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Abstract 
In this study, electromigration behaviors of Sn3.0Ag0.5Cu 

solder flip chip using electoless Ni-P UBM were investigated. 
From the morphology observation, Ni-Sn intermetallic 
compounds (IMCs) and Sn were observed at the interface 
between Al and electroless Ni-P UBM due to movements of 
Sn atoms against the electron flow. The backward movements 
of Sn occurred by melting of solder materials. Temperature 
just before failure rapidly increased up to the melting points 
of solder materials. For observing the progress of failure, in-
situ observation was performed. In in-situ observation, the 
electrical resistance was stable even though the contact area 
was reduced due to solder depletion at the UBM/solder 
interface. After solder material was depleted along the 
UBM/solder interface, a solder joint was degraded seriously 
in a short time. By the solder degradation, electroless Ni-P 
UBM was depleted and a solder joint was opened electrically.  

To enhance the electromigration reliability, increasing 
electroless Ni-P UBM thickness was effective. As results, 
time to failure of the solder joint with 10 µm UBM increased 
about 3 times than that of the solder joint with 5 µm UBM. 
Time to failure increased due to the lowered current crowding 
effect at UBM/solder interface in the solder joint with thicker 
UBM. 

1. Introduction 
Pb-free solder flip chip packages become popular because 

of size and environmental issues [1]. However, current 
density in solder joint of flip chip has increased as the shrink 
of bump size to acquire the demand for small size and high 
I/O density [2]. Therefore, electromigration behavior of Pb-
free solder joints becomes important. Electromigration is the 
movement of conductor material caused by the passage of 
electric current. By the electromigration, failure of electronic 
circuit can occur as a result of changed atomic distribution. 
Electromigration phenomena have been fully investigated in 
Al or Cu lines of Si chips. Minimum current density for 
electromigration of Al and Cu lines is over 106 A/cm2. 
However, current density for electromigration of solder joint 
is about 104 A/cm2 because of fast diffusion of Sn. Recently, 
UBM size of solder joints will be reduced less than 100 µm to 
acquire finer pitch flip chips. With this opening size, the 
current density of solder joints can become over 104 A/cm2  
[2-6]. Therefore, understanding the electromigration behavior 
of solder flip chips has been important issue in electronic 
packaging. 

Electroless Ni-P under bump metallurgy (UBM) has lower 
cost and good wettability with Sn based solder bumps [1]. 
And Pb-free bumping by a screen-printing method is simple 
and cost-effective method. Among various Pb-free solders, 

SnAgCu alloy is one of the promising candidates for 
replacing eutectic SnPb solder alloy [7]. Therefore, in this 
study, the electromigration behaviors of Sn3.0Ag0.5Cu solder 
flip chip using electroless Ni-P UBM were investigated in this 
study. 

2. Experimental  
10 mm x 10 mm size and 0.685 mm thick Si chips with 

250 µm pitch were prepared. The opening diameter of Al I/Os 
was 95 µm. After acid cleaning and zincate treatments, 
electroless Ni-P/Au UBMs were plated on each Al I/Os. 
Then, Sn3.0Ag0.5Cu solder pastes were screen-printed, and 
then reflowed. The diameter of solder bumps was about 120 
µm. For the flip chip interconnection, 0.5 mm thick FR-4 
PCBs with Cu/electroless Ni-P/Au metal pads were prepared. 
Si chips and PCB substrates were aligned using a flip chip 
bonder and reflowed at 250 °C for 2 minutes after flux 
activation at 150 °C for 1 minute. The gap between chip and 
PCB was filled by an underfill material. Underfill material 
was dispensed at 70°C, and then cured at 150°C for 1 hour. 
And the assembled flip chip was diced into four equal parts 
with no damage on solder joints and a chip by a diamond 
dicing machine. The resistance and temperature during 
electromigration were monitored simultaneously. 

For in-situ visual observation of the electromiration 
behavior of a single bump, flip chip package was molded by 
epoxy resin and then, cross-sectioned until the half of a solder 
joint was revealed. And current of 1.5 A was applied to cross-
sectioned flip chip package heated on a 120 °C hot plate. 

 

  

(a) Test chip and  
       substrate design 

(b) Dimension of  
a solder joint 

 
(c) Schematic diagram of current path 

 
Figure 1. Design of test vehicles 
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3. Results and Discussions 

3.1 Morphology change and temperature increase 
Fig. 2 shows the cross-section images of the solder joint 

after open failure. In cathode solder joint (Fig. 2(a) and (c)), 
electroless Ni-P layer on PCB Cu line was depleted and Ni-Sn 
IMCs were formed at the upper site of a solder joint due to the 
electron flow. Fig. 2(b) and (d) shows the morphology of an 
anode solder joint. UBM was completely consumed and voids 
were formed along the trace of the consumed UBM. Ni from 
depleted UBM formed Ni-Sn IMCs on the PCB pad finish. 
Open failure occurred at the anode solder joint due to the 
UBM depletion and void formation.  

 

  
(a) Cathode solder joint              (b) Anode solder joint 

 
(c) magnified image of 
cathode solder joint 

: Cu line 

(d) magnified image of 
anode solder joint 
: depleted UBM 

Figure 2. Cross-section images of solder joints after failure 
 
To observe the Al/UBM interface after open failure, flip 

chip was grinded from the backside of a Si chip to the 
Al/UBM interface (Fig3). Without current stressing (Fig 
3(a)), electroless Ni-P UBM maintained its own shape 
without degradation and depletion. However, there was no 
electroless Ni-P UBM and only Ni-Sn IMC was observed at 
the electromigrated solder joint (Fig 3(b)). Ni was severely 
consumed at the middle of UBM, and then several holes were 
formed. And bulk Sn was observed in these holes. Because Sn 
atoms migrated along the electron flow direction, Ni-Sn IMCs 
and not reacted Sn should not be observed at this location. So, 
it suggested that the movement of Sn atoms against electron 
flow was governed by another cause. 

 

(a) image of no bias 
applied joint 

(b) image of failed joint due 
to electromigration 

Figure 3. Top view of Al/UBM interface at the anode solder 
joint 

The main reason of Sn backward movement and local Ni 
consumption was the melting of SnAgCu solder. Fig 4 shows 
temperature changes during electromigration at the various 
currents.  Test vehicles were heated on a hot plate of 120 °C. 
By the joule heating due to  line resistance, temperatures on 
Si chip surface increased to 145, 155 and 165 °C at the 
current of 2.00, 2.25 and 2.50 A, respectively. As shown in 
Fig 4, temperatures were stable to the certain point and 
increased rapidly. The increased temperatures were over 
180 °C and recorded over 200 °C at the 2.25 A and 2.50 A. 
Though the Si had good thermal conductivity, temperature at 
the solder joint should be higher than temperature on backside 
of Si chip because of heat spreading effect [8]. Local 
temperature at the solder joint just before failure were 
estimated higher more than 20 °C than Si backside. Because 
the melting temperature of Sn3.0Ag0.5Cu solder is about 
217 °C [9], temperatures were high just before failure enough 
to be reached to the melting point of solder bumps.  

 

 
Figure 4. Temperature change during electromigration at the 
various current levels 

 

 
Figure 5. Temperature vs. resistance change 

 
Fig 5 shows the relationship of temperature and resistance 

change. Temperature and resistance had several peaks at the 
same time because joule heating was linearly proportional to 
resistance at the constant current condition. Therefore, it 
could be expected that temperature increased rapidly just 
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before open failure due to high contact resistance. Tsai et al 
proposed the failure model by increase of temperature and 
resistance in eutectic PbSn solder joint [10]. As the contact 
area at the UBM/solder interface shrunk, contact resistance 
increased. The increase of temperature accelerated the 
electromigration of solder, and then the area reduction rate of 
the contact area became faster. As a result, temperature 
reached to melting point of solder material.  

 
3.2 In-situ observation 

In-situ observation shows the progress of electromigration 
failures in detail (Fig 6). Fig 6 (b), (c), (d) and (e) shows the 
morphologies of solder joints at point A, B, C and D in Fig 
6(a), respectively. As shown in Fig 6(b), at the beginning of 
test, cathode and anode solder joints were flat and only a few 
voids formed during solder bumping process were observed. 
After 40 hours current stressing (Fig. 6(c)), hillock due to the 
electromigration of Sn was observed at the upper side of a 
cathode solder joint. In anode solder joint, solder at the 
UBM/solder interface was partially depleted. Because the 
diffusion of Sn was faster than that of electroless Ni-P UBM 
[11], voids was formed due to the depletion of SnAgCu 
solder. Since the current was crowded at the corner of UBM 
on anode solder bump, solder depletion and voids were 
propagated from the corner to the middle of the UBM/solder 
interface.  

After 70 hours current stressing, voids due to the solder 
depletion were propagated to the end of UBM/solder 
interface. However, in spite of solder depletion at the 
UBM/solder interface, the rapid increase of resistance and 
temperature did not occurred. As shown in Fig. 6(a), 
resistance was stable at point C. It means that temperature 
during electromigration was also stable. Local joule heat 
generated at the contact area could be easily dissipated by the 
conduction through Al and Cu metal lines. Therefore, the 
resistance at the contact region should be sufficiently high to 
increase local temperature.  

The level of resistance for increasing temperature was 
estimated by V-T relation of contact resistance model [12]. 
From this model, the required voltage drop for increasing 
temperature of 10 °C at the contact region was calculated 
about 30 mV. Because the applied current was 1.5 A in 
constant, required contact resistance was estimated about 20 
mΩ. The resistance of solder bump was typically about 10 
mΩ. Therefore, contact area should be reduced significantly 
for sufficient heat generation. After the significant area 
reduction (Fig 6(d)), resistance and temperature increased, 
and then a solder bump was degraded after open failure (Fig. 
6(e)). 
 

)(4 2
0

22 TTLV m −=  ,                                  Eq 1. 
where,  

V= voltage drop through contact 
L=Lorenz constanct 
Tm = maximum temperature at  contact 
To = bulk temperature       

 

 
(a) Resistance change during electromigration 

 
(b) Image of solder joints at the point of A in (a) 

 
(c) Image of solder joints at the point of B in (a) 

 
(d) Image of solder joints at the point of C in (a) 

 
(e) Image of solder joints at the point of D in (a) 

 
Figure 6. Resistance and morphology change in in-situ 
observation 

 
Fig 7 shows the morphology change of electroless Ni-P 

UBM before and after solder degradation. As shown in Fig 
7(a), electroless Ni-P UBM maintained its own shape in spite 
of solder depletion. Electroless Ni-P UBM was partially 
consumed and P-rich Ni was remained after the Ni 
consumption. Therefore, Al line and UBM were electrically 
connected regardless of electromigration of SnAgCu solder. 
Fig 7(b) shows the morphology of UBM after solder 
degradation. For more clear observation, solder joints were 
slightly grinded. In this figure, almost UBM was consumed 
and partially depleted. Ni-Sn IMCs were formed on UBM 
consumed site and UBM depleted site was backfilled by 
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solder material. Because backfilled solder had no adhesion 
with Al line, electrical open was caused by the UBM 
depletion.  

 

 
(a) Magnified image of anode solder joint in Fig 6(d) 

 

 
(b) Grinded and magnified image  

of anode solder joint in Fig 6(e) 
 

Figure 7. Morphology change of UBM after solder 
degradation 

 
As a conclusion, the failure progress by current stressing 

could be divided into two steps. Firstly, the derease of contact 
area at the UBM/solder interface occurred by the solder 
depletion. Regardless of the contact area reduction, solder 
joint was electrically connected in stable. After the 
propagation of solder depletion, solder joint was degraded 
seriously presumably due to increased resistance and 
temperature. By the solder degradation, electroless Ni-P UBM 
was depleted and solder joint was electrically opened. 

 
3.3 Effect of UBM thickness 

As mentioned, the failure by electromigration was induced 
by resistance increase due to the depletion of SnAgCu solder. 
The solder depletion by electromigration was initiated from 
current crowded site at the corner of the UBM/solder interface 
and propagated through the UBM/solder interface. Therefore, 
the time to failure could be delayed by lowering the maximum 
current density at the UBM/solder interface. 

The maximum current density at the UBM/solder interface 
could be lowered by using thicker UBM. Fig 8 shows the 
distribution of current density simulated by a finite element 
method. As the simulation results, current crowding at the 
corner of UBM/solder interface was reduced by using thicker 
UBM (Fig 8(b)). The maximum current density at the 
UBM/solder interface with 10 µm UBM was half of the 
current density at the interface with 5 µm UBM. Therefore, 
thicker UBM could be expected to enhance the 
electromigration reliability by reducing the maximum current 
density at the interface between UBM and solder. By dividing 
the two Black’s equation (eq. 2) for each solder joint, relative 
time to failure could be estimated. Because n is varying 

within 1~2, solder joints with 10 µm UBM were expected to 
have 2~4 times longer time to failure. 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −

Tk
QAjMTTF
B

n exp
 ,    Eq. 2 

where, 
  A= constant 

j=current density 
n=model parameter 

 

 
(a) Mesh for FEM simulation 

 

 
(b) Distribution of current density  

on the anode solder bump 
 

 
(c) Current density along UBM/solder interface 

 
Figure. 8. Results of FEM simulation 

 
To verify the expected time delaying effect of the UBM 

thickness, SnAgCu solder flip chips with two different UBM 
thicknesses of 5 and 10 µm were prepared (Fig. 8(a) and (b)). 
And then, current of 2.0 A was applied to each solder flip 
chip on hot plate of 120°C. In Fig.10, a solder joint with 5 µm 
UBM was failed before 40 hours current stressing. After open 
failure, electroless Ni-P UBM was completely depleted (Fig 
9(c)). However, a solder joint with 10 µm UBM was not 
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failed over 300 hours and only resistance fluctuations were 
observed after the stable resistance. At this unstable resistance 
state, solder was backfilled the UBM consumed site even 
though electroless Ni-P UBM was not completely depleted. 
As mentioned ealier, resistance changes were directly related 
to the temperature changes. Therefore, though the electrical 
circuit of flip chip with 10 µm UBM was not opened, 
resistances of solder joints were sufficiently high to increase 
the temperature at unstable resistance state. Therefore, the 
failure criteria were set as the end of stable resistance. The 
time to failures of solder flips according to UBM thickness 
are shown in table 2. Solder joints with 10 µm UBM, showed 
3 times longer time to failure (table 1) as expected in the 
calculation from the Black’s equation.  

 
 

 
(a) A solder joint with 5 µm 

UBM 
(b) A solder joint with 10 µm 

UBM 

 
(c) A solder joint with 5 µm 
UBM after current stressing 

(d) A solder joint with 10 µm 
UBM after current stressing 

Figure 9. Optical images of solder joints before and after 
current stressing 

 
 

 
Figure 10. Normalized resistance change during electro-
migration 

 
 

Table 1. UBM thickness vs. time to failure 
UBM thickness 

(µm) 
Time to failure 

(hours) 
5 30.5 

10 109 
 

Conclusions 
First, electromigration failure mechanism of 

Sn3.0Ag0.5Cu solder flip chips using electroless Ni-P UBM 
was investigated in this study. SnAgCu solder was propagated 
along the UBM/solder interface by a current stressing. During 
the propagation of solder depletion, bump contact resistance 
was stable regardless of area reduction. After the interface 
was almost disconnected by the solder depletion, bump 
contact resistance increased and a solder bump was degraded 
seriously. Temperature just before failure simultaneously 
increased with resistance, and then reached to sufficiently 
high degree for melting of solder materials. Electroless Ni-P 
UBM was depleted by melting of SnAgCu solder, and then a 
solder joint was electrically opened. 

 To slow down the electromigration time to failure, 
increasing the thickness of electroless Ni-P UBM was 
effective. In solder joint with 10 µm UBM, maximum current 
density at the UBM/solder interface was estimated as the half 
of the solder joint with 5 µm UBM by FEM simulation. By 
the calculation, the solder joint with 10 µm UBM would be 
expected to have 2~4 times longer time to failure. Based upon 
experimental results, time to failure increased about 3 times as 
expected by calculation. 
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