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Abstract

In this study, in situ investigation of the coupling damage mechanisms of SnAgCu/Cu solder joints under thermal cycling
and current was carried out to compare the thermal fatigue under the same temperature range, and to analyze the influence
of temperature. It was found that the current increased the temperature of the solder joint, making it obviously higher than
the ambient temperature. On the other hand, there was little difference between the thermal—electrical coupling damage and
thermal fatigue before a significant increase in solder temperature; the interfacial plastic deformation was only slightly more
serious, and the electromigration was not significant. With an increasing number of thermal cycles, the damage, resistance,
and temperature of the solder joint increased, and the plastic deformation resistance of the solder decreased, leading to further
damage and temperature increase, exhibiting an accelerating damage process. After the temperature reached a certain degree,
the solder softened significantly, and its deformation behavior was similar to that of high-viscosity fluids, resulting in surface
unevenness with significant height differences. As the temperature of the solder joint increased, the electromigration of Cu
in the solder gradually increased, and the migration rate was dominated by the solder grain orientation. With higher peak
temperature of the ambient thermal cycle, the thermal cycling—electric current coupling damage rate increased substantially.
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temperature of the solder joint and the surrounding envi-
ronment. With the continuous increase in power density in
electronic equipment, heat generation and electromigration
in solder joints have become an increasingly serious issue,
leading to increased temperature in the internal space of the
electronic equipment.®* For power electronic devices used in
fields such as communications, aerospace, and the military,
the heat generation rates are quite high,>® and the solder
joints must withstand temperatures much higher than room
temperature.

As the operating temperature and current density of sol-
der joints in electronic devices increases, the risk of thermal
cycling—electric current (T-E) coupling failure for the solder
joints gradually increases.”” Because the solder joints in the
microelectronic devices are typically concatenated, failure of
a singe solder joint will result in failure of the whole device.
However, despite the increased risk of T-E coupling failure
and the occurrence of many such accidents, investigations on
the T—E coupling failure mechanisms of the solder joint are
still relatively lacking. Most studies have investigated ther-
mal fatigue and electromigration independently. Moreover,
the temperature ranges used for thermal aging and thermal
fatigue with respect to creep are still relatively low, in order
to avoid melting or significant softening of the solder.'*'* In
addition, electromigration is typically carried out in a liquid
at a constant temperature to ensure that the solder can main-
tain a constant temperature and can withstand a very high
current, which is somewhat different from the real operating
conditions for solder joints,lo’ls’16 because microelectronic

devices operate in air. As a result, these investigations can-
not provide direct support for evaluating the T-E coupling
failure behavior of solder joints at higher temperature.

For the reasons above, in this study the T-E coupling
damage mechanisms of SnAgCu/Cu solder joints were
investigated in a relatively high temperature range in air.
To more realistically simulate the operating environment of
the solder joint, a constant current was applied to the solder
joints, and the specimen was placed in an air environmental
test chamber with varying temperature. Different tempera-
ture ranges and peak temperatures were used to reveal the
effect of temperature, and the T-E coupling damage behav-
ior of the solder joints under these conditions was observed
in situ, and was analyzed and compared with the thermal
fatigue under the same temperature range. This study will
provide a basis for understanding the high-temperature T-E
coupling failure behavior of solder joints and prevention of
such failures.

Experimental Procedure

The structure of the experimental device in this study was
designed according to the structure of a flip chip, as pre-
sented in Fig. 1.'” One side of the device is a low-tempera-
ture co-fired ceramic (LTCC) sheet and the other side is an
FR-4 epoxy resin plate, with green oil on the surface as the
solder mask. The solder pads are electrodeposited Cu plates
with a diameter of 0.5 mm, and Cu wires with a width of 0.2

Solder mask

Cross-section morphology

Fig. 1 Schematic showing the arrangement, connection, electric current, and thermal deformation direction of the solder joints.
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mm are electrodeposited between the pads. To better char-
acterize the morphology and microstructure of the solder
joints, only two rows of solder joints at the periphery of the
specimen were prepared, with the inner solder joints used for
fixing and the outer joints connected to a channel. Sn-3.0Ag-
0.5Cu (wt.%) solder balls with a diameter of 500 pm were
used, which were first planted on the LTCC sheet at 260°C,
after which the LTCC sheet was turned over and buckled on
the FR-4 epoxy resin sheet. The device was soldered on a
heating stage with a temperature of 260°C, and maintained
for 30 s after melting of the solder ball.

To observe the microstructure of the solder joints, a row
of solder joints were ground and polished until the Cu wires
began to emerge, as presented in Fig. 1, and about 25% of
each Cu pad in this row was removed. The morphology of
the solder joints was first observed by scanning electron
microscopy (SEM, FEI Quanta 250) before the test. The T-E
coupling test was carried out in an environmental test cham-
ber. The current was set at 5 A, and the voltage at 1.385 V.
The average current density at the polished joint interfaces
was calculated as 3.4 kA/cm?, which is lower than that used
in some earlier studies,'®!>1%18 because the test in this study
was carried out in air rather than in a thermostatic liquid, and
a higher current density may melt the solder.!”

For the thermal cycling, two temperature ranges, i.e.,
—20°C to 80°C and —30°C to 60°C, were used. The heating/
cooling rate was 4°C/min, and the holding times at the peak
temperature and minimum temperature of the two thermal

Oh

180h

cycling tests were adjusted so that each cycle was 2 h. As
the coefficients of thermal expansion (CTE) of the resin and
the LTCC are quite different, the solder joint suffers peri-
odic thermal strain, and the strain directions are indicated
by the dashed lines in Fig. 1. However, the thermal stress
of the solder should be very low because the yield strength
of the solder is very low at such a low thermal strain rate.
After cycling for 60 h each, the tests were paused, and the
morphology of the solder joints was observed by SEM. The
intermetallic compounds (IMCs) inside the solder or at the
joint interfaces were analyzed by energy-dispersive X-ray
spectrometry (EDS) coupled with SEM. If significant dam-
age to the solder joints occurred, the resistance and tem-
perature of the solder joints would increase greatly, and the
experiment could not be further conducted, which would be
regarded as a failure of the device and the end of the test.

Results and Discussion

Thermal Fatigue Damage at a Relatively Low
Temperature Range

To enable a comparison and reveal the influence of the elec-
tric current, thermal cycling of a specimen was first con-
ducted in a temperature range of —30°C to 60°C with no
current. The morphology of the solder joints before the test
and after cycling for 180 h is shown in Fig. 2, in which the

Fig.2 Morphology of the solder joints (al-al0) before the test and (b1-b10) after thermal cycling at —30°C to 60°C for 180 h.
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digits are the serial number of the solder joint in Fig. 1. It
can be seen that for all the solder joints, strain concentration
appears in the solder near the solder/Cu interface, and plastic
deformation of the solder closer to the Cu is more severe,
which will ultimately result in interfacial fatigue cracks.
However, there is an obvious difference in the degree of
plastic deformation in different solder joints, which is related
to their different solder grain orientations.'® In addition, it
seems that generally the degree of plastic deformation of the
solder joint at the middle of the specimen is slightly lower
than that at the edge, because the thermal strain at the mid-
dle is lower. Compared with the solder joints subjected to
thermal cycling in a wider temperature range,*?! plastic
deformation of the solder joints under this test condition is
significantly lower. Even after thermal cycling for 180 h,
there is still little cracking around the joint interface, and the
interfacial plastic deformation is not significant. Since the

thermal fatigue mechanisms of the SnAgCu/Cu solder joints
have been revealed in depth, the thermal fatigue damage
process for each solder joint will not be presented.

T-E Coupling Damage at a Relatively Low
Temperature Range

Figure 3 shows the macroscopic morphology of the sol-
der joints subjected to T-E coupling tests under current
of 5 A and a thermal cycle at —30°C to 60°C. Before the
test, all the solder joints were smooth and flat, as shown
in Fig. 3a1-10. Although some microdefects were visible,
they did not affect the deformation behavior. After the elec-
tric current was applied, the peak temperature of the solder
joint increased to about 120°C while the ambient tempera-
ture was maintained at the peak temperature of 60°C, and
then slowly increased during the test process, as measured

Fig. 3 Morphology of the solder joints subjected to T-E coupling tests under current of 5 A and a thermal cycle at —30 to 60°C for (al-al0) O h,

(b1-b10) 120 h, and (c1-c10) 240 h.
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using an infrared thermometer. After T-E coupling testing
for 120 h, obvious plastic deformation was observed around
the solder/Cu interface, mainly at the LTCC sheet side, as
exhibited in Fig. 3b1-10, and the deformation degree was
obviously higher than that shown in Fig. 2b1-10. Since the
ambient temperature of the two tests is the same, it can be
inferred that the electric current has accelerated the damage
rate, likely because the current increased the temperature
of the solder and decreased its plastic deformation resist-
ance.”>?* However, no softening was apparent after testing
for 120 h. After T-E testing for 240 h, significant softening
occurred in the solder of all the solder joints, as shown in
Fig. 3c1-10, and the surface of the solder joints was quite
uneven. It seems that the solder had become very soft, and
its deformation behavior was similar to that of high-viscosity
fluids. To further analyze the T-E coupling damage mecha-
nisms, two solder joints were chosen as representative and
their damage processes are presented as follows.

Figure 4 shows the morphology of the No. 7 solder joint
in Fig. 3 after T-E coupling testing for different cycles.
Before the test, the surface of the solder is flat, as shown in
Fig. 4a. After testing for 60 h, the plastic deformation and
strain concentration have become visible (see Fig. 4b). After
120 h, the plastic deformation is quite obvious, and some
microcracks appear around the interfacial microdefects, as
shown in Fig. 4c. Then, the slip bands become clear at the
surface of the solder after testing for 180 h, and the plas-
tic deformation around the upper solder/Cu interface also
becomes significant (see Fig. 4d). Until then, the thermal
fatigue and interfacial plastic deformation of the solder are
still similar to those at room temperature, i.e., significant
softening of the solder has not occurred. However, after

testing for 240 h, the morphology of the solder joint is com-
pletely changed, as shown in Fig. 4e. The interfacial strain
concentration and the slip bands are no longer obvious, and
significant undulation appears over the whole solder surface,
indicating that the solder has become very soft, and thus sig-
nificant plastic deformation occurs within the whole solder
ball. As the significant change in solder joint morphology
occurs within 60 h, it can be concluded that the increase in
temperature develops very quickly, and the solder softens
rapidly when the interfacial damage increases to a certain
point. In the backscattered image, it can be seen that high-
density gray IMCs appear in the solder, as shown in Fig. 4f,
which were identified as CuySns by EDS and are the result
of the electromigration of Cu. Moreover, there is a sliding
region at the upper solder/Cu surface, and the content of
Cu,Snj; in this region is far lower, which corresponds to the
low electromigration rate in this region.!'®!®

The morphology of the No. 8 solder joint in Fig. 3 after
T-E coupling tests for different times is shown in Fig. 5. For
this solder joint, the T-E damage process is quite similar to
that shown in Fig. 4, and the plastic deformation is also con-
centrated around the solder/Cu interface at the LTCC sheet
side. To more clearly show the electromigration behavior,
the backscattered images of the solder joint tested for 180 h
and 240 h are shown in Fig. 5d and f, respectively. In Fig. 5d,
the content of CuySnj is still low, similar to that before the
test, demonstrating that before the temperature of the solder
increases to a certain degree, little electromigration of Cu
occurs in the solder. However, after only 60 h, the content of
CugSns is much higher. Based on that, it can be concluded
that most of the Cu electromigration occurs at the later stage,
when the temperature of the solder is high, because the high

Fig.4 Morphology of the No. 7 solder joint in Fig. 3 after T-E coupling testing for (a) O h, (b) 60 h, (c) 120 h, (d) 180 h, (e), and (f) 240 h.
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Fig.5 Morphology of the No. 8 solder joint in Fig. 3 after T-E coupling testing for (a) O h, (b) 60 h, (c), (d) 180 h, and (e), (f) 240 h.

temperature accelerates the electromigration. If the tempera-
ture is close to the melting point of the solder, even relatively
low current density can result in serious electromigration.

T-E Coupling Damage at a Relatively High
Temperature Range

To reveal the effect of peak temperature and temperature
range on the T-E coupling damage, a further T-E cou-
pling test was conducted in the range of —20°C to 80°C.
Figure 6 shows the macroscopic morphology of the solder
joints before and after the T-E coupling test at tempera-
tures of —20°C to 80°C. During the test process, the peak
temperature of the specimen increased to about 140°C at
the beginning and then increased gradually with increas-
ing cycles. Before the test (solder joints with “0 h” on the
left), the morphology of the solder joints was similar, all
of which were smooth and flat, with few defects, indicat-
ing high soldering quality. However, after cycling for only
60 h, the temperature increased to over 200°C, resulting in
significant softening of the solder. In addition, the surfaces
of the solder joints became uneven and developed a spheri-
cal shape. The deformation morphology differed among the
different solder joints, although some solder joints showed
similar deformation morphology; for example, solder joints
Nos. 4, 6, and 8 and solder joints Nos. 5 and 7 have a similar
appearance, which is attributable to the similar original grain
orientations and loading conditions.'*?* Compared with
some early thermal fatigue studies, the temperature range
of this study is lower, while the damage rate is even higher
and the solder joints are near failure after only 30 cycles.
Moreover, the damage rate is close to the solder joints under

the same current and a constant environmental temperature
of 120°C."7 In addition, the dark gray CusSns IMCs can
be observed in all the tested solder joints, and their con-
tent is increased compared with that in the solder before the
test, but is significantly different among the different solder
joints. To more accurately analyze the T-E coupling damage
mechanisms at the relatively high peak temperature, solder
joints No. 4 and No. 5 were selected as representative solder
joints for a more in-depth analysis.

The morphology of the No. 4 solder joint in Fig. 6 before
and after the T-E coupling test is shown in Fig. 7. It can be
seen that the polished surface before the test is very flat,
and almost no IMC is visible in the backscattered electron
image, as shown in Fig. 7a and b. After 60 h, obvious surface
undulations can be observed on the solder, with no obvious
slip bands, as shown in Fig. 7c, which is caused by softening
of the solder under high temperature, and the slip bands can-
not be formed. Compared with the specimens subjected to
thermal fatigue at lower temperatures, the interfacial strain
concentration is significantly lower, as softening of the sol-
der makes it more prone to overall deformation. In addition,
it can be seen in Fig. 7d and e that the CuySns IMC inside the
solder does not increase significantly. This is likely because
the solder grain orientation in this solder joint is not condu-
cive to Cu electromigration, and thus only a small amount of
Cu migrates into the solder because the electromigration of
Cu is almost suppressed when the current direction is nearly
perpendicular to the [001] crystal direction.'®!8

Figure 8 shows the morphology of the No. 5 solder joint
in Fig. 6 before and after the test, which is slightly differ-
ent from that shown in Fig. 7. At the left side of the solder
joint, the plastic deformation morphology is similar to that

@ Springer
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Fig. 6 Morphology of the solder joints (al—a8) before and (b1-b8) after T-E coupling tested under current of 5 A and a thermal cycle at —20 to
80°C for 60 h.

Fig.7 Morphology of the No. 4 solder joint in Fig. 6: (a) secondary electron image and (b) backscattered electron image before the test; (c) sec-
ondary electron image and (d) backscattered electron image after test for 60 h; (e) corrosion surface after the test.
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Fig. 8 Morphology of the No. 5 solder joint in Fig. 6: (a) secondary electron image and (b) backscattered electron image before the test; (c) sec-
ondary electron image and (d) backscattered electron image after testing for 60 h; (e) corrosion surface after the test.

shown in Fig. 7, while it seems that the plastic deformation
at the right side is far less significant (see Fig. 8c). The back-
scattered electron image of the solder joint after the test is
shown in Fig. 8d, in which high-density CusSns IMC grains
with a gray color can be observed. Figure 8e shows the cor-
roded solder surface, in which the CusSns IMC grains are
clearer, with much greater size and density than before the
test, indicating that a large amount of Cu has migrated into
the solder and forms the IMCs. The amount of CugSns IMC
at the left side is far lower. One reason for that may be that
the current density along the diagonal direction is higher.”
However, by comparing the No. 4 and No. 5 solder joints,
it is evident that the current density is not the major reason.
Rather, it is because the difference in the grain orientation
of the solder results in different deformation and electromi-
gration behaviors. At the same stress condition, the solder
grains with different orientations show different deformation
behavior and electromigration rates.'®'*** As Cu,Sns is a
hard and brittle IMC, the high-density CugSns constrains the
plastic deformation of the solder at the right side, resulting
in far less plastic deformation.

T-E Coupling Damage Mechanisms
and the Influence of Temperature

According to the results described above, it can first be con-
cluded that the thermal cycling and electric current interact
with each other and accelerate the coupling failure pro-
cess. An illustration of the T-E coupling damage process
and mechanisms of the solder joint is shown in Fig. 9, in
which the horizontal axis represents cycles or time, and the

vertical axis represents the peak temperature of the solder
joint and plastic deformation degree of the solder. When the
peak temperature of the thermal cycle is relatively low, the
T-E coupling damage behavior of the solder joint is similar
to the thermal fatigue behavior, because the electromigra-
tion is not obvious at low temperatures. Plastic deforma-
tion occurs in the solder and strain concentration around
the SAC/Cu interface is observed (see Fig. 9a). The higher
the temperature amplitude, the higher the cumulative rate of
plastic deformation and damage are. The solder grain ori-
entation also significantly affects the yielding behavior and
plastic deformation of the solder. In this stage, the current
can increase the temperature of the solder joint, and thus to
some extent can decrease the plastic deformation resistance
of the solder and increase the plastic deformation degree, as
shown by the thermal cycling (T,-T,) line and the thermal
cycling (T,—T,) 4+ current line.

With the gradual accumulation of thermal fatigue dam-
age, the resistance and temperature of the solder joint
increase, which increases the temperature, weakens the
deformation resistance of the solder, and accelerates the T-E
coupling damage, with the damage rate progressively higher
than the thermal fatigue. With the increase in temperature,
the electromigration rate also increases, and the effect of
grain orientation is the same as that under the single elec-
tromigration conditions.

As the strength of the solder decreases with increasing tem-
perature,”> once the damage in the solder joint increases to a
certain degree, the resistance heat induced by the current will
cause the temperature of the solder joint to reach the “soften-
ing temperature.” It should be noted that the temperature of the
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Fig.9 Illustration of the T-E coupling damage process and mechanisms of the solder joint: (a) thermal fatigue damage morphology, (b) thermal
cycling—current coupling damage morphology when the temperature is relatively high.

solder joints at the later stage of the T-E coupling tests in this
study were much higher than in previous reports. In this con-
dition, the interfacial strain concentration and the slip bands
are not obvious, and the deformation behavior of the solder is
similar to that of very high-viscosity fluids,?**’ forming undu-
lation over the entire solder surface (see Fig. 9b). If the peak
ambient temperature increases, the damage rate will obviously
increase, as illustrated by the thermal cycling (T,—T),)+ current
line and the thermal cycling (T,—T3) +current line. Moreover,
the electromigration rates of the solder grains with specific ori-
entations increase to a very high level, forming a large amount
of CugSns in the solder. The increase in IMCs in the solder
caused by electromigration will increase the resistance but
decrease the plastic deformation of the solder.

Interaction occurs between thermal cycling and the elec-
tric current. The current will increase the temperature of the
solder joint and decrease its plastic deformation resistance,
and in turn accelerate the plastic deformation. The thermal
cycling causes plastic deformation and damage, and thus
increases the resistance and temperature of the solder and
the electromigration rate. The electromigration promotes the
growth of IMCs inside the solder and at the solder/Cu inter-
face, which not only affects the mechanical properties of the
solder, but also further increases the resistance. In this way,
the thermal cycling and current interact with each other and
accelerate the coupling damage.

Conclusions
The T-E coupling damage mechanisms of the SnAgCu/

Cu solder joints were revealed in this study through in situ
comparative analysis. Based on the experimental results

@ Springer

and discussions above, the main conclusions can be drawn
as follows:

1. The current will increase the temperature of the solder
joint. While there is little difference between the T-E
coupling damage and thermal fatigue at the early stage
before a significant increase in temperature of the solder,
the damage rate is slightly higher, and the electromigra-
tion is not significant.

2. With an increase in thermal cycling, the damage in the
solder joint increases the resistance and temperature,
leading to further damage and temperature increase.
Once the temperature rises to the softening tempera-
ture of the solder, serious deformation of the solder is
observed, similar to that of high-viscosity fluids.

3. The thermal fatigue accelerates the T-E coupling dam-
age by increasing the resistance, and the current acceler-
ates it by increasing the temperature. The electromigra-
tion rate increases with increasing temperature. When
the peak temperature of the thermal cycle increases, the
T-E coupling damage rate increases significantly.
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