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Several simulation studies reported that a hot spot exists in flip-chip solder bumps under accelerated
electromigration. Yet, there are no experimental data to verify it. In this paper, the temperature
distribution during electromigration in flip-chip SnAg3.5 solder bumps is directly inspected using
infrared microscopy. Two clear hot spots are observed in the bump. One is located at the region with
peak current density and the other one is at the bump edge under the current-feeding metallization
on the chip side. Under a current stress of 1.06X 10* A/cm?, the temperature in the two hot spots
are 161.7 and 167.8 °C, respectively, which surpass the average bump temperature of 150.5 °C. In
addition, the effect of under-bump-metallization (UBM) thickness on the hot spots is also examined.
It indicates that the hot-spot temperature in the solder bump increases for the solder joints with a
thinner UBM. Electromigration test indicates that these hot spots have significant influence on the
initial failure location. © 2008 American Institute of Physics. [DOI: 10.1063/1.2949279]

I. INTRODUCTION

Flip-chip technology has been adopted for high-density
packaging due to its excellent electrical performance and bet-
ter heat dissipation ability.l As the required performance in
microelectronic devices becomes higher, the current that
each bump needs to carry is 0.2 A, and it will increase to
0.4 A in the near future. Furthermore, to meet the miniatur-
ization trend of portable devices, the dimensions of the sol-
der bumps continue to shrink, causing the current density in
each solder joint to increase abruptly. Therefore, electromi-
gration in the solder bumps become an important issue.”

Several investigations on electromigration in flip-chip
solder joints have been carried out.>™? Current crowding ef-
fect occurs seriously near the entrance point of the Al trace
into the solder joint, which is responsible for the failure in
the chip/anode side of the solder joint.4’5 Furthermore, Joule
heating effect also takes place during accelerated electromi-
gration tests.1° During electromigration tests, the applied
current may be as high as 2.2 A.} which may cause serious
Joule heating in the solder joints. The temperature increase
due to current stressing may be over 30 °C when a 1.0 A
current is applied to the solder bump.S_7 In addition, several
simulation studies point out that there exists a hot spot in the
solder bump near the entrance of the Al trace.”™ On the other
hand, Lai et al. showed that there is no such hot spot based
on their simulation results."" The temperature may affect the
mean time to failure (MTTF) significantly, as depicted by
Black’s equation:]2
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MTTF:A.ln exp(g), (1)
J kT

where A is a constant, j is the current density in A/cm?, n is
a model parameter for current density, Q is the activation
energy, k is Boltzmann’s constant, and T is the average bump
temperature in kelvin. However, no experimental results
have been reported to confirm the existence of the hot spot.
This is because the solder joints are completely surrounded
by a Si substrate, underfill, and a substrate. Thus it is difficult
to investigate the hot-spot issue in solder joints.

To overcome this difficulty, the solder bump was pol-
ished first, and the temperature distribution inside the solder
bump was measured by an infrared (IR) microscope at vari-
ous stressing conditions. Hot spots were clearly observed at a
high stressing current. Yet, there are no hot spots in the sol-
der bump when the applied current density is lower than
3.5X10° A/cm? In addition, electromigration study was
performed and the initial stage of failure was correlated with
the hot spot.

Il. EXPERIMENTAL

In order to investigate the hot-spot issue in flip-chip sol-
der bumps, eutectic SnAg3.5 solder joints with typical di-
mensions were adopted. Figure 1 shows the cross-sectional
scanning electron micrscopy (SEM) image of the SnAg3.5
solder joint, which has a bump height of 70 um and an
under-bump-metallization (UBM) opening of 120 wm in di-
ameter on the chip side. The UBM consists of 0.1 um
Ti/5.0 um Cu/3.0 wm Ni. The intermetallic compound
(IMC) of Ni;Sn, is formed at the interfacial of the UBM and
the solder. The joints were polished laterally to approxi-
mately their centers, and then the joints were examined by
x-ray to measure the remaining conduction area on the UBM

© 2008 American Institute of Physics
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FIG. 1. (Color online) Cross-sectional SEM image for the SnAg solder
bump before current stressing with a 5 um Cu/3 wm Ni UBM. The elec-
trons entered from the upper-right corner and left from the lower-right
corner.

opening. The diameter of the solder joint is about 150 um.
The solder bumps were joined to an FRS substrate. The
original dimension of Al trace in the chip side was 100 um
wide and 1.5 um thick, while the dimension of the Cu lines
on the substrate was 25 um thick and 100 um wide. After
polishing, the width of the Al trace and the Cu lines were
also reduced to approximately 50% of their original values.
The dimension of the Cu pad opening was 160 um in diam-
eter.

To observe the hot spot during current stressing, IR mi-
croscopy was employed. Prior to current stressing, the emis-
sivity of the specimen was calibrated at 100 °C. After cali-
bration, the bumps were powered by a desired current. Then
temperature measurement was performed to record the tem-
perature distribution (map) at the steady state. The tempera-
tures in the solder joints were mapped by a QFI thermal IR
microscope, which has 0.1 °C temperature resolution and
2 pm spatial resolution. The surface microstructure changes
were monitored with a SEM. Current stressing was carried
out at a temperature of 100 °C on a hot plate. Current stress
was applied to the bumps with the current density in the
range of 1.77 X 103~1.06 X 10* A/cm? in the UBM opening.

lll. SIMULATION

Three-dimensional finite element analysis (FEA) was
performed to simulate the current-density distribution in the
solder joint. The dimensions of the Al trace, pad opening,
and Cu line were identical to those of the real flip-chip
sample. The IMC formed between the UBM and the solder
was also considered in the simulation models. The Ni layers
on the chip and the substrate sides were assumed to consume
0.5 um and form 1.0 wm of NizSn, IMC. Layered IMCs
were used in this simulation for the NizSn, to avoid difficulty
in meshization. In addition, eutectic SnAg solder was used in
this model. The resistivity and thermal conductivity values of
the materials used in the simulation are listed in Table I. The
model used in this study was SOLID69 eight-node hexahe-
dral coupled field element using ANSYS simulation software.
The size of the element in the solder bump was 3.0 wm.
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TABLE I. The properties of materials used in the simulation model.

Materials Resistivity at 20 °C
Al trace 3.2
Electroless Ni 70.0
Cu 1.7
Electroplated Ni 6.8
SnAg solder 12.3
Ni;Sny 28.5

IV. RESULTS AND DISCUSSION

Hot spots start to emerge at a high density of approxi-
mately 3.5X 103 A/cm?. In this paper, we denote the exis-
tence of the hot spot when its temperature is 4.0 °C higher
than the mean value in the solder bump, in which the mean
temperature was obtained by averaging the values in a 50
X 50 ,um2 in the center of the bump. On the other hand, the
hot-spot temperature was acquired by picking up the highest
temperature in the region of interest. Figure 2(a) shows the
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FIG. 2. (Color online) IR images showing the temperature distribution and
the temperature profiles along the dashed lines in the SnAg bump with a
5 pum Cu/3 um Ni UBM at 0.2 A.
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temperature map distribution for the SnAg3.5 bump with a
5 pum Cu/3 mm Ni UBM during current stressing by 0.2 A.
The temperature scale bar was shown in the x direction at the
bottom of the figure. The current entered the solder bump
through the Al trace on the chip end and it left the bump
through the Cu line on the right-hand side of the substrate.
The position of the Al trace is labeled in Fig. 2(a). The tem-
peratures on the right and left edges of the bump may not be
accurate since the image was taken at a prolonged exposure
time of 15 s and the sample may vibrate during the time
span. The mean temperature in the bump was only 101.0 °C,
which means that the average Joule heating was only 1.0 °C.
However, there exists a hot spot in the solder bump. Figures
2(b) and 2(c) show the temperature profiles along the dashed
horizontal AH, and vertical AV, lines in Fig. 2(a), respec-
tively. The origin of Fig. 2(b) was set at point H,, whereas
the origin of Fig. 2(c) was set at point A. The horizontal line
is located in the solder right below the Ni;Sn, layer. It shows
that there is almost no temperature difference along the hori-
zontal line, although there were small temperature fluctua-
tions along the line. Since the temperature measurement by
IR microscopy is very sensitive to surface roughness, the
fluctuations may be due to surface roughness. However,
there is about 3.8 °C difference in temperature along the
vertical line. The hot-spot temperature was 105.6 °C, which
is located near the current entrance in the chip side into the
bump. In this paper, this hot spot denote this location as hot
spot A.

As the applied current is increased, the hot spot became
more pronounced. Figure 3(a) illustrates the thermographs
when the bump was subjected to a 0.4 A current. A clear hot
spot exists near the entrance of the current at the chip side.
Figures 3(b) and 3(c) show the temperature profiles along the
dashed horizontal A_I-12 and vertical A_V2 lines in Fig. 3(a),
respectively. The origin of Fig. 3(b) was set at point H.,,
whereas the origin of Fig. 3(c) was set at point A. The tem-
perature difference increases to 4.6 and 9.0 °C along the
horizontal and vertical lines, respectively. When the stressing
current is increased to 0.6 A, the hot spot became more sig-
nificant, as depicted in Fig. 4(a). The horizontal temperature
difference remains almost the same, whereas the vertical
temperature difference continues to increase up to 16.7 °C,
as illustrated in Figs. 4(b) and 4(c). The origin of Fig. 4(b)
was set at point H;, whereas the origin of Fig. 4(c) was set at
point A. A huge thermal gradient of 2392 °C/cm is devel-
oped across the solder bump. The thermal gradient is defined
here as the temperature difference between the two ends of
the dashed line divided by the length of the line, which was
70 um for both the horizontal and vertical lines. The Joule
heating effect also established a horizontal thermal gradient
of 786 °C/cm.

Figure 5(a) shows the plot of average and hot-spot tem-
peratures as a function of applied current densities/current
with 5 um Cu/3 um Ni UBM. The applied current ranges
from 0.1 to 0.6 A. With a higher current over 0.6 A, the sol-
der bump may melt. The curve shows a parabolic behavior,
which follows the Joule heating relationship:
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FIG. 3. (Color online) IR images showing the temperature distribution and
the temperature profiles along the dashed lines in the SnAg bump with a
5 um Cu/3 um Ni UBM at 0.4 A.

P=I’R=J%pv, (2)

where P is the heating power, [ is the applied current, R is
the resistance of the stressing circuit, j is the local current
density, p is the resistivity, and v is the volume. In addition,
the temperature difference between the average and hot-spot
values becomes higher at a higher stressing current, which
may be attributed to serious local Joule heating at the hot
spot.

Three-dimensional FEA was carried out to correlate the
local current density and the measured temperature and the
simulation results are shown in Fig. 6. The electron flow
entered the joint from the right-upper Al trace and leaved
from the right-lower Cu line. The average current density is
1.10 X 10* A/cm? when the joint was applied by 0.6 A. Yet,
the local current density was about 2.46 X 10* A/cm? inside
the square near the entrance point of the Al trace, as labeled
in the figure. This location matches hot spot A in the experi-
mental results. At lower applied currents, the Al trace plays a
key role on the Joule heating of the solder bump since it
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FIG. 4. (Color online) IR images showing the temperature distribution and
the temperature profiles along the dashed lines in the SnAg bump with a
5 um Cu/3 um Ni UBM at 0.6 A.

connects the solder bumps and the current density in it
reached 1.3 10° A/cm? at 0.1 A. The resistance of the Al
trace was measured to be 633 m{) using four-point probes,
whereas the resistance of each bump is only about 7 m{).
The local current density was only 4.2X 10* A/cm? at 0.1 A
in a 9 um?® solder volume near the current entrance in the
chip side. As the applied current increases, the local current
density may start to contribute to Joule heating, and thus the
hot spots emerge when the applied current is higher than
0.2 A.

It is interesting that as the applied current increases, the
vertical thermal gradient increases faster than that of the
horizontal thermal gradient, as depicted in Fig. 5(b). As
shown in Figs. 2—4, the horizontal temperature differences
are 4.5 and 5.5 °C for the 0.4 to 0.6 A, respectively, whereas
the vertical temperature differences increase from
9.0to 16.7 °C as the applied current increases form
0.4 to 0.6 A. It appears that the horizontal thermal gradient
did not increase much after 0.3 A. This may be attributed to
the fact that the lateral heat conduction is better than that of
the vertical direction since Si has good heat dissipation abil-
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FIG. 5. (a) Temperature increases in the hot-spot region and in the bump as
a function of applied current with a 5 um Cu/3 pum Ni UBM.(b) Horizontal
and vertical thermal gradients as a function of applied current with a 5 um
Cu/3 um Ni UBM.

ity. From the analysis by a one-dimensional lumped model
shown in Fig. 7, the vertical thermal resistance 1is
142.0 °C/W, whereas the lateral thermal resistance is only
23.5 °C/W. Therefore, the vertical thermal gradient appears
to be much higher than that of the horizontal value. Accord-

2.46 x 104 Alcm?

| SEEEEEIE— |
0O 300 1000 3000 1x10% 3x10* 1x10° 3x105 2x108

FIG. 6. (Color online) Simulated current-density distribution in the solder
joint when powered by 0.6 A.
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FIG. 7. One-dimensional lumped resistance model showing that the lateral
thermal resistance is smaller than the vertical one.

ing to the analysis by Huang et al.," a thermal gradient
larger than 1000 °C/cm is needed in order to observe ther-
momigration during electromigration. As shown in Fig. 5(b),
the horizontal gradient is always below this value. Thus, no
lateral thermomigration has been reported up to date. Yet, the
vertical gradient may reach this critical value at a higher
applied current, resulting in a vertical thermomigration
behavior.”'*"?

Furthermore, it is surprising that there is another region
with a lower local current density but possessed a tempera-
ture higher than the hot-spot value described above. The re-
gion is located in the right-hand side of the hot spot and
close to the underfill, as marked by one of the white squares
in Fig. 2(a). This region is denoted as hot spot B in this
paper. The three-dimensional electrical simulation in Fig. 6
shows that the local current density is 2.17 X 10* A/cm?,
which is slightly lower than the value of 2.46 X 10* A/cm?
in the region with peak current density. However, the average
temperature there was as high as 167.8 °C, which is slightly
higher than that at the hot spot with the maximum current
density. The origin of this second hot spot may be attributed
to two reasons: This region locates close to the Al trace,
which serves as the major heating source in the joints. Sec-
ondly, it is adjacent to the underfill, which has a much higher
temperature than the solder bump since the heat dissipation
ability is the worst among the materials in the joints. The
average temperature for the underfill close to the Al trace
was as high as 179.2 °C. Hence, the solder adjacent to the
underfill may possess a higher temperature, although it has
lower local Joule heating.
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FIG. 8. (Color online) Cross-sectional backscattered SEM image showing
the failure site for the solder joints stressed by 0.9 A at 150 °C for 162 h.

In addition to current crowding effect, these hot spots
may play a key role in the initial failure of solder bump
during electromigration. Figure 8 shows the initial electromi-
gration failure when another set of complete solder joints
was stressed by 0.9 A at 150 °C for 162 h. Under this stress-
ing condition, the consumption of UBM appears to be the
failure mechanism. The Ni UBM reacts with the solder to
form Ni3;Sn, IMC. When Ni UBM is consumed, the solder
would react with Cu UBM rapidly, leading to void formation
in the passivation opening. Although the local current density
at hot spot A is higher than that at hot spot B, it is often
observed that the initial failure site also occurs at hot-spot B.
The diffusion near the hot spot regions is faster and the dis-
solution rate of Ni and Cu UBMs is higher. As shown in Fig.
8, the Ni and Cu layers were consumed completely and
formed Cu-Ni-Sn IMCs near the two hot spots. Therefore,
hot spot B also plays a critical role on the initial electromi-
gration failure for flip-chip solder joints.

V. CONCLUSION

In summary, two distinguished hot spots were observed
in the bump when the applied current density is higher than
3.5X 10° A/cm? for the solder joints used in this study. Two
significant hot spots have been found: one at the region with
peak current density and the other one at the bump edge
under the current-feeding metallization on the chip side. It is
surprising that the latter has an even higher temperature than
the former. In addition, this hot spot B has significant influ-
ence on the initial failure site of electromigration. The disso-
lution rate of Cu/Ni UBM is faster near hot spot B; thus the
joint starts to fail there.
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