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Investigation of void nucleation and propagation during electromigration
of flip-chip solder joints using x-ray microscopy
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X-ray microscopy was employed to investigate void nucleation and propagation during
electromigration in solder joints. The shape of the voids at various stages can be clearly observed.
The voids became irregular when they propagated to deplete the contact opening. Growth velocity
at the early stage was found to be 1.3 um/h under 6.5X 10° A/cm? at 150 °C, and it decreased to
0.3 wm/h at later stages. Formation of intermetallic compound (IMC) and compositional changes at
the interface of solder/IMC on the chip side were attributed to the retarded growth rate at later
stages. © 2006 American Institute of Physics. [DOI: 10.1063/1.2425040]

To meet the demand for higher performance in portable
microelectronic device applications, flip-chip technology has
been adopted for high-density packaging due to its excellent
electrical characteristics and superior heat dissipation capa-
bility. With the increase in the required performance in mi-
croelectronic devices, the current that each bump has to carry
is also on the increase.' The corresponding current density
may reach 1X 10* A/cm? in the near future. Under such a
high current density at the solder bump, electromigration in-
evitably becomes a critical reliability issue.”?

During electromigration, voids nucleate in the solder
bump near the point of entry of electron flow, where serious
current crowding and flux divergence occur.*”” With the in-
crease in stressing time, void propagates towards the rest of
the under bump metallization (UBM) opening, resulting in
open failure of the joints. In previous studies, void formation
and propagation were observed by cross-sectional scanning
electron microscope (SEM). Therefore, only the length and
the depth of the void at those specific cross sections can be
observed. However, the location where voids nucleate, the
shape of voids, as well as how voids propagate in the UBM
opening remain unclear. In addition, the propagation veloci-
ties of voids at different stages have not been measured.

X-ray microscopy has been employed to study formation
of voids in Cu interconnects during electromigration.8 Since
the size of voids formed in Cu interconnects is in submicron
range, synchrotron radiation x ray is needed. For flip-chip
solder joints, the voids are of a much larger dimension, typi-
cally ranging from few microns to tens of microns. Thus, a
laboratory-based x-ray microscope appears to be sufficient
for the investigation of void nucleation and propagation in
solder joints during electromigration. Nevertheless, it has not
been applied to solder joints.

In this letter, void formation during electromigration was
monitored by an x-ray microscope. The area of the voids was
measured from the x-ray images, with which the velocity of
void propagation was calculated. This approach provides a
deeper understanding on the behavior of void nucleation and
propagation during electromigration in solder joints.
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Figure 1(a) shows the cross-sectional schematic for the
solder joint used in this study. The Al trace was 1.5 um thick
and 100 um wide, while Cu lines on the substrate were
25 wm thick and 100 wm wide. The UBM consists of
0.1 um Ti, 5 wm Cu, and 3 um Ni layers. The diameters of
the UBM and the passivation openings were 120 and 85 um,
respectively. Electroplated SnPb solder bumps were mounted
on an FR4 substrate to form flip-chip joints. Non-solder-
mask-defined process was used in this structure. The dimen-
sion of the Cu pad opening was 300 um in diameter. Owing
to the large opening in the substrate side, the bump height
was as small as 25 pum. With the low bump height, the voids
in the solder bump would be much clearly seen in an x-ray
microscope. The solder joints were stressed by 0.8 A at
150 °C for a desired time. The direction of the electron flow
was indicated by the arrows in the figure. Then they were
examined by a Dage XL-6500 x-ray microscope with the Si
side facing the x-ray detector, whose spatial resolution is
2 um. The corresponding current density was 6.5
% 10* A/cm?. The operation voltage was set at 95 kV in this
study. Since voids form in the bump with electron flow from
the chip side to the substrate side, only the bumps with this
stressing direction were examined. SEM was also employed
to examine the voids in the cross section of the solder
bumps.

The shape of the voids induced by electromigration can
be clearly observed using x-ray microscope. Figure 2(a)
shows the x-ray image of the solder joints before current
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FIG. 1. Cross-sectional schematic diagram of the samples used in this study.
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FIG. 2. (a) Plan-view x-ray image of the joint before current stressing. The
UBM and passivation openings were labeled by the dotted white circles. (b)
X-ray image of the same joint after current stressing. The void was enclosed
by the white line. (c) X-ray image of the same joint after being polished
laterally to middle of the joint. (d) Cross-sectional SEM image of the joint in
(c). A void formed near the entrance of the Al trace.

stressing. Since the Al trace is quite thin and the density of
Al is low, it is not visible in the x-ray image. The position of
the Al trace was denoted by the two dashed lines in Fig. 2(a).
Since the Cu line in the substrate was as thick as 25 um, it
was visible in the x-ray image. To facilitate the observation
of void formation, the passivation and UBM openings were
marked on the image by two dotted white circles. The center
region shows a darker image due to the Cu/Ni UBM and
thicker solder in this region. After current stressing at 0.8 A
at 150 °C for 29.8 h, the same sample was examined again
by x-ray microscope. A small brighter region was observed
near the left corner of the UBM opening, where the electrons
crowded into the solder bump. Furthermore, the voids ex-
tended backwards to the UBM opening because the UBM
layer may serve as a conducting path for electrons.*” The
shape of void appears to be irregular. This specimen was
labeled as sample A in this letter. To verify if voids were
formed in this region, the sample was ground and polished
laterally to approximate the center of the bump, and it was
inspected again by x-ray microscope, as shown in Fig. 2(c).
The location of the cross section is also indicated by the
middle dashed line in Fig. 2(b). Then it was examined by
SEM to reveal the location of voids, as shown in Fig. 2(d).
As can be seen, the void position matched that obtained by

FIG. 3. Plan-view x-ray images of the joint after stressing for (a) 37.8 h, (b)
110.2 h, (c) 177.8 h, and (d) 384.0 h. The position of the Al trace was
labeled by the dotted lines in the figures.

x-ray microscope. Therefore, x-ray microscopy can be em-
ployed to observe void formation.

The growth velocity of the voids can be calculated from
the x-ray images. To obtain the growth velocity at different
stages, four more samples were stressed for different lengths
of time and then examined by x-ray microscopy and SEM.
They were labeled as samples B-E in this letter. Figures
3(a)-3(d) show the x-ray images of the four samples stressed
at 0.8 A at 150 °C for 37.8, 110.2, 177.8, and 384.0 h, re-
spectively. The corresponding SEM images were shown in
Figs. 4(a)-4(d). Larger voids were formed with the increase
in stressing time, and the voids propagated from the left-
hand side to the right-hand side. In addition, the voids be-
came irregular as they propagated, as shown in Figs.
3(b)-3(d). The heights of the voids were larger. Thus, the
void contrast was better for the x-ray image. SEM image
shows that thicker intermetallic compounds (IMCs) of
Ni;Sn, were formed between the Ni UBM and solder, as
indicated by the arrows in the SEM images in Figs. 4(c) and
4(d). Both x-ray and SEM images indicate that the voids in
samples D and E became discontinuous. Because the IMC
has better electromigration resistance than the solder, void
propagation would be hindered by the IMC grains. To calcu-
late the growth velocity of the voids, the area of voids was
calculated from the x-ray images by a computer software.
Figure 5(a) shows the area of voids as a function of stressing

FIG. 4. Corresponding cross-sectional SEM images of the joint in Figs.
3(a)-3(d).
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FIG. 5. (a) Plot of depletion area as a function of stressing time. (b) Plot of
void growth velocity against stressing time for the five samples. The deple-
tion percentage of UBM opening for each sample was also shown in the
figure.

time for the above five samples, and it increased with the
increase in stressing time. The slope between the first two
points was higher. The reason will be discussed later. To
calculate the average growth velocity, the maximum length
along the propagation direction, which is the positive X axis,
was adopted as the propagation length. Then the growth ve-
locity was calculated on the basis of the void propagation
length and the stressing time. Figure 5(b) illustrates the av-
erage growth velocity for the five samples. It is found that
the average growth velocity was 1.3 um/h for sample A. It
increased to 1.8 um/h for sample B, and it decreased to
0.6 um/h for sample C, 0.5 wm/h for sample D, and
0.3 um/h for sample E. In addition, the depletion percent-
ages of UBM opening were 17.8%, 23.1%, 55.6%, 78.0%,
and 94.0% for the five samples, as labeled in Fig. 5(b).

The incubation time for void formation may be respon-
sible for the low growth velocity for sample A in the initial
stage. Under the condition of current stressing, the incuba-
tion time was about 20 h for the solder joints used in this
study. Only a small void was formed in sample A. Therefore,
the velocity was low for sample A. Once the voids were
formed, they propagated more quickly, as shown in sample
B. The measured velocity was 1.4 times faster than that of
sample A. However, the velocity decreased for samples C,
D-E. The above findings are quite different from those for Al
and Cu interconnects. At later stages of electromigration in
Al and Cu interconnects, the growth rate of voids became
higher due to the much higher current density around the

Appl. Phys. Lett. 89, 262106 (2006)

voids. In addition, for solder joints with thin-film UBM, the
voids also grew faster at later stages.10 It is speculated that
IMC formation and compositional changes may be respon-
sible for the low velocities of our samples at later stages. For
the former, Ni;Sn, may inhibit void propagation, as shown in
Figs. 4(c) and 4(d). For the latter, solder composition at the
IMC/solder interface changes to pure Sn at later stages, as
also shown in Figs. 4(c) and 4(d). Since pure Sn has higher
electromigration resistance than eutectic solder," void propa-
gation would be slowed down at later stages. In addition, it is
reported that the current crowding effect is relieved as the
voids propagate before depleting half of the UBM opening,9
since the current is spread out more uniformly in the Al pad
directly above the voids. For sample E, current crowding
effect became worse, yet the growth rate decreased to
0.3 pum/h, indicating that IMC formation and compositional
change dominated the growth velocity of voids.

Compared with the growth velocity reported by Zhang
et al., the value obtained in this study was slightly smaller.
Their testing conditions were 3.67 X 10° A/cm? at 146 °C
on 95.5Sn-4.0Ag—0.5Cu solder joints with Al/Ni(V)/Cu
thin-film UBM. The growth velocity of voids they obtained
was about 4.4 um/h. In contrast, our testing conditions were
6.5X10° A/cm? at 150 °C, which are more severe than
theirs. It is speculated that the thick UBM layer may slow
down void propagation. The UBM used in this study was
5 pm Cu/3 pm Ni. It is reported that this thick UBM layer
can relieve the current crowding effect by a factor of 3.3
times, compared with A1/Ni(V)/Cu thin-film UBM. There-
fore, the growth velocity of voids was slower for solder
joints with a thick-film UBM.

In summary, x-ray microscopy can detect void nucle-
ation and propagation in flip-chip solder joints. The voids
nucleated in the vicinity of the entrance point of Al trace, and
their shape was quite irregular. The growth velocity was
measured to be around 0.3—1.8 um/h at various stages un-
der 6.5X10° A/cm? at 150 °C for SnPb solder joints with
thick-film Cu/Ni UBM.
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