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a b s t r a c t

It has been reported that the rapid growth of tin whiskers occurring on the surface of rare earth containing
solders can be prevented by the addition of 0.5 wt.% Zn into a Sn–3Ag–0.5Cu–0.5Ce alloy. The present
study shows that the tensile strength of Sn–3Ag–0.5Cu–0.5Ce alloy alloyed with Zn increases significantly
in comparison to the Zn-free Sn–3Ag–0.5Cu and Sn–3Ag–0.5Cu–0.5Ce solder. Moreover, the growth of
vailable online 8 April 2010
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intermetallic compounds at the solder/pad interfaces during the thermal aging at 100 ◦C and 150 ◦C was
inhibited by the Zn addition. Nevertheless, the excess of Zn addition to 0.5 wt.% causes poor junction in
the Sn–3Ag–0.5Cu–0.5Ce packages. An optimized addition amount of Zn in Sn–3Ag–0.5Cu–0.5Ce solders
is 0.2 wt.% for both inhibiting the growth of tin whiskers and strengthening the solder joints, although
its ductility is still lower than that of the original Sn–3Ag–0.5Cu.
ntermetallic compounds
echanical properties

. Introduction

Owing to the advantages of long thermal fatigue life and
mproved creep resistance, the eutectic Sn–Ag–Cu system has been
onsidered as one of the most promising alloys for the replacement
f traditional Sn–37Pb solder [1]. For further improvement of its
erformance, many efforts have been made through the additions
f fourth elements. Recently, rare earth (RE) elements have also
een employed for the alloying of lead-free solder alloys, through
hich many beneficial effects have been reported [2–5]. For the

n–0.5Cu–0.05Ni solders, the interface energy was reduced and
he resistance of grain growth increased due to the addition of Ce
6]. Shiue and Chuang found that the growth of interfacial inter-

etallics layers in Sn–58Bi–0.5La packages with Au/Ni/Cu pads was
uch smaller than those in the undoped Sn–58Bi [7]. Xiao et al.

ound that the creep-fatigue rupture lifetime of Sn–3.8Ag–0.7Cu
ncreased with small additions of mixed metal (Ce, La) [8]. More-
ver, the mechanical strength, wettability, and creep rupture life
f Sn–3.8Ag–0.7Cu solder alloy were improved by doping with
.05–0.25 wt.% Er [9]. Dudek et al. reported that the strain to

ailure of Sn–3.9Ag–0.7Cu solder increased nearly 46% and 150%
fter alloying with 0.5 Ce and 0.5 wt.% La, respectively [10,11].
owever, an amazingly rapid growth of long fiber shaped tin
hiskers has been observed on the surface of rare-earth-doped
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Sn–3Ag–0.5Cu–0.5Ce solder joints of ball grid array (BGA) pack-
ages after air exposure at room temperature for several days [12].
Further study showed that hillock-type whiskers occurred on this
solder during storage in a 150 ◦C air furnace for several minutes
[13]. Since the appearance of tin whiskers in solder joints can cause
electronic devices to short circuit, the alloying of Sn–Ag–Cu solders
with rare earth elements could be risky for industrial applications.
Fortunately, Chuang and Lin observed that the rapid growth of
tin whiskers was prevented in a Sn–9Zn–0.5Ce solder, which is
attributed to the refining of its (Ce0.9Zn0.1)Sn3 intermetallic clusters
[14]. A similar result can be obtained in Sn–9Zn–0.5La solder joints
[15]. Such an inhibition effect on the whisker growth has also been
adopted in a Sn–3Ag–0.5Cu–0.5Ce alloy doped with 0.5 wt.% Zn
[16]. Although the addition of Zn into Sn–3Ag–0.5Cu–0.5Ce solder
can effectively prevent the rapid growth of tin whiskers, its effects
on the mechanical properties and microstructure of this alloy
should be evaluated. Wang et al. has reported that a small addi-
tion of Zn into Sn–0.7Cu solder can significantly inhibit the growth
of interfacial Cu6Sn5 intermetallic compounds during solidification
process [17]. Kang et al. also found that the minor Zn alloying into
Sn–Ag–Cu solder can reduce undercooling during solidification and
thus prevent the formation of large Ag3Sn plates [18]. Further study
by Wang et al. showed that during solid-state isothermal aging

treatments of the Sn–3Ag–0.5Cu solder doped with 0.2 wt.% Zn,
the intermetallic compounds at the interfaces between this sol-
der alloy and Cu substrate were remarkably reduced, which were
more prominent at higher aging temperature [19]. According to
their thermodynamic analyses, the depressing effect of intermetal-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tunghan@ntu.edu.tw
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Fig. 1. Dimensions of Sn–3Ag–0.5Cu–0.5Ce–xZn alloys for tensile tests.

Table 1
Melting temperatures and mechanical properties of Sn–3Ag–0.5Cu and
Sn–3Ag–0.5Cu–0.5Ce–xZn solders.

Solder alloys Eutectic
point (◦C)

Tensile
strength (MPa)

Elongation
(%)

Sn–3Ag–0.5Cu 217.5 43.7 29.6
68 H.-J. Lin, T.-H. Chuang / Journal of Al

ic compounds was attributed to the lower activation energy for the
ntermetallics growth at Sn–3Ag–0.5Cu–0.2Zn/Cu interfaces than
hat at the undoped Sn–3Ag–0.5Cu/Cu and the decrease of diffu-
ion coefficient for the Zn containing Sn–Ag–Cu solder/Cu system.
n the other hand, the addition of rare earth elements into Sn–Zn
lloys has been reported to be beneficial in many aspects. Wu et
l. indicated that the tensile strength and yield strength of Sn–9Zn
ere improved by alloying with 0.05 and 0.5 wt.% (Ce, La) mixed
etal [20]. The beneficial effects on the mechanical properties were

onnected to the refinement of the �-Sn grains in rare-earth-doped
n–9Zn solder. Further study by Wu et al. revealed that the wetta-
ility of Sn–9Zn solder containing 0.05 and 0.1 wt.% mixed metal
Ce, La) was better than that of undoped alloy due to the decrease
f surface tension [21]. The results imply that both the addition
f Zn and rare earth elements into solders is advantageous for the
hysical and mechanical properties, without the concern of rapid
hisker growth. In addition, the optimized alloying contents are of

nterest.
In this study, 0.5 wt.% Ce accompanied by 0.2 wt.% and 0.5 wt.%

n were added into the Sn–3Ag–0.5Cu solders. The whisker growth
nd the properties of Sn–3Ag–0.5Cu–0.5Ce–xZn alloys, namely the
icrostructure, mechanical properties, melting behavior and inter-
etallic reactions in BGA packages with Au/Ni surface finishes,
ere evaluated.

. Experimental

The Sn–3Ag–0.5Cu–0.5Ce, Sn–3Ag–0.5Cu–0.5Ce–0.2Zn and
n–3Ag–0.5Cu–0.5Ce–0.5Zn alloys used in this study were prepared by induction
elting of a Sn–6.6 wt.% Ce master alloy at 1000 ◦C under 10−5 Pa vacuum and then

emelting it with the addition of the elements Sn, Ag, Cu and Zn in a quartz ampoule
nder the same conditions. For comparison, undoped Sn–3Ag–0.5Cu solder was
lso melted and cast in vacuum. These ampoules were then water quenched, with
cooling rate of about 300 ◦C/s. After solidification, the ingots were cold rolled into
.18 mm thick plates from which tensile test specimens, as shown in Fig. 1, were

unched. Tensile-tested using an MTS-Tytron 250 Microforce tester at a crosshead
peed of 0.01 mm/s. The average values of every tensile strength and elongation
ere estimated from at least 5 measurements. In addition, differential scanning

alorimetry (DSC) was used to determine the melting temperatures of solder
lloys. The heating rate for the DSC test was 5 ◦C/min in nitrogen atmosphere.
ome of the solder plates were further punched into disks of 0.45 mm in diameter.

Fig. 2. Optical micrographs for: (a) Sn–3Ag–0.5Cu; (b) Sn–3Ag–0.5Cu–0.5Ce
Sn–3Ag–0.5Cu–0.5Ce 218.7 21.9 15.9
Sn–3Ag–0.5Cu–0.5Ce–0.2Zn 219.1 65.3 17.1
Sn–3Ag–0.5Cu–0.5Ce–0.5Zn 217.8 64.3 18.9

The solder disks, after being dipped in rosin mildly activated flux, were placed
on the Electroless Ni(2.54 �m thick)/Immersion Au(75 nm thick) surface finished
Cu pads of ball grid array(BGA) packages. The specimens were then reflowed in
a hot-air furnace using a temperature profile with the soaking temperature and
peak temperature at 190 ◦C and 240 ◦C, respectively. The surface tension of the
molten solder caused the solder disks to become solder balls after solidification.
After reflow, aging treatments were performed at 100 ◦C and 150 ◦C for various
times, ranging from 100 to 1000 h. The reflowed and aged specimens were cut
from cross-sections of a row of solder balls, ground with 2000 grit SiC paper,
and polished with 0.3 �m Al2O3 powder. The IMCs were observed via scanning
electron microscopy (SEM), and their chemical compositions were analysed using
an energy-dispersive X-ray spectroscope (EDX) installed in the SEM.

The bonding strengths of the solder balls on the Au/Ni/Cu pads under reflow
and various aging conditions were measured via ball shear tests. For this purpose,
the ball shear rate was fixed at 0.1 mm/s with a shear height of 80 �m (about 1/4
the reflowed ball height). After the ball shear tests, the fractography of the fractured
solder joints was observed with SEM.
3. Results and discussion

The microstructures of the as cast Sn–3Ag–0.5Cu (SAC305),
Sn–3Ag–0.5Cu–0.5Ce (SAC305Ce), Sn–3Ag–0.5Cu–0.5Ce–0.2Zn

; (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn; and (d) Sn–3Ag–0.5Cu–0.5Ce–0.5Zn.
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Fig. 3. The fractographs after tensile tests for: (a) Sn–3Ag–0.5Cu; (b) Sn–3Ag–

SAC305Ce0.2Zn) and Sn–3Ag–0.5Cu–0.5Ce–0.5Zn
SAC305Ce0.5Zn) alloys are shown in Fig. 2. They consist of
he light-colored coarse �-Sn phase surrounded by dark eutectic

etworks of �-Sn, Cu6Sn5 and Ag3Sn phases. For the Zn-undoped
AC305 and SAC305Ce solders, the coarse �-Sn phase appears as
dendritic structure. Fig. 2b also shows many large RE-containing
eSn3 intermetallic clusters in the solder matrix. With the further

ig. 4. Morphology of intermetallic compounds formed in Sn–3Ag–0.5Cu–0.5Ce–xZn
n–3Ag–0.5Cu–0.5Ce; (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn; and (d) Sn–3Ag–0.5Cu–0.5Ce–0.5Z
–0.5Ce; (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn; and (d) Sn–3Ag–0.5Cu–0.5Ce–0.5Zn.

addition of 0.2 and 0.5 wt.% Zn into the SAC305Ce solder, the
dendrite structures of �-Sn phase break into granular shapes
and the CeSn intermetallic clusters disappear, as shown in
3
Fig. 2c and d. Our previous study [16] provided evidence that
the doping with Zn into the Sn–3Ag–0.5Cu–0.5Ce alloy can
cause the large CeSn3 clusters to become very fine (Ce, Zn)Sn3
particles.

solder BGA packages with Au/Ni/Cu pads after reflow: (a) Sn–3Ag–0.5Cu; (b)
n.
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ig. 5. Morphology of intermetallic compounds formed in Sn–3Ag–0.5Cu–0.5Ce
n–3Ag–0.5Cu; (b) Sn–3Ag–0.5Cu–0.5Ce; (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn; and (d) S

It has been reported that the doping with rare earth elements
an reduce the melting temperature of solder alloys [22]. However,
uch an advantageous effect was not found in this study. DSC anal-

ses indicate that the eutectic points, which are listed in Table 1
or various Sn–Ag–Cu solders, increased slightly in the sequence
f SAC305 < SAC305Ce < SAC305Ce0.2Zn. Table 1 also demonstrates
he ultimate tensile strength and elongation of various alloys in this

ig. 6. Morphology of intermetallic compounds formed in Sn–3Ag–0.5Cu–0.5Ce–xZn
n–3Ag–0.5Cu; (b) Sn–3Ag–0.5Cu–0.5Ce; (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn; and (d) Sn–3A
solder BGA packages with Au/Ni/Cu pads after aging at 100 ◦C for 1000 h: (a)
g–0.5Cu–0.5Ce–0.5Zn.

study. In comparison to the undoped SAC305 solder, the tensile
strength of SAC305Ce decreased drastically from 43.7 to 21.9 MPa
due to the addition of 0.5 wt.% Ce. Accompanying the large decay of

tensile strength for SAC305 solder doped with 0.5 wt.% Ce, its elon-
gation also dropped from 29.6% to 15.9%. The coarse CeSn3 phase
in this high RE-containing solder can cause severe embrittlement
and poor mechanical properties for the solder alloy.

solder BGA packages with Au/Ni/Cu pads after aging at 150 ◦C for 1000 h: (a)
g–0.5Cu–0.5Ce–0.5Zn.
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Table 2
Chemical compositions of intermetallic compounds formed in
Sn–3Ag–0.5Cu–0.5Ce–xZn solder BGA packages with Au/Ni/Cu pads after
reflow and different aging treatments.

Reference points Phase Compositions (at.%)

Sn Cu Au Ni

1 (Cu, Ni, Au)6Sn5 42.7 33.6 0.6 23.1
2 (Cu, Ni, Au)6Sn5 43.4 34.2 0.5 21.9
3 (Cu, Ni, Au)6Sn5 43.2 33.1 0.5 23.2
4 (Cu, Ni, Au)6Sn5 43.1 34.2 1.1 21.6
5 (Cu, Ni, Au)6Sn5 43.1 40.1 0.4 16.4
6 (Cu, Ni, Au)6Sn5 43.4 36.2 0.8 19.6
7 (Cu, Ni, Au)6Sn5 43.4 40.4 0.7 15.5
8 (Au, Ni)Sn4 80.2 – 11.6 8.2
9 (Cu, Ni, Au)6Sn5 43.3 33.2 0.7 22.8

10 (Ni, Cu, Au)3Sn4 52.4 11.4 0.3 35.9
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Fig. 7. Ball shear strengths of various Sn–Ag–Cu solder BGA packages with Au/Ni/Cu
pads after aging at 100 ◦C for various times.

T
B

11 (Ni, Cu, Au)3Sn4 51.1 10.2 0.3 38.4
12 (Ni, Cu, Au)3Sn4 53.7 8.6 0.6 37.1
13 (Cu, Ni, Au)6Sn5 46.3 27.1 0.9 25.7

It is interesting that the degradation of tensile strength of
AC305Ce solder can be significantly improved through further
ddition of Zn element. Table 1 reveals that the tensile strength
f SAC305Ce solder has been drastically increased from 21.9 to
5.3 and 64.3 MPa by the alloying with 0.2 and 0.5 wt.% Zn, respec-
ively. The tensile strengths of both Zn-doped SAC305Ce solders are
ven higher than that of original Sn–3Ag–0.5Cu alloy (43.7 MPa).
lthough the ductility of SAC305Ce has also been improved through

urther Zn-doping, as shown in Table 1, the elongations of both
AC305Ce0.2Zn and SAC305Ce0.5Zn solders are still much lower
han those of the Ce and Zn-free SAC305 solder.

Fractography of all bulk solders after tensile tests revealed
imple characteristics, as shown in Fig. 3. In certain cases, RE-
ontaining intermetallics were embedded in the dimples, as shown
n Fig. 3b. The result indicates that dislocations accumulated at the
ntermetallics/matrix interface during the tensile testing, which
nduced stress concentration to rupture the specimens predom-
nately through these regions. The degradation of the tensile
trength of SAC305Ce alloy is ascribed to the severer stress con-
entration caused by the coarser CeSn3 intermetallics in SAC305Ce
older matrix. On the other hand, the finer and more uniformly dis-
ributed (Ce, Zn)Sn3 intermetallics in Zn-doped SAC305Ce alloys
annot only obstruct the movement of dislocations but also cause
ess stress concentration, which combine to lead higher tensile
trengths than the Zn-free solder. However, such a strengthening
ffect would also sacrifice a certain amount of ductility in the sol-
er matrix. Comparing the results in Table 1, it appears that the
ne (Ce, Zn)Sn3 intermetallic particles in both Zn-doped SAC305Ce
lloys lead to higher elongations than that of the Zn-free SAC305Ce
ith coarse CeSn3, while they cannot recover the ductility of Ce-
nd Zn-free Sn–3Ag–0.5Cu solder.
Fig. 4 shows the microstructure of reflowed solder joints for

arious Sn–Ag–Cu solder packages with Au/Ni/Cu pads in this
tudy. The chemical compositions of the reference points shown

able 3
all shear strengths of the Sn–3Ag–0.5Cu and Sn–3Ag–0.5Cu–0.5Ce–xZn solder BGA pack

Surface finishing: Au/Ni/Cu pads

Solder joints: Sn–3Ag–0.5Cu Sn–3Ag–0.5Cu–0.5C

Aging: 100 ◦C 150 ◦C 100 ◦C 1

0 7.1 N 7.1 N 6.6 N 6
100 h 5.4 N 5.3 N 5.3 N 5
300 h 5.4 N 5.4 N 5.3 N 5
500 h 5.4 N 5.2 N 5.4 N 5
700 h 5.3 N 5.2 N 5.5 N 5
1000 h 5.6 N 5.4 N 5.5 N 5
Fig. 8. Ball shear strengths of various Sn–Ag–Cu solder BGA packages with Au/Ni/Cu
pads after aging at 150 ◦C for various times.

in Figs. 4–6 are listed in Table 2. The chemical compositions
(at.%) of intermetallic layers formed at all reflowed solder/pad
interfaces were similar to Cu:Ni:Au:Sn = 33.6:23.1:0.6:42.7, which
corresponds to a (Cu, Ni, Au)6Sn5 phase. The Ce and Zn contents can-
not be detected in these interfacial intermetallics of solder joints.
It can be seen in Fig. 4 that the thickness of intermetallics com-
pounds at the solder/pad interface of SAC305 packages (Fig. 4a) is
obviously thicker than those in the other Sn–Ag–Cu solder joints
doped with 0.5 wt.% Ce. The depressing effect of interfacial inter-
metallics in the Ce-containing SAC305 solder joints is attributed
to their shorter solidification time due to the more heterogeneous
nucleation sites providing by CeSn3 phases in the solder matrix.

After aging at 100 ◦C for 1000 h, the intermetallic compounds

formed at all solder/Ni interfaces remained as (Cu, Ni, Au)6Sn5,
as shown in Fig. 5. The growth rate of (Cu, Ni, Au)6Sn5 in
SAC305Ce0.5Zn solder joints with Au/Ni/Cu pads was lowest
among all solder joints. The activity of Sn atoms at the inter-

ages with Au/Ni/Cu pads after various aging treatments.

e Sn–3Ag–0.5Cu–0.5Ce–0.2Zn Sn–3Ag–0.5Cu–0.5Ce–0.5Zn

50 ◦C 100 ◦C 150 ◦C 100 ◦C 150 ◦C

.6 N 7.3 N 7.3 N 6.1 N 6.1 N

.2 N 5.3 N 5.3 N 5.0 N 4.5 N

.3 N 5.4 N 5.4 N 5.5 N 4.6 N

.2 N 5.6 N 5.3 N 5.4 N 4.5 N

.2 N 5.5 N 5.3 N 5.4 N 4.5 N

.3 N 5.7 N 5.6 N 4.8 N 4.3 N
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ig. 9. Typical fractography of as reflowed solder joints after ball shear tests:
n–3Ag–0.5Cu–0.5Ce–0.5Zn.

ace of the (Cu, Ni, Au)6Sn5 IMC/solder was lowered as a result
f the formation of Ce-containing intermetallic compounds, which
an hamper the diffusion of Sn atoms. Since there are more uni-

ormly distributed and finer rare earth containing intermetallics
n SAC305Ce0.5Zn solder joints, the inhibition effect on the (Cu,
i, Au)6Sn5 growth is more obvious than in the other solder

oints. Fig. 6 indicates that the intermetallic compounds formed

ig. 10. Typical fractography of 150 ◦C, 1000 h aged solder joints after ball shear tests: (a
n–3Ag–0.5Cu–0.5Ce–0.5Zn.
–3Ag–0.5Cu, (b) Sn–3Ag–0.5Cu–0.5Ce, (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn, and (d)

at SAC305, SAC305Ce and SAC305Ce0.2Zn solder/Ni interface were
transformed from (Cu, Ni, Au)6Sn5 to (Ni, Cu, Au)3Sn4 after aging
at 150 ◦C for 1000 h. With the increase in aging time and aging

temperature, Ni atoms would have sufficient energy and time to
diffuse, and the (Cu, Ni, Au)6Sn5 compounds formed at solder/Ni
interface were transformed to (Ni, Cu, Au)3Sn4 due to the lower
standard Gibbs energies of formation of (Ni, Cu, Au)3Sn4 than (Cu,

) Sn–3Ag–0.5Cu, (b) Sn–3Ag–0.5Cu–0.5Ce, (c) Sn–3Ag–0.5Cu–0.5Ce–0.2Zn, and (d)
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ig. 11. Weight gain percentages of Sn–3Ag–0.5Cu, Sn–3Ag–0.5Cu–0.5Ce,
n–3Ag–0.5Cu–0.5Ce–0.2Zn and Sn–3Ag–0.5Cu–0.5Ce–0.5Zn alloys during 150 ◦C
xidation reactions in air.

i, Au)6Sn5. The time required for the transformation of (Cu, Ni,
u)6Sn5 in SAC305Ce0.5Zn solder joints is longer than that of the
ther solder joints, since Ni and Zn have a stronger affinity than
i and Sn and thus the interaction between Sn and Ni would be
eriously weakened due to the existence of Zn. The time required
or the transformation of (Cu, Ni, Au)6Sn5 was increased with

ore Zn added. Figs. 7 and 8 provide the results of ball shear
ests for various Sn–Ag–Cu solder BGA packages after reflow and
ging processes, respectively. The bonding strengths are listed in

ig. 12. Microstructure of the (Ce, Zn)Sn3 intermetallics on the surface of
n–3Ag–0.5Cu–0.5Ce–0.2Zn solders after air exposure at (a) room temperature and
b) 150 ◦C for 21 days.
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Table 3. Fractography of all reflowed and aged specimens after
ball shear tests reveal ductile characteristics across the solder balls,
as shown in Figs. 9 and 10, respectively. The SAC305Ce0.5Zn sol-
der BGA package possesses the lowest ball shear strength among
these reflowed solder joints. Since the soldering reaction during
the reflowing process would be obstructed by the oxide, the worst
bonding strength, that in the SAC305Ce0.5Zn solder joint, might
be related to its poorest oxidation resistance. This suspicion is
strengthened by Fig. 11, which shows that the TGA curve of the
weight gain percentage for the SAC305Ce0.5Zn specimen during
air storage at 150 ◦C is much higher than those for the SAC305,
SAC305Ce and SAC305Ce0.2Zn specimens. The oxidation rate of
Sn–3Ag–0.5Cu solder alloy increased with more Ce and Zn addi-
tions because Ce and Zn atoms are highly chemically active. Aging
treatments resulted in the softening of the solder matrix, which
led to the degradation of ball shear strengths in all BGA packages.
Finally, the inhibition of tin whiskers has been confirmed in Fig. 12
that the addition of 0.2 wt.% Zn into the Sn–3Ag–0.5Cu–0.5Ce sol-
der is sufficient to prevent the formation of fiber shaped whiskers
and coarse hillocks after prolonged air exposure at room temper-
ature and 150 ◦C, respectively, which were observed previously in
Ce-containing SAC305 solders without Zn-doping [12,13].

4. Conclusions

The coarse CeSn3 intermetallic clusters in Sn–3Ag–0.5Cu–0.5Ce
alloy not only cause the rapid growth of tin whiskers but also
severely degrade its tensile strength and ductility. With 0.2 or
0.5 wt.% Zn addition into this Ce-containing Sn–Ag–Cu solder,
the tensile strengths are significantly improved and the phe-
nomenon of rapid whisker growth is prevented. The elongations
of both Zn containing bulk solders are higher than that of the
Sn–3Ag–0.5Cu–0.5Ce, although they are still lower than that of
the original Sn–3Ag–0.5Cu. The intermetallic compounds formed
at the solder/pad interfaces were depressed in such Zn-doped
Sn–3Ag–0.5Cu–0.5Ce solder packages. However, excess Zn addi-
tion to 0.5 wt.% causes the decrease of ball shear strength after
reflowing and aging processes due to higher oxidation rate. The
optimized Sn–3Ag–0.5Cu–0.5Ce–0.2Zn alloy possesses the highest
bonding strength among the Sn–Ag–Cu solder joints in this study,
and is free of the problem of rapid whisker growth.
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