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Effects of Cu doping on the microstructural evolution in the eutectic SnBi
solder stripes under annealing and current stressing were investigated.
Coarsening of the Bi grains was observed in the eutectic SnBi solder upon
annealing at 85�C. Doping of 1 wt.% Cu could significantly reduce the grain
coarsening rate from 2.8 to 0.5 lm3/h. In addition to grain coarsening, mass
accumulation of Bi at the anode and solder depletion at the cathode of the
eutectic SnBi solder stripe stressed by a current of 1.3 · 104 A/cm2 at 85�C
were also observed. Doping of 1 wt.% Cu could also reduce the grain coars-
ening of the solder under current stressing; however, it resulted in an
enhancement of the electromigration effect. Accumulation of Bi at the anode
and the solder depletion at the cathode became more severe in the Cu-doped
solder stripe.
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INTRODUCTION

Due to the detrimental impact of Pb toxicity on
the environment and human health, searching for a
proper Pb-free solder to replace the Pb-containing
solder is an urgent issue in electronic packaging.
With a lower melting point and coefficient of ther-
mal expansion (CTE) in comparison with the
eutectic SnPb alloy, the eutectic SnBi alloy
(Sn-58 wt.% Bi) is a highly potential replacement,
and is especially recommended to apply to the pro-
cesses that are sensitive to temperature or thermal
damage.1 The eutectic SnBi solder has an undesired
characteristic of the microstructural instability that
can lead to a severe grain coarsening at elevated
temperatures, resulting in a degradation of the
mechanical properties. However, the severe grain
coarsening can be significantly improved by doping
small amounts of alloying element into the solder.

Miao et al.2 found that the grain size in the solder
doped with 1 wt.% Cu after a long-term annealing
was quite uniform and much smaller compared to
the eutectic SnBi solder. However, in their study,
only microstructural examinations were conducted
and no information on the kinetic analysis of the
grain coarsening behavior was available.

Miniaturization is another important issue in
electronic packaging. However, as the scale of the
solder joint reduces to a level at which the average
current density in the solder joint reaches 103 to
104 A/cm2, electromigration may become a serious
reliability concern. Electromigration refers to the
phenomenon of atomic movement along the direc-
tion of electron flow.3 Relevant studies indicate that
electromigration can induce significant microstruc-
tural changes and different intermetallic growth in
the solder joint systems.4–13 The microstructural
changes include void nucleation and propagation,
hillock formation, and phase segregation. In
the eutectic SnPb solder, it was found that
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electromigration could force Pb atoms to migrate
along the direction of electron flow and accumulate
at the anode side.6,8 On the contrary, Sn atoms
moved in the opposite direction and segregated at
the cathode side. The eutectic SnBi solder also
exhibited a similar electromigration behavior, i.e.
mass accumulation of Bi was observed at the anode
side and a Sn-rich region was formed at the cathode
side.11,12 Yang et al.11 inferred that Bi atoms be-
haved like Pb in eutectic SnPb solder, which would
migrate along the direction of electron flow toward
the anode side and accumulate there.

The improvement of microstructural instability of
the eutectic SnBi solder by doping Cu has been
reported as mentioned above, but the relevant
kinetic information is unavailable. The first aim of
this study was to conduct the kinetic analysis of the
grain coarsening behaviors in the eutectic SnBi
solder without and with the doping of Cu. Compar-
isons of the microstructures and the kinetic analysis
between these two solders under annealing was also
made to have a detailed understanding of the effects
of Cu doping. Electromigration behaviors of the
eutectic SnBi solder have been reported previ-
ously,11,12 but the solder doped with Cu is not
studied yet. Since the Cu doping has a significant
effect on the microstructural evolution in the
eutectic SnBi solder, it may affect the Bi diffusion
and lead to a different electromigration behavior.
Therefore, the second aim of this present study was
to investigate the effects of Cu doping on the elec-
tromigration behaviors of the eutectic SnBi solder.

EXPERIMENTAL PROCEDURES

Figure 1a shows the schematic diagram of the
specimen for both the annealing and electromigra-
tion tests. A bi-layer of Ta/Cu thin film was depos-
ited on an oxidized Si wafer using electron beam
evaporation. The thickness of Ta and Cu was 200
and 4,000 Å, respectively. By using photolithogra-
phy and lift-off technique, a Ta/Cu stripe with
square pads at the two ends was patterned. The
dimension of the stripe was 10 mm in length and
300 lm in width. The Cu stripe was coated with
flux. Then a tiny solder piece was placed on the
center of the stripe. Two types of the solder alloys,
the eutectic SnBi (Sn-58 wt.% Bi) and that doped
with 1 wt.% Cu (Sn-57 wt.% Bi-1 wt.% Cu), were
prepared. After reflow for 3 min, the solder piece
transformed into a bump on the Cu stripe. The
reflow temperatures for the Sn-58 wt.% Bi and
Sn-57 wt.% Bi-1 wt.% Cu solders were 160�C and
200�C, respectively. The solder bump was polished
down using ultra-fine sandpapers and 0.3 lm Al2O3

suspension. After careful polishing, a solder stripe
with approximately 20 lm thickness was fabricated
on the Cu stripe. Figure 1b shows the plan-view
scanning electron microscopy (SEM) image of
eutectic SnBi solder stripe. The length of the sol-
der stripe is around 1,000 lm. To reveal the

microstructure of the solder/Cu contact interface,
the solder stripe was cross-sectioned in a direction
perpendicular to the stripe length using sandpapers
and Al2O3 suspensions. For a better observation of
the cross section, the specimen was dipped into an
etching solution of 2%HCl + 5%HNO3 + 93%-
CH3OH for 10 sec to remove part of the Sn matrix.
Figure 1c shows the cross-sectional SEM image of
the solder/Cu interface, which reveals that the Cu
layer underneath the solder is entirely reacted and
transformed into the Cu6Sn5 intermetallic layer.
The thickness of the Cu6Sn5 layer is about 1 lm.
The solder stripe presents a two-phase microstruc-
ture where the bright Bi-rich phase is dispersed
randomly in the continuous dark Sn-rich matrix.

To perform the annealing test, the specimens
were put into a furnace set at 85�C for 24 to 240 h.
For the electromigration test, a DC power supply
was connected to the Cu stripe at its two end pads. A
thermocouple was attached on the Cu stripe. By
turning on the power supply, an electric current of

Fig. 1. (a) Schematic diagram of the specimens for annealing and
electromigration tests. (b) Plan-view and (c) cross-sectional SEM
images of the eutectic SnBi solder stripe.
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0.8 A passed through the Cu stripe. At the center of
the Cu stripe, most of the electric current passed
through the solder stripe due to its lower resistance
compared to the thin Cu6Sn5 and Ta layers. By
comparing the resistance of these three parallel
materials, the effective current density in the solder
stripe was calculated to be 1.3 · 104 A/cm2. After
the power supply was turned on, the Cu stripe was
heated due to Joule heating. The thermocouple
revealed that the temperature stayed around
85 ± 3 �C after 10 min of current stressing. The
stressing time was set from 24 to 240 h. After
annealing and current stressing, the solder stripes
were slightly polished to remove the oxidant
surface, so that a clear microstructure could be
observed using SEM. Composition analysis was
carried out using energy dispersive x-ray analyzer
(EDX). Size measurements were performed using
an image processing system.

RESULTS AND DISCUSSION

Effects of Cu Doping under Annealing

Figure 2 shows the enlarged plan-view SEM
images of one end of the as-fabricated solder stripes,
where (a) and (b) represent Sn-58 wt.%Bi and
Sn-57 wt.%Bi-1 wt.%Cu, respectively. Since the
microstructures were similar for the two ends of

the solder stripes, the microstructure of only one
end was shown. In these two solders, the Bi grains
were uniformly distributed in the Sn matrix. Finer
grain microstructure was found in the Cu-doped
solder. After annealing at 85�C for 240 h, the Bi
grains in these two solders coarsened as shown in
Fig. 3. In Fig. 3b, it was also found that many small
Cu6Sn5 particles precipitated inside the Cu-doped
solder. These Cu6Sn5 particles were marked by
white circles for recognition since its color was quite
similar to the Sn matrix. The grain coarsening of Bi
in the Cu-doped solder was not as significant as that
in the eutectic SnBi solder. This observation was
similar to the results reported by Miao et al.,2 which
also found a finer microstructure of the Bi grains in
the Cu-doped SnBi solder after solid-state annealing.

In a two-phase alloy, a high density of small
grains tends to coarsen into a lower density of larger
grains, so as to reduce the overall interfacial area as
well as the interfacial free energy. Therefore, the
total number of grains decreases and the average
radius (r) of the grains increases upon increasing
the annealing time. Generally, the grain coarsening
obeys the following relationship:14

rð Þ3 � r0ð Þ3 ¼ kt ð1Þ

where r0 is the average radius of the grain at
annealing time t = 0 and k is the coarsening rate

Fig. 2. Plan-view SEM images of one end of the as-fabricated
Sn-58 wt.% Bi and Sn-57 wt.%Bi-1 wt.%Cu solder stripes.

Fig. 3. SEM images of the (a) Sn-58 wt.%Bi and (b) Sn-57 wt.%
Bi-1 wt.%Cu solder stripes after annealing at 85 �C for 240 h.
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constant. The shape of the Bi grains was very non-
uniform which made its radius difficult to measure.
But for simplification, the Bi grains were taken as
spheres. First, the overall cross-sectional area of the
Bi grains on the stripe surface was measured. Then
by dividing the overall area by the total grain
number, the average cross-sectional area of the Bi
grain was obtained. The average area was assumed
to be equal to pr2 and the average radius (r) was
calculated. The average radii of the Bi grains after
various annealing times were calculated and the
results were shown by the hollow symbols in Fig. 4.
To confirm the validity of Eq. 1, Fig. 4 was gener-
ated by taking rð Þ3 � r0ð Þ3 along the vertical axis
and annealing time, t, along the transverse axis.
The results of the linear fits indicated that the grain
coarsening of Bi approximately followed Eq. 1. The
slopes of the linear fit, i.e. the coarsening rate con-
stants, k, were calculated and listed in Table I. The
value of k was reduced from 2.8 to 0.5 lm3/h when
the eutectic SnBi solder was doped with 1 wt.% Cu,
which indicated that small amounts of Cu doping
could significantly reduce the grain coarsening rate
of Bi. As shown in Fig. 3b, the Cu that was doped
into the solder reacted with Sn and many small
Cu6Sn5 particles were formed inside the solder.
These particles might act as obstacles which
retarded the movement of the grain boundary, thus
leading to a reduced grain coarsening rate.

Effects of Cu Doping under Current Stressing

Figure 5 shows the enlarged plan-view SEM
images of the two ends of the solder stripes after
current stressing for 240 h, where the upper- and
lower-half images represent Sn-58 wt.%Bi and Sn-
57 wt.%Bi-1 wt.%Cu, respectively. Compared to
Fig. 2, grain coarsening was observed in the two
current-stressed solder stripes. The radii of the Bi
grains in the current-stressed solder stripes for
various stressing times were estimated and shown
in Fig. 4. The results of the linear fits revealed that
the grain coarsening of Bi under current stressing
also approximately obeyed Eq. 1. According to the
linear fit, the coarsening rate constants were cal-
culated and listed in Table I. Compared to the
annealing data, the coarsening rate constants in
these two solders under current stressing were
larger. However, if these two current-stressed sol-
ders were compared with each other, the grain
coarsening rate in the Cu-doped solder was smaller
than that in the eutectic SnBi solder, which was the
same as the annealing case.

The enhanced grain coarsening in the SnBi solder
by current stressing was reported previously12 and
was also observed in the eutectic SnPb solder.13

However, the mechanism was still unknown. In
addition to the grain coarsening, the current
stressing had another significant effect on the
microstructural evolution of the SnBi solder. As
shown in Fig. 5, a thick continuous layer of Bi
accumulation at the anode end and a solder
depleted region (as marked by a dotted line) at the
cathode end in these two solder stripes were ob-
served. This observation was similar to the previous
studies.11,12 Electromigration could induce the
atomic migration of Bi along with the electron flow
and moved toward the anode side, which resulted in
the mass accumulation of Bi at the anode. Enlarged
SEM images of the solder depleted regions were
shown in Fig. 6. It was found that not only Bi but
also Sn were removed by electromigration since a
solder region near the cathode end disappeared and
the underneath Cu6Sn5 intermetallics and Ta layer
were exposed. It was also found that the solder
depletion (the region of Ta + Cu6Sn5) was more
significant in the Cu-doped solder than in the
eutectic SnBi solder. For other stressing times from
24 to 192 h, a similar Bi accumulation at the anode
end was also observed. Figure 7 depicts the thick-
ness of the Bi accumulation layer as a function of
stressing time. Each thickness in Fig. 7 was an
average value, which was obtained by dividing the
layer�s total area by the arc length of the anode
edge. As shown in Fig. 7, the Bi accumulation layer
in the Cu-doped solder was thicker than that in the
eutectic SnBi solder.

According to the above results, doping of small
amounts of Cu into the eutectic SnBi solder could
significantly reduce the grain coarsening rate when
the solder is under current stressing. A slower grain

Fig. 4. Average radius of the Bi grains as a function of the annealing
(stressing) time.

Table I. Coarsening Rate Constants of the Bi
Grains in the Eutectic SnBi Solder with and

without the Doping of 1 wt.% Cu

solder type
(reaction condition)

coarsening
rate constant (lm3/h)

Sn-Bi (annealing) 2.8
Sn-Bi-1Cu (annealing) 0.5
Sn-Bi (current stressing) 4.6
Sn-Bi-1Cu (current stressing) 1.4
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coarsening rate could lead to an approximately
consistent and uniform microstructure in the solder,
which might reduce the degradation of the
mechanical properties. However, the above results

also indicated that the electromigration effect might
be enhanced significantly by doping Cu into the
solder. As shown in Fig. 7, the thickness of the Bi
accumulated layer in the Cu-doped solder was lar-
ger than that in the eutectic SnBi solder. For a real
solder joint using the eutectic SnBi solder, doping
small amounts of Cu is a useful method to reduce
the non-uniform grain coarsening in the bulk solder
when the solder joint undergoes only solid-state
annealing. However, once the solder joint is current-
stressed, electromigration will result in a larger
amount of the Bi accumulation at the anode-end
joint interface, which may cause some negative
impacts on the joint reliability. The mechanical
strength of the joint interface will significantly
degrade due to the formation of a brittle Bi layer at

Fig. 6. Enlarged SEM images of the cathode ends of the Sn-58 wt.%
Bi and Sn-57 wt.% Bi-1 wt.% Cu solder stripes after current stressing
for 240 h.

Fig. 7. Thickness of the Bi accumulated layer at the anode end of
the solder stripe as a function of the stressing time.

Fig. 5. Plan-view SEM images of the two ends of the Sn-58 wt.%Bi and Sn-57 wt.%Bi-1 wt.%Cu solder stripes after current stressing for 240 h.
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the interface. In addition, Joule heating will become
more serious at the joint interface due to the higher
resistivity of Bi. Another negative influence was
shown in Fig. 6. More solder was removed away
from the cathode end of the Cu-doped solder stripe,
which might lead to more severe void formation.

In a eutectic microstructure, the Bi atoms can
diffuse through the Sn-rich phase, the Bi-rich phase,
and the Sn/Bi grain boundaries. In general, the
grain boundary acts as a fast diffusion path due to its
more open structure, and therefore should play an
important role in the Bi diffusion. As shown in
Table I, the grain coarsening rate was significantly
reduced from 4.6 to 1.4 lm3/h when 1 wt.%Cu was
doped into the eutectic SnBi solder. With a finer
grain size in the initial condition and a slower
grain coarsening rate under current stressing, the
Cu-doped solder exhibited a finer microstructure
which could offer a higher density of the grain
boundary for more Bi diffusion toward the anode.
Therefore, more accumulation of Bi at the anode end
of the Cu-doped solder stripe was observed.

CONCLUSION

Microstructural instability of the eutectic SnBi
solder caused an extensive and non-uniform grain
coarsening when the solder was annealed at ele-
vated temperatures. Doping 1 wt.%Cu into the sol-
der could significantly reduce the grain coarsening
rate and lead to a finer and uniform microstructure.
The reduced effect was ascribed to the formation of
many small Cu6Sn5 particles inside the solder,
which acted as obstacles to retard the movement of
the grain boundary. However, the electromigration
effect of the eutectic SnBi solder was enhanced by
the doping of Cu. Stressed by a current density of
1.3 · 104 A/cm2 at 85�C, a large number of Bi
accumulated at the anode end and a solder depleted

region was formed at the cathode end of the solder
stripes with and without the doping of Cu. However,
more Bi accumulation and more severe solder
depletion were observed in the Cu-doped solder
stripe. The enhanced electromigration effect should
be related to the reduced grain coarsening in the
Cu-doped solder, which provided a higher density of
the grain boundary for more Bi migration toward
the anode end.
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