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The effect of moderate electric current density (1 x 10 to 3 x 10®> A/em?) on
the mechanical properties of Ni-P/Sn-3.5Ag/Ni-P and Ni/Sn-3.5Ag/Ni solder
joints was investigated using a microtensile test. Thermal aging was carried
out at 160°C for 100 h while the current was passed. The interfacial micro-
structure and intermetallic compound (IMC) growth were analyzed. It was
found that, at these levels of current density, there were no observable voids or
hillocks. Samples aged at 160°C without current stressing failed mostly inside
the bulk solder with significant prior plastic deformation. The passage of
current was found to cause brittle failure of the solder joints and this tendency
for brittle failure increased with increasing current density. Fractographic
analysis showed that, in most of the electrically stressed samples, fracture
occurred at the interface region between the solder and the joining metals. The
critical current density that caused brittle fracture was about 2 x 10% A/em?.
Once brittle fracture occurred, the tensile toughness, defined as the energy per
unit fractured area, was usually lower than ~5 kJ/m?, compared with the case
of ductile fracture where this value was typically greater than ~9 kJ/m?
When comparing the two types of joint, the brittle failure was found to be more
severe with the Ni than with the Ni-P joint. This work also found that the
passage of electric current affects the IMC growth rate more significantly in
the Ni than in the Ni-P joint. In the case of the Ni joint, the NizSn, IMC at the
anode side was appreciably thicker than that formed at the cathode side.
However, in the case of electroless Ni-P metallization, this difference was
much smaller.

Key words: Electromigration, lead-free solder, interfacial reactions,
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INTRODUCTION

The trend towards increasing input/output (I/0)
density requires finer pitch and smaller solder ball
size in flip-chip and ball grid array (BGA) packages.
As a result, the density of electric current passing
through the solder interconnects is increasing. High
current density poses the potential risk of electrical
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failure in solder joints due to electromigration. In an
actual flip-chip joint, for example, current crowding
may further increase the current density at the
corner of the solder near the pad metallization.?
So far, the majority of the research work on elec-
tromigration-induced package failure intentionally
used current densities on the order of 10* A/cm? in
order to observe package failure after a short period.
At this level of current density, voids and hillocks
can be observed at the cathode and anode sides,
respectively. However, this accelerated test may not
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be the best representation of what happens in an
actual package, in which the current density may be
lower. So far limited research has found that, even
at moderate current density (~10% A/em?), electro-
migration can stlll affect intermetallic compound
(IMC) formation.>* In a review article, Conrad®
presented several examples in which electrlc cur-
rent at the level of 10> A/em? influences IMC for-
mation, partlcle precipitation, recrystallization, and
grain coarsening in different material systems.® As
the microstructural changes affect the mechanical
properties of the solder joint, it is of great interest to
study the effect of electric current on the mechanical
properties of solder joints at moderate current
densities. A recent article by Ren et al.® showed
that, in a 95.55n-3.8Ag-0.7Cu solder joint with
copper wires, aging at 145°C coupled with the pas-
sage of a dlrect current at a density of 5 x 10% A/cm?
caused brittle failure at the cathode interface.
Ni-based metallizations, such as electrolessly
plated Ni-P alloy and high-purity electroplated Ni,
have been proven to have slower reactions with
high-Sn-containing lead-free solders than do copper
or copper-based metallizations. There have been
quite a number of studies on the morphology of the
interface IMC between Ni-based metallizations and
Sn- bearmg solders and the corresponding growth
kinetics.”'" Among the Ni-based metallizations,
electrolessly plated Ni-P is an amorphous alloy of
Ni, containing 6 wt.% to 13 wt.% P. This alloy has
attracted a great deal of attention in the electronic
packaging industry because of its low facility setup
cost, good selectivity, and the conformity of the
coatings. On the other hand, electroplated pure Ni
has also been widely used as a substrate metalli-
zation because of its fast plating rate and the sta-
bility of plating quality. In this study, the effect of
electric current on the interfacial microstructure
and tensile joint strength of electroless Ni-P and Ni
with lead-free Sn-3.5Ag solder was investigated
with particular 1nterest on the effect of moderate
current stressing (~10% A/cm?). The samples pre-
pared were aged at 160°C for 100 h at a current
density of 1 x 10% A/em? 2 x 10° A/em?, or
3 x 10° A/em?. After thermal aging, tensile testlng
was performed. Interfacial microstructure and
fractographic analyses were carried out using a
scanning electron microscope. Emphasis was placed
on the relation between current density and
mechanical degradation of the solder joint. It is
noted that studies on joint strength have mainly
been carried out by shear testing in the past'®'? due
to the ease of this testing approach Our group
started using microtensile testlng to assess
joint strength degradation. Tensile testing can bet-
ter preserve the fractured surface for subsequent
fractographic analysis. In addition, since the stress
distribution in all interface layers is the same, ten-
sile testing can be used to reveal the weakest layer
or interface better than shear testing. Therefore
from the point of view of studying the failure

mechanism, microtensile testing has an advantage
over shear testing.

EXPERIMENTAL PROCEDURE

Microtensile test samples with either Ni-P or Ni
metallizations, joined by lead-free Sn-3.5Ag solder,
were prepared followmg the procedure described in
our previous work.?® The electroless Ni-P/Sn-3.5Ag
test samples were prepared by first plating elec-
troless Ni-P (16 at.% P, 9.9 ym thick) and immer-
sion Au (~50 nm) on a surface-cleaned Cu plate
(purity 99.98 wt.%). Two pieces of 6-mm-thick
plates were joined using Sn-3.5Ag solder wires at
250°C for 60 s. The joined plates were cut through
their thickness into many small pieces of Ni-P/
Sn-3.5Ag/Ni-P samples using a diamond saw cutter.
First, the joined plate was cut into thin slices along
one of the directions in the plane of the plate (say,
the x-axis of the x—y plane). Then the thin slices
were cut again along the y-axis to produce many
microtensile test samples. In order to ensure min-
imum damage to the sample during cutting, the
thin slices produced during the first cutting were
glued together by a room-temperature-cure adhe-
sive before the second cutting. The adhesive can be
easily removed by soaking in acetone afterwards.
The dimensions of the final test samples are shown
in Fig. 1a. For the Ni/Sn-3.5Ag/Ni samples, a sim-
ilar preparation method was followed using Ni
plates (purity 99.98 wt.%) instead of Cu plates.
Immersion Au was also plated on the etched and
cleaned Ni plate surface before the joining.
Figure 1b shows a schematic diagram of the
Ni/Sn-3.5Ag/Ni test samples.

The as-prepared samples were heated in an oven at
160°C for 100 h with a direct electrlc current apphed
at a den51ty of 1 x 10 A/em?, 2 x 10® A/em?, or
3 x 10> A/em®. For comparison, samples aged at
160°C for 100 h without passing a current were also
prepared. After the aging treatment, samples were
removed from the oven and cooled in air to room
temperature.

Electroless Ni-P

(a)
600 pwm &2
Ni | . Ni UI“O Hm
pm—
6 mm 650 um Sn-3.5Ag
(b)

Fig. 1. Schematic diagram of (a) Ni-P/Sn-3.5Ag/Ni-P and (b)
Ni/Sn-3.5Ag/Ni microtensile samples.
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The applied electric current results in dJoule
heating, hence the increase in temperature due to
electrical stressing was measured with the help of a
thermocouple adhered to the joint interface region.
For all our experiments, the increase in tempera-
ture was small. A maximum increase of around 5°C
was observed at the highest (3 x 103 A/em?) current
density. This small increase in temperature due to
the passage of electric current was negligible com-
pared with the thermal aging temperature of 160°C.

Tensile testing was performed wusing an
INSTRON 5567 mechanical tester. Five samples for
each condition were tested at room temperature
with a constant crosshead speed of 0.05 mm/min.
The load—displacement curve was recorded for each
test. The tensile strength was given by the maxi-
mum load divided by the measured cross-sectional
area of the solder joint. The fracture energy was
obtained by the area under the load—displacement
curve up to the point of specimen separation. Ten-
sile toughness was defined as the fracture energy
per unit cross-sectional area of test sample. This
term is used to differentiate it from another term,
fracture toughness, which has been well defined in
fracture mechanics.

A JEOL JSM-6360A scanning electron microscope
(SEM) was used for microstructure and fracto-
graphic analyses. For the cross-sectional SEM, the
samples were cold-mounted in epoxy and polished
down to a 1-um finish. After polishing, solder etching
was carried out with 4 vol.% HCI acid for a few sec-
onds to reveal the microstructure. Energy-dispersive
x-ray (EDX) spectroscopy was performed in the SEM
to analyze chemical composition. Image processing
and analysis software was used to measure the area
and length of the IMC layer from the SEM images.
The average thickness of the IMC layer was deter-
mined by dividing the area by the length. In the
samples aged by passing a current, the thickness
was measured at both the anode-side interface
(where electrons flow from solder to metallization)
and the cathode-side interface (where electrons flow
from metallization to solder). In the samples aged
without current passing, the IMC thickness at both
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the interfaces were nearly the same; therefore the
average value of both sides was reported.

RESULTS AND ANALYSIS
Tensile Testing

Figure 2 shows the tensile strength of Ni-P/
Sn-3.5Ag/Ni-P and Ni/Sn-3.5Ag/Ni joints as a func-
tion of current density. Thermal aging without the
passage of current is counted as zero current den-
sity. Both individual strengths and the average
value are provided in the same plot. Both types of
joints showed a large variation at a current density
of 2 x 10® A/em? and 3 x 10% A/em® When the
variation was large, the average strength of only
five specimens may not be very meaningful. Thus
detailed analysis of the fracture mode and the
fracture energy of individual test samples is needed.
With thermal aging only and with a low current
density of 1 x 10®> A/em?, the five data points were
relatively close, making the average value mean-
ingful. The average tensile strength of both types of
joints was ~50 MPa without current stressing. It
increased slightly for the Ni-P solder joint but
declined slightly for the Ni solder joint from no
current to 1 x 10® A/em?.

The fracture energy of the solder joints is plotted
as a function of current density in Fig. 3. For the
Ni-P joint, the samples aged without current stressing
and those with 1 x 10® A/em? current density
showed consistent fracture energy in the group.
A large amount of data scatter occurred at the
2 x 10% A/em? and 3 x 103 A/em? current densities.
For the Ni joint, a large variation appeared in the
no-current and low-current-density (1 x 10° A/cm?)
groups (Fig. 3b). For the high-current-density
groups (2 x 10> A/em?® and 3 x 10% A/em?), the
fracture energy was consistently low, thus with a
small variation within the groups. The general
trend is for the average fracture energy of both
types of solder joints to decrease with increasing
current density. Although the strength data
(Fig. 2b) showed a small variation of the Ni solder
joint for the sample that was aged only thermally
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Fig. 2. Tensile strength of (a) Ni-P/Sn-3.5Ag/Ni-P and (b) Ni/Sn-3.5Ag/Ni solder joints as a function of current density.
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Fig. 3. Fracture energy of (a) Ni-P/Sn-3.5Ag/Ni-P and (b) Ni/Sn-3.5Ag/Ni solder joints as a function of current density.

(a) 25 T T T T T T
20 k
15 k

10 A k

Load (N)

5_ .

0 T T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Extension (mm)

(b)25

20 A

15

Load (N)

0 T T T
0.00 0.05

. . . —
0.10 0.15 0.20 0.25 0.30 0.35
Extension (mm)

Fig. 4. Load—displacement curves of the Ni-P/Sn-3.5Ag/Ni-P solder joints aged with (a) 1 x 10 A/cm? and (b) 3 x 10® A/lcm? current densities.
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Fig. 5. Load—displacement curves of the Ni/Sn-3.5Ag/Ni solder joints aged with (a) 1 x 10® A/cm? and (b) 2 x 10® A/cm? current densities.

and the low-current-density group, the fracture
energy showed the opposite effect. Therefore to
understand the mechanical behavior fully, the full
load—displacement history has to be analyzed.
Figure 4 displays the load—displacement curves of
the five Ni-P samples tested at 1 x 10> A/em? and
3 x 103 A/em?. The curves for the aged-only sam-
ples exhibit similar patterns to those shown in
Fig. 4a, and thus Fig. 4a also represents the test
record of the no-current samples. Basically in both
the no-current and low-current-density groups, all
tested samples exhibited significant amounts of

plastic deformation in the solder prior to fracture.
This is verified later in the fractured sample images.
In Fig. 4b, however, it is clear that, out of five tested
samples, only three remained ductile. The other two
broke at a much lower strength and ductility,
leading to brittle behavior with lower fracture
energies. The representative curves for the Ni
solder joints shown in Fig. 5, however, exhibit
different patterns. In the no-current and low-
current-density groups (1 x 10* A/em?), two sam-
ples in each group displayed brittle behavior
(Figs. 5a and 3b) even though their breaking load
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remained high (Figs. 5a and 2b). In the high-cur-
rent-density groups, all five samples exhibited little
deformation prior to failure (Fig. 5b).

Overall, it was observed that, for ductile fracture
of both types of solder joints, the fracture energy is
above 3.5 N mm, which gives rise to a tensile
toughness equal to or greater than ~9 kJ/m2. On
the other hand, in brittle fracture the energy is
consistently lower than 2.0 N mm, translating into
a tensile toughness of less than ~5 kJ/m?.

Fracture Path Analysis

In all the Ni-P/Sn-3.5Ag/Ni-P samples aged
without current or with low current density (1 x
10® A/em?), failure was ductile and the fracture path
was inside the bulk solder (Fig. 6). However in the
case of higher current densities (2 x 10> A/em? and
3 x 103 A/em?), two out of the five samples exhib-
ited brittle failure. In the case of brittle failure, the
fracture was primarily at the NizSn,/Sn-3.5Ag
interface (Fig. 7). The broken interface was
observed at both the cathode side and the anode
side, therefore it appears there is no clear polarity
effect at this current density level. This point needs
further clarification using a larger number of sam-
ples for each condition, which was not done in the
current study. Figure 8 shows a top view of the
broken surfaces of the same sample shown in Fig. 7.
The separation between equiaxial NizSny particles
and the solder matrix is clearly observable, leaving
large shallow dimples at the interface.

In the case of the Ni/Sn-3.5Ag/Ni samples, three
of the five samples that were aged without passing
current exhibited ductile fracture inside the bulk
solder (Fig.9), whereas the other two exhibited
brittle fracture at the solder/IMC interface region
(Fig. 10). The fracture path was found to be a com-
bination of solder/IMC interface, inside the IMC
layer, and IMC/Ni interface. A similar pattern was
found in the samples from the low-current-density
(1 x 10> A/em?) group. The tendency for brittle
fracture increased with increasing current density.
All five samples that were aged with the current
densities of 2 x 10> A/em® and 3 x 10® A/em?®
exhibited brittle fracture with low fracture energy
(Fig. 11). Similar to the Ni-P/Sn-3.5Ag/Ni-P sam-
ples, fracture at both the cathode and anode ends
was observed. Due to the small number of samples
tested, no conclusion on polarity effect could be
made for the brittle failure of Ni/Sn-3.5Ag/Ni joints.

Microstructure Analysis

Figure 12 shows cross-sectional SEM images of
electroless Ni-P/Sn-3.5Ag interfaces for the sample
aged at 160°C for 100 h without current stressing.
Both NisSny and NisP compounds formed during
the aging process. The interface between the NizSny,
IMC and the Sn-3.5Ag solder was very uneven,
typical of Ni-P/Sn-3.5Ag reaction. In the electrically
stressed sample (Fig. 13), the same compounds
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*8Sn-3.5Ag

Anode ¢———————— Cathode

15kU X188 188nm 14 43 BEC

Fig. 6. SEM image showing fracture in the Ni-P/Sn-3.5Ag/Ni-P
sample aged at 160°C for 100 h with a current of 1 x 10® A/cm?
density. Neck formation in the bulk solder indicates ductile failure of
the solder joint.

Sn-3.5Ag

Anode <+ Cathode

15kU X188 188xmm 14 43 BEC

Fig. 7. SEM image showing brittle fracture in the Ni-P/Sn-3.5Ag/Ni-P
sample aged at 160°C for 100 h with current density 3 x 10% A/cm?.
The brittle failure occurred at the NizSn,/Sn-3.5Ag interface.

(NisSn, and NisP) were observed and the NisSny/
Sn-3.5Ag interface was very rough, too. No signifi-
cant difference was observed in the thickness and
shape of NizgSn, IMCs at the anode and cathode
side.

In the case of the Ni/Sn-3.5Ag/Ni joint, only one
IMC, NisSn,, was present at the interface. Com-
pared with the electroless Ni-P/Sn-3.5Ag samples,
the Ni3Sny/Sn-3.5Ag interface was relatively
smooth. Another difference observed was the
greater thickness of NigSn, IMC grown at the anode
side Ni/Sn-3.5Ag interface than that of NizSn, IMC
at the cathode side. This is clearly observable by
comparing the interface without current (Fig. 14)
and the one with current passing (Fig. 15).

The measured thickness of NigSng IMC in the
samples aged at 160°C for 100 h, as a function of
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Fig. 8. Top view of the fracture surfaces of the sample shown in Fig. 7: (a
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Fig. 9. Fracture in the Ni/Sn-3.5Ag/Ni sample aged at 160°C for
100 h without current, showing ductile failure inside the bulk solder.

current density is shown in Fig. 16. Electric current
influenced the NizgSny, IMC growth significantly in
the Ni/Sn-3.5Ag/Ni sample (Fig. 16b), whereas its
effect was small or nearly negligible in the Ni-P/
Sn-3.5Ag/Ni-P sample (Fig. 16a). In the Ni samples,
the thickness of NizSny IMC that formed at the
anode side Ni/Sn-3.5Ag interface increased with

= Sy

Cathode

X188 188xnm Z8 48 SEI

Fig. 11. SEM images showing fracture in the Ni/Sn-3.5Ag/Ni joint
after a%ing at 160°C for 100 h with passage of a current density of
2 x 10° Alem?.

increasing current density, whereas the thickness of
NisSn, IMC that formed at the cathode side Ni/Sn-
3.5Ag interface decreased slightly with current
density. On the other hand, in the electroless Ni-P/
Sn-3.5Ag samples, no significant difference was

Fig. 10. Fracture surfaces of the broken Ni/Sn-3.5Ag/Ni joint after aging at 160°C for 100 h without current. Observed from (a) the solder side
and (b) the Ni side. The brittle fracture takes a combined path of Sn-3.5Ag/Ni3Sn,, within NizSn, layer, and NizSny/Ni. The inset shows a
magnified view of NizSn, IMCs.
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Fig. 12. Cross-sectional SEM images of Ni-P/Sn-3.5Ag/Ni-P interfaces of the sample aged at 160°C for 100 h without current. An example of (a)

the left-hand side and (b) the right-hand side of the same joint.
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Fig. 13. Cross-sectional SEM images of Ni-P/Sn-3.5Ag/Ni-P interfaces of the sample aged at 160°C for 100 h with passage of current density of

2 x 10® A/lcm?: (a) anode side and (b) cathode side.

“ 3 ‘:.." f

Fig. 14. Cross-sectional SEM images of Ni/Sn-3.5Ag/Ni interfaces of the sample aged at 160°C for 100 h without current. An example of (a) left-
hand side and (b) right-hand side interface.

observed in the thickness of NizSn, IMC grown at
both anode and cathode sides.

DISCUSSION

Effect of Electromigration on the Mechanical
Properties of Solder Joints

In the current study, although no void and hillock
formation was observed, the passage of electric
current during aging treatment clearly had an

impact on the mechanical performance of the solder
joint. It was found that an electric current density of
2 x 10® A/lem? was sufficient to embrittle the solder
joints. In both types of joints, the fracture mode
exhibited a general trend for transition from ductile
bulk solder failure to brittle interface failure with
increasing current density. Based on the current
work, the brittle interface failure could be due to
two possible causes. One is that the interface
has been weakened considerably due to extended
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(a) anode side and (b) cathode side.
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Fig. 16. Thickness of NizSn, IMC in the (a) Ni-P/Sn-3.5Ag and (b) Ni/Sn-3.5Ag joints aged at 160°C for 100 h, as a function of current density.

interface reaction, which leads to the decrease in
both strength and fracture energy (e.g., Figs. 4b and
7). Indeed there is plenty of evidence for interface
strength degradation with either extended aging or
reflow.?°2¢ The interface reaction was found to
smoothen the interface and/or generate interface
voids, causing the degradation. The passage of
electric current is likely to aid interdiffusion during
the interface reaction, expediting the degradation
process. This kind of degradation could happen well
before electromigration-induced voiding and can be
very well revealed by the microtensile test used in
our work.

The other cause could be the relative increase in
bulk solder strength while the interface strength re-
mains high. In other words, the interface is compar-
atively weakened. Comparing Fig. 5aandb, itis clear
that some of the brittle fracture occurred at higher
breaking loads than the bulk solder failure, but the
energy under the load-displacement curves was
much lower. Indeed it has been reported before that
bulk solder strength can increase with thermal aging
time when the aging temperature is no more than
160°C?® or with reflow duration within a relatively
short duration.?” There has been no sound explana-
tion for this increase so far, but we believe that it
could be explained by increased dissolution of
metallization metals into the bulk solder. Upon
cooling, a greater volume fraction of IMC particles

will precipitate out in the solder matrix, leading to an
increase in solder strength. The passage of current
assists the dissolution of metal pad into the solder
matrix, thus increasing the bulk solder strength. In
such a case, brittle fracture could happen at rela-
tively high strength but low fracture energy.

The Ni solder joint was found to be less reliable
compared with the electroless Ni-P solder joint; for
example, among the thermally aged samples,
although both types of joints had similar strength,
some Ni/solder joints showed brittle interface fail-
ure with lower toughness, while no Ni-P joint
exhibited such brittle failure. With current stress-
ing at relatively high densities, all the Ni joints
showed brittle failure, but some Ni-P joints
remained ductile. This indicates that the interface
in the Ni-P/Sn-3.5Ag solder joint possesses a greater
resistance to thermal and electromigration degra-
dation. Microstructure analyses of the interface
revealed the presence of a relatively smooth NigSn,/
solder interface (Figs. 14 and 15) at the Ni/Sn-3.5Ag
joint interface. Since a smooth NizSn,/solder inter-
face implies low mechanical interlocking, low initial
interfacial toughness and faster degradation of the
Ni/Sn-3.5Ag solder joint can be explained. On the
other hand, the rough NisSn,/Sn-3.5Ag interface
formed in the case of electroless Ni-P metallization
delays the electric-current-induced brittle failure of
the electroless Ni-P/Sn-3.5Ag solder joint.
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At this moderate current density (~10% A/em?),
solder joint degradation has been clearly observed,
but what happens at the microscopic level of the
solder joint that has led to the degradation is still
not clear. It is very tempting to suggest that, despite
the fact that no voids or hillocks are formed at this
level of current stressing, micropores, which are not
observable by SEM, may still exist. If this is true,
then the weakening should happen at the cathode
end of the joint where these tiny voids would form.
This will lead to the so-called polarity effect which
has been exemplified by many researchers®?
using current density on the order of 10* A/cm?. The
lowest current density reported so far to cause
brittle fracture with a clear polarity effect was
5 x 10 A/em?, which was found by Ren et al. in the
Cu/95.5Sn-3.8Ag-0.7Cu solder joint.® In our work,
although embrittlement caused by current stressing
was confirmed, no polarity effect was observed at
current densities up to 3 x 10> A/em?. Therefore,
there might be other mechanisms of degradation in
addition to the formation of micropores that causes
the brittle fracture. We expect that, if the current
density is further increased, a polarity effect might
be present in our Ni-P and Ni joints as well, as in
the case of Ren et al.® Understandably, since the
Cu/Sn reaction is much faster than that of Ni/Sn,
the critical current density to observe the polarity
effect for the Ni-based joint might be higher than
5 x 10*> A/em?. The importance of this work is to
have revealed that, even before the polarity effect is
dominant, electric current may have already caused
solder joint degradation. The degradation mecha-
nisms under this moderate current stressing range
could be a complicated combination of several fac-
tors and requires further investigation.

Effect of Electric Current on NizgSny IMC
Growth

In several studies, electromigration has been
reported to have affected the interfacial reactions in
various metallic systems in terms of phase forma-
tion and IMC growth. In the current work, electro-
migration was also found to affect the growth of
NisSn, IMCs in the Ni/Sn-3.5Ag sample (Fig. 16b);
however, such an electromigration effect was rela-
tively small or negligible in the Ni-P/Sn-3.5Ag
sample (Fig. 16a). Moreover, the current passage
did not change the type of IMC formed: the same
IMC(s) formed during aging with or without electric
current.

The growth of IMCs in a UBM/solder joint de-
pends upon the direction of the atomic fluxes at the
reaction interface. If atomic fluxes flowing toward
the reaction interface are larger than the fluxes
flowing outward, then the IMC grows; otherwise, it
shrinks. Electromigration influences the atomic flux
of species in heterogeneous materials systems; in
most systems, electromigration increases the atomic
flux of species when electrons flow in the direction of
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species diffusion driven by a concentration gradient,
whereas it reduces the atomic flux of species when
electrons flow in the opposite direction. In this
study, it was observed that, in the Ni/Sn-3.5Ag sol-
der joint, electromigration increases the NiszSny
growth at the anode-side interface with increasing
current density, whereas it suppresses the NizSn,
growth at the cathode-side interface (Fig. 16b).
A similar electromigration effect on the growth of
NizSny IMCs in the Ni/Sn-3.5Ag solder joint during
aging at different temperatures was observed by
Chen and Chen.? They found that electromigration
influences the Sn flux through NisSn,, whereas it
does not have a significant affect on the Ni flux
through NigSn,. Thus in the Ni/Sn-3.5Ag solder
joint, electromigration enhances the NizSny growth
at the anode-side interface by increasing the influx
of Sn, whereas it suppresses the NizSn, growth
at the cathode-side interface by reducing the influx
of Sn.

On the other hand, in the electroless Ni-P/
Sn-3.5Ag system, as reported in our previous work,>!
NisSn, grows at the interface between itself and a
ternary Ni-Sn-P compound. Ni comes from the
electroless Ni-P layer through the NigP and Ni-Sn-P
layers and Sn comes from the solder through the
NisSn, layer. The presence of NisP and Ni-Sn-P
layers between electroless Ni-P and NisSny layers
plays an important role in defining the effect of
electromigration on NizSny growth. During the
passage of electron current through the Ni-P/
Sn-3.5Ag/Ni-P joint, at the anode-side interface,
electromigration enhances the Sn flux through
NisSn, but retards the Ni flux through NisP,
whereas at the cathode-side interface it retards the
Sn flux but enhances the Ni flux. As a result, the net
effect of electromigration on NizSn, growth in the
Ni-P/Sn-3.5Ag/Ni-P solder joint is very limited.

CONCLUSIONS

In this study, the effect of moderate electric cur-
rent density (~10% A/cm?) on the mechanical prop-
erties and interfacial microstructure of Ni-P/
Sn-3.5Ag/Ni-P and Ni/Sn-3.5Ag/Ni solder joints was
investigated. The following conclusions can be
drawn from this study:

1. Electric current induces brittle failure in both
types of solder joints. The tendency for brittle
failure increases with increasing current density.
Under our test conditions, it was found that a
current density at 2 x 10® A/em? is sufficient to
embrittle the solder joints. Below this density,
there is no significant embrittlement effect.

2. The brittle fracture at the interface may be
caused by either absolute degradation of the
interface, or relative increase in the bulk solder
strength, making the interface relatively weak.
In this work, the interface in the Ni/Sn-3.5Ag/Ni
solder joint was found to be relatively weak as
compared with the Ni-P/Sn-3.5Ag/Ni-P solder
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joint. In the Ni/Sn-3.5Ag/Ni joint, the brittle
fracture followed a mixed crack propagation path
through different interfaces, while in the case of
the Ni-P/Sn-3.5Ag/Ni-P joint, the brittle frac-
tures occurred mainly at the NizgSn, IMC/solder
interface. The fracture energy decreased more
rapidly with the Ni joint as compared with the
Ni-P joint. Overall, it has been observed that, for
ductile fracture of both types of solder joints, the
tensile toughness is greater than ~9 kJ/m? while
that for brittle fracture is less than ~5 kJ/m?.

3. The effect of electromigration on IMC growth
depends on the type of metallization. In the case
of Ni metallization, NizSn, IMC grows faster at
the anode side than at the cathode side. In the
case of electroless Ni-P metallization, electric
current does not have a significant effect on
NizSny growth.
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