

By introducing the flip chip technique into power electronic 
packaging, the reliability of solder bumps become j essential 
for the reliability of power modules. There is already 
extensive literature addressing the reliability issue!; of solder 
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joints in IC packaging. Most of research is focused on the 
thermo-mechanical reliability of the solder joints under 
thermal and mechanical loads. The difference between IC 
and power electronics packaging is that there are much 
higher electrical current and voltage stressing on the solder 
joints in power electronics than in ICs. But this may change 
as a result of continuous miniaturization of IC devices for 
cost reduction, increased hctionality and portability. The 
solder bumps are expected to satisfy the future need of high 
on-chip I/O connections and to achieve a uniform 
distribution of voltage drop across the entire chip surface 
[7]. This leads to smaller solder bump size which causes 
very high current densities within the solder bump. So the 
reliability of solder bump under high electrical stressing is 
essential for both high power electronics packaging and 
future low power ICs. 
As predicted in the National Technology Roadmap for 
Semiconductors [8] the number of solder bumps needed on a 
1x1 cm2 IC chip will be up to 10,000. This means the 
diameter and pitch of the solder bumps need to be reduced 
to 5 0 p  and I O O p ,  respectively. Current circuit design 
rules require that each interconnect carry a current of up to 
0.2 amp with an increase to 0.4 amp in the near future. A 
current of 0.2 amp through a solder bump 50” in diameter 
results in a current density of lx104 amp/cm2. Although this 
current density is lower that that found in A1 or Cu 
interconnects, the solder has a low melting point and, 
therefore, greater atomic diffusivity at higher operating 
temperature [3]. Under this high current stressing, a 
diffusion process occurs to cause drift of metal atoms of 
bump solder in the direction of the electron flow. The 
diffusion of solder metal atoms may cause the formation of 
microvoids along the cathode end and pileup or hillocks 
along the anode end of solder bump. The voids decrease the 
cross-section-area of the solder contact and increase the 
local current density and local resistance. This expected 
positive feedback cycle may eventually lead to a so-called 
electromigration-induced catastrophic failure [7]. Published 
works report the observation of electromigration in solder 
joints and solder stripes [3-SI. 
In an experiment conducted by Liu and others [5], room 
temperature electromigration was observed in a eutectic 
SnPb solder stripe stressed by a current density of 10’ 
amp/cm2. Hillocks and voids grow at the anode and the 
cathode, respectively. The dominant diffusion species is Sn 
in the solder alloy. Lee and others studied the 
electromigration of eutectic SnPb solder interconnects 
between a Si chip and a FR4 substrate at 120°C for up to 
324h with current stressing of 104 amp/cm2 [3]. Hillocks 
were observed at the anode and voids at the cathod. The 
dominant difising species was Pb, confirmed by its 
accumulation at the anode. The different dominant difhsion 
species in these two experiments is mainly because the 
diffusion paths in the alloy are different at room temperature 

and elevated temperature. Liu, et al. Liu and others [9] 
reported the electromigration in Sn-Pb solder strips for 
different alloy composition. The eutectic alloy, with the 
lowest melting point and a high density of lamella 
interfaces, was found to have the fastest hillock growth. 
All the electromigration work that has been done in the past, 
has been mainly done by material scientists. Hence there has 
never been an attempt to develop physics of failure based on 
damage mechanics theory or models to correlate 
electromigration with intrinsic material properties. This is 
the first such an attempt in the literature. 

3. EXPERIMENT SET-UP 

Solder joint test vehicles for electrical current stressing were 
made by photolithography process (Figures 1 and 2). A 
power supply-system, which is able to provide up to 100 
amp DC qurrent with computer programmable current 
profile, was set up. A test vehicle fixture was manufactured 
to hold the cross-sectioned solder joints test vehicle in 
position on the Moir6 Interferometry optical table (Figure 3). 

3.1 FABRICATION OF SOLDER JOINT TEST 
VEHICLE FOR CURRENT STRESSING 
Since this research solely focuses on the reliability of solder 
joints, two copper plates are used to make the test vehicle 
module instead of FR4 substrate on the bottom and silicon 
die on the top. The advantage of the copper plates as 
substrates is that the electrical connection can be made very 
simply and they can sustain a fairly large electrical current. 
This is important because we want the electromigration to 
be restricted only to the solder bumps since it is well known 
that the electromigration of the thin film metal lines in ICs is 
the major reliability problem since 1970s [IO]. A schematic 
diagram of the test vehicle is shown in Figure l(a, b). 
A thin silicon dioxide layer was used as the solder mask on 
the copper plate. Photolithography process was used to 
make the silica solder mask pattem. First a photo mask was 
made to define the pattems of the silicon dioxide solder 
mask. A continuous silicon dioxide layer was deposited on 
the surface of copper plates with a depositing device. The 
photolithography process was done in two steps: (1)First a 
spin-coated photo-resist polymeric layer on the copper plate 
was made and then the desired pattems in the photo resist 
layer was delineated from the prepared photo mask by using 
ultraviolet light. (Contact printing technique was used); (2) 
Then the pattem was transferred to the copper plate by 
means of etching process. The photolithography process was 
done in class 1000 clean room. 
A hot plate was used to reflow the solder joints. Spacers 
were placed between the upper and bottom copper plate 
during reflowing process. Eutectic Pb/Sn alloy was used as a 
solder joint material. Temperature profile was not controlled 
during reflowing process and the oxidation of copper was 
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observed. The tint of the copper plate surface changed 
dramatically during reflowing. 

Cu plate 

i !  0 
b) Cu plate 

a) 
1 1 

r I 

C) li 
Figure 1 The schematic diagram of the Test Vehicle (a) 
plane view and (b) side view (c) test vehicle after cross- 
sectioned with a diamond wheel saw. 

DielecMc polymer base plate 

Figure 2 The schematic diagram of the test vehicle fixture (a) 
plane view (b) the side view 

3.2 FIXTURE OF TEST VEHICLE 
The test vehicle was first sliced right through the center of 
the solder bump with a high precision diamond wheel saw 
and then it was further sliced into the shape that can be fit 
into the futture. The fixture is composed of a dielectric 
polymer base plate with two steel plates on each end. The 
steel plates are fixed by screws and positioned via pins. The 
test vehicle is then clamped between the two steel plates as 
with pins to fix its position. Since steel plate is conductive, 
we can connect the electric wires to the steel plates on both 
ends and the steel plates will conduct the electrical current to 
the test vehicle. In this way, the soldering of wires on the 
test vehicle is eliminated. The schematic diagram of the test 
vehicle fixture is shown is Figure-2. 

3.3 POWER SUPPLY 
H-P6260B DC power supply is used in our experiment, 

' which can provide 0-100 amps of current at 0-10 volts. The 
power supply is basically a constant voltage/constant current 

power supply, but it also has an analog remote programming 
interface so that it can be programmed from an external 
controller. HP-IB isolated DAC power supply programmer 
(Model 59501B) was used as the controller in our case. This 
controller has a HP-IB (IEEE 488) interface to communicate 
to a computer so that we can program the power supply 
from the computer. National Instrument's Labview is used as 
the software for programming the controller. When a digital 
command is sent from the computer to the controller, the 
controller translates it into an analog voltage signal1 to the 
programming interface of power supply and then the power 
supply give the desired current or voltage output. With this 
set up, different current load profile, such as coniinuous, 
step and ramped, can be progriunmed. The real current 
output of the power supply can be monitored by the Kelvin 
connection (four point's connection) with a shunt resistor 
and high precision microvolt meter. By controlling the 
output current and the diameter of solder bump during 
fabrication, the current density in the solder bump can thus 
be determined. Figure 3 shows the schematic diagram of the 
test set-up. 

Test whWe k" 

Figure 3 Schematic diagram of the test set-up 

3.4 MO& INTERFEROMETRY 
Moirk interferometry plays an important role in this research 
since it can provide submicron high resolutions in 
measuring the small deformation of structure [l 1 I. In this 
research, MoirC interferometry is used to measure 1 he strain 
field of solder bump under high electrical stressing and 
provide an experimental basis for developing a constitutive 
model for damage mechanics of the solder joints under 
electrical stressing. 
Moire interferometry uses two coherent beams of He-Ne 
laser to generate interferometric fringe pattern t h t  carries 
the information of in-plane deformation of the object surface. 
A thin layer of epoxy is applied to the specimen surface to 
replicate optical diffraction grating on the surface. The 
diffraction grating deforms with the specimen surfiice as the 
specimen is deformed, and the diffracted light records every 
detail of the deformed lines of ithe grating and thus records 
every detail of the deformed lines of the grating, in another 
word, records the deformation of the specimen surface . The 
fringe pattern is related to the in-plane deformation as: 
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where U is the displacement. in X direction; V is the 
displacement in Y direction. 
f = 2fs , fs is the fYequency of specimen dimaction 
grating( 1200 lined"); 
N, and Ny are horizontal and vertical fi-inge orders, 
respectively. 
The strain field is given by: 

E x = - = -  - au ax ["I ax 

c y = - = -  - * f *  ["I 
4. EXPERIMENTS AND DISCUSSIONS 

4.1 EXPERIMENT PROCEDURES 
After the module was sliced through the center and 

then sliced again into the shape that can be fit into the 
fixture, the optical difiaction grating was replicated on the 
sectioned surface. The test vehicle was then futed on the 
Moire Interferometry table with our stationary fixture. The 
wires are connected to the power supply and all the other 
sensing and controlling units were set up as shown in Figure 
3. Before testing the un-deformed specimen grating is used 
to tune the optical setup to a null field by adjusting the 
optical position of the test vehicle. Because Moir6 
Interferometry measurement relies on the initial reference 
field, the optical setup needs to be carehlly protected from 
any disturbance, i.e. to be kept in the initially aligned 
manner until testing ends. Furthermore, a special position 
register is designed to ensure that the specimen under test 
always occupies the same optical space after each cycling. 
The electric current stressing was then applied on the test 
vehicle. 

Figure 4 Initial U field 

Figure 5 Initial V field 

Figure 6 U field (after 00h01m:30s of stressing) 

4.2 Experiment Results 
In this paper we are reporting preliminary results of a major 
undertaking. As a beginning point simple constant electrical 
current profiles are used. 3 Amps of constant DC current 
was applied on the test vehicle for 120 minutes then turned 
off. Both the U-fields and the V-fields were measured and 
recorded in real time. The moire deformation f7inges were 
recorded in real time while the test vehicle was electrically 
stressed. After the current was turned off, the deformation 
fringes were recorded until they stabilized. 
Figures 4 and 5 show the initial null-field Moire images of a 
solder bump before current stressing for both U and V fields. 
Figures 6, 7, 8, and 9, show that the strain field changed 
with time during 3 Amps of constant current stressing. 
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Figure 9 V field (after 00h:03m:OOs) 
Based on recorded deformation fringes, average in-plane 
strain evolution with respect to time was calculated. Figure 
10 shows the average normal strain and peeling strain as a 
function of time. Figure 11 show the average shear strain in 
solder joints as a function of time. The test vehicle was 
stressed with 3 Amps of DC current for 7200 seconds. After 
7200 seconds the current was turned off. After a week of 
this first current stressing test, the same test vehicle was 
again stressed with 3 Amps of DC current for 10800 
seconds. The strains as a function of time, which were 
computed from the moird fringes, were shown in Figures 
10-15 for both two tests, respectively. 

0 7200 20000 40000 60000 1iOOOO 

Time (Seconds) 

Figure 11 Average Normal and Peeling Strains Evolution 
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Figure 10 Average Normal and Peeling Strains Evolution 
(Only first 9000 seconds shown) 
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Figure 12 Average Shear Strain Evolution (Only first 9000 
seconds shown) 

0 7200 20000 40000 60000 80000 
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Figure 13 Average Shear Strain Evolution 
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Figure 14 Average Normal and Peeling Strains Evolution 
(Second Stressing Test) 
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Figure 15 Average Shear Strain Evolution (Second Stressing 
Test) 

4 3  DISCUSSION 
During the experiments there was no apparent temperature 
increase in the test vehicle, so the possibility of these fringes 
being due to thermo-stressing could be excluded. We can 
conclude that electric current stressing on the solder bump 
creates elastic and inelastic strain field. From the real-time 
fringe evolution, the fact, that the strain evolution of solder 
bump under electric stressing is not only current dependent 
but also time dependent, is also observed. This observation 
is compliance with the fact that SnPb eutectic solder 
material is viscoplastic in nature. 
For the first current stressing test, figures 10- 13 indicate that 
when electrical current was applied, strain first increased to 
a peak value quickly and then due to visco-plastic nature of 
the solder alloy the strains were released. At the 7200 
seconds when the current turned off, all strain values were 
almost zero. After unloading normal strain 6, increased to a 
new peak value quickly and stayed there permanently. The 

shear strain also increased to a new peak value but in the 
opposite direction. This is probable due to the fact that 
unloading the electrical current creates a shock which 
induces additional strain that can not be released by stress 
relaxation. The peeling strain sY remained almost 
unchanged after unloading. 
For the second current stressing test, there were residue 
strains caused by the first test as shown in figures 14-15. 
When the current was applied, the normal strain 8, 

decreased sharply to near zero. After the current was turned 
off, it increased again quickly to the value near the residue 
strain caused by first stressing test. The shear strain 
decreased and reached a negative peak value quickly after 
the current was applied and was then slowly released. After 
the current was turned off, it again increased quickly to the 
value near the residue strain caused by first stressing test. 
It should be emphasized that these are preliminary fmds. 
More experiments of solder joints under electric current are 
planed to be done to understand the physics of the problem. 
Based on our experiments, a damage mechanics model for 
solder joints under electric current will be developed. 

5. CONCLUSION 

Electrical stressing on solder interconnects is an important 
reliability issue for next generation power electronic 
packaging as well as hture low power IC packaging due to 
the trend of miniaturization. The extremely high electrical 
stressing on solder joints in these modules may cause 
electromigration and thus could not be ignored. The state-of- 
the-art research about electromigration in solder joints are 
reviewed in this paper. A preliminary results on 
electromigration experiment of solder joints is reported. The 
strain field of solder joints under electrical stressing is 
measured with Moire Interferometry technique. 
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