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Three-dimensional modeling is employed to simulate various Kelvin structures for detecting the
change in bump resistance due to void formation and propagation during electromigration in
flip-chip solder joints. It is found that the Kelvin structures can sense the highest voltage drop when
its voltage probes are placed at the current entrance into the bump on the chip side, and it is thus the
most sensitive design to monitor void formation and propagation. When the bump resistance
increases 20% of its initial value, the depletion percentage of contact opening ranges from 21.0% to
65.0%, depending on the position of the probes. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2790376�

To meet the relentless drive for the miniaturization of
portable devices, flip chip technology has been adopted for
high-density packaging due to its excellent electrical charac-
teristic and superior heat dissipation capability.1 As the re-
quired performance in microelectronics devices becomes
higher, the operating current continues to increase, which
causes the current density to be carried by each solder bump
to rise dramatically. Therefore, electromigration has become
an inevitably critical reliability issue in flip-chip solder
joints.1

Two layouts have been employed to investigate the elec-
tromigration behavior in flip-chip solder joints including
Daisy chains2 and Kelvin structures.3,4 Kelvin structures con-
stitute four probes, in which two of them are employed to
measure the voltage drop across a solder bump. Our previous
results show that the change in resistance due to void forma-
tion in the initial stage is less than 1 m �.4,5 In contrast, the
typical resistance for a Daisy-chain structure is of the order
of a few ohms, while noise from the temperature fluctuation
may overwhelm the increase in resistance attributed to the
void formation and propagation. Thus, it is less sensitive to
void formation or subtle microstructure changes. Therefore,
Kelvin structure appears to be a very promising approach to
the study of electromigration. It has been implemented in
solder joints to monitor the electromigration behavior.3,4,6 In
addition, geometrical effect of bump resistance measured by
Kelvin probes has been investigated experimentally and by
simulation.7 However, the change in bump resistance due to
void propagation is not clear when using different layouts of
Kelvin structure.

In this study, three-dimensional finite element analysis
was employed to simulate the increase in bump resistance
due to void formation using various layouts of Kelvin struc-
ture, and some of the simulation results are verified by ex-
perimental data. This study provides a fundamental under-
standing on how the layout of Kelvin structure affects the
measured changes in resistance during electromigration, thus
facilitating the study of electromigration study using Kelvin
structure.

To examine how the location of Kelvin probes affects
the measured resistance of solder bumps, four layouts of
Kelvin structure were examined. Figure 1�a� shows one of
the layouts, which matched the real solder joints with a four-
probe Kelvin structure.7 The Al trace was 1.5 �m thick and
100 �m wide. Eutectic SnPb solder and underbump metalli-
zation �UBM� of 0.5 �m Ti/5 �m Cu/3 �m Ni were
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chih@faculty.nctu.edu.tw

FIG. 1. �a� Voltage distribution in the solder joint with a Kelvin structure.
The possible positions for the voltage probe on the chip side are also shown
in the figure, including 0°, 45°, 90°, and 180°. �b� The voltage profile along
the A-A�-A� arc on the chip side. �c� The voltage profile along the B-B�-B�
arc on the substrate side.
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adopted. The two probes for applying current and the two
probes for sensing the voltage drop are labeled in the figure.
The voltage distribution is also shown in the figure with an
applied current stress of 0.8 A. To obtain the bump resistance
using Kelvin structure, the voltage along the part of the pe-
ripheries of the circular Al pad and the Cu pad was extracted.
Figures 1�b� and 1�c� show the voltage distributions along
the A-A�-A� arc in the Al pad on the Si side and along the
B-B�-B� arc in the Cu pad on the substrate side, respectively.
The voltage ranges from −8.0 to −1.1 mV along the
A-A�-A� arc of the Al pad, while it varies from 0.25 to 0.67
mV along the B-B�-B� arc of the Cu pad. The voltage distri-
butions on the left-hand side of both curves show abrupt
changes, which is attributed to the fact that current crowding
effect occurs seriously on the left-hand side of the joints.8

The bump resistance Rbump in this letter is denoted as

Rbump =
�V

Itotal
=

Vtop − Vbottom,max

Itotal
, �1�

where Vtop is the voltage obtained from the top Al pad at a
specific angle, Vbottom,max denotes the maximum voltage
value obtained from the bottom Cu pad, and Itotal is the total
current applied in the simulation model. Since the bump re-
sistance was calculated from the voltage drop divided by the
applied current, the measured bump resistance is propor-
tional to the measured voltage drop.

Since the voltage distributions are not uniform on both
Al and Cu pads, the voltage drop detected by Kelvin probes
may vary, causing the measured bump resistance to differ
with different probe layouts. Furthermore, the voltage varia-
tion on the Al pad may exceed 6 mV at different positions,
whereas it is only less than 0.5 mV on the Cu pad, which
means that the position of the voltage probe on the Al pad
plays a crucial role on the measured bump resistance. There-
fore, only the position of the voltage probe on the Al pad was
changed in this study. The position of the voltage probe on
the Cu pad was fixed, as shown in Fig. 1�a�.

To investigate how void propagation influences bump
resistance by simulation, a series of models with various
sizes of voids were constructed. Figure 2 illustrates the cross-
sectional view of the solder joints for four of the 29 con-
structed models. Pancake-type voids were assumed to propa-
gate along the interface between Ni3Sn4 intermetallic
compound �IMC� and eutectic SnPb solder.9 The shape of the
void was assumed to be irregular, which is consistent with
our previous x-ray results.10 The depletion percentage of the
UBM opening is 0%, 6.1%, 50.0%, and 75.0%, respectively,
for the five models. As voids formed and propagated,
more current was forced to drift longer to the right side along
the Al pad and the UBM layer, causing the voltage to
redistribute.

It is found that different layouts of Kelvin probes detect
different increases in resistance even for the same void size.
Figure 3�a� depicts the measured voltage drop as a function
of depletion percentage of the UBM opening when the volt-
age probe was placed at 0°, 45°, 90°, and 180° positions in
Fig. 1�a�. The mean voltage at each position was obtained by
averaging its neighboring values within 10 �m. The results
indicate that the Kelvin structure detected a higher increase
in voltage when the voltage probe was placed at 0°, which
was the entrance point of electron flow. For example, when
the void depleted 50% of the UBM opening, the increase in
voltage detected by the four layouts is 0.97, 0.83, 0.60, and

0.38 mV, respectively. It is concluded that the probe would
sense higher changes in voltage when the voltage probe is
placed closer to the current crowding region for the same
void size. This is because higher current passage will render
higher voltage drop for a given increase in resistance. Since
there is a current feeding line at position 0°, a voltage probe
cannot be fabricated there. Adding the voltage probe on the

FIG. 2. The cross-sectional view for five of the simulation models. The
depletion percentage of the UBM opening is �a� 0%, �b� 6%, �c� 50%, and
�d� 75%.

FIG. 3. �a� The increase in voltage as a function of depletion percentage of
UBM opening with the four different positions of voltage probe on the chip
side. �b� Percentage increase in bump resistance vs depletion percentage of
UBM opening for the four layouts. �c� Enlarged illustration for Fig. 2�b�
within 22% increase in bump resistance.
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current feeding line, slightly away from the bump is thus
suggested. Although some of the Al-line resistance would be
included for the measurement by this layout, it would be the
most sensitive method for detecting the change in resistance
due to void formation.

Nevertheless, the trend reverses in terms of the percent-
age increase in voltage. Figure 3�b� shows the percentage
increase in the measured voltage. As the voltage probe
moves far away from the current crowding region, the per-
centage increase in bump resistance due to the same void
size is higher. This is attributed to the fact that the initial
bump resistance is much lower as the probe moves away
from the current crowding region. The bump resistances are
9.2, 3.5, 0.5, and 0.4 m � for the probes at 0°, 45°, 90°, and
180°, respectively. As voids form, although the probe at po-
sition 180° can sense smaller voltage drop than that at 0°, its
percentage increase in bump resistance will become higher
than that of 0° because it is normalized to its initial
resistance.

The above results may provide a better criterion for elec-
tromigration failure in the flip-chip solder joints. In Al and
Cu interconnects for microelectronic devices, failure crite-
rion for electromigration is often defined when their resis-
tances reach 1.2 times �20% increase� of their initial values.
Figure 3�c� shows the magnified figure for the initial stage of
electromigration up to 22% increase in resistance in
Fig. 3�b�. When the bump resistance increases 20% of its
initial value, the depletion percentage of UBM opening is
only 21.0%, 22.0%, 39.0%, and 65.0% with the Kelvin probe
measured at 180°, 90°, 45°, and 0°, respectively. However, in
most of the recent studies for solder joint electromigration,
failure was taken when open-circuit occurred. Moreover, it is
reported that degradation of Al trace often takes place at later
stages of electromigration of solder joints.11 Damage may
also occur in other components rather than the solder bump
itself. Therefore, this failure criterion using Kelvin structure
may provide a better way to measure mean time to failure,
and may thus facilitate the measurement of activation energy
for electromigration failure in solder bumps.

To verify if the simulation results are reliable, experi-
mental measurement was also carried out using Kelvin struc-
ture with the voltage probes located at 180°. The experimen-
tal setup and the joint structure were reported in our previous
publications.4,7 Figure 4�a� shows the cross-sectional scan-
ning electron microscopy �SEM� image for a SnPb bump
after the current stressing by 0.9 A at 160 °C for 334.4 h.
The bump resistance increased 18% of its original value after
the stressing condition, as shown in Fig. 4�b�. The depletion
percentage of UBM opening was estimated to be 37% using
the cross-sectional SEM image in Fig. 4. The simulated
results in Fig. 2�b� indicate an approximate 28% of depletion
percentage �in length� for the same increase in bump resis-
tance. The two results show reasonable agreement. Neverthe-
less, the simulation value appears slightly lower than the
experimental one, which may be attributed to that the void
shape and area in the simulation models do not match the
real ones perfectly. In addition, phase separation and IMC
formation would affect bump resistance,12 but the simulation
did not consider the two microstructural changes.

In summary, effect of void formation and propagation on
bump resistance due to electromigration in solder joints has
been investigated using Kelvin structures with various lay-
outs. The Kelvin structure can sense the highest voltage drop
when its voltage probes are positioned at the current entrance
into the bump on the chip side. Therefore, Kelvin structures
with probes near the current entrance are more sensitive to
void formation. In addition, other factors that may influence
the effect of void formation on bump resistance need to be
studied in the future, such as the dimension and materials of
the wiring trace on the chip side, as well as UBM materials
and dimension, and the void shape.
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FIG. 4. �a� Cross-sectional SEM image for a SnPb bump after being stressed
by 0.9 A at 160 °C for 334.4 h. �b� The corresponding change in resistance
as a function of stressing time.
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