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In this study, we used microstructure evolution and electron microprobe anal-
ysis (EPMA) to investigate the interfacial reactions in Sn-Zn and Sn-Zn-Al
solder balls with Au/Ni surface finish ball-grid-array (BGA) bond pad over
a period of isothermal aging at 150°C. During reflow, Au dissolved into the
solder balls and reacted with Zn to form g-Au3Zn7 and g2-AuZn3. As aging
progressed, g and g2 transformed into g3-AuZn4. Finally, Zn precipitated out
next to g3-AuZn4. The Zn reacted with the Ni layer to form Ni5Zn21. A thin
layer (Al, Au, Zn) intermetallic compound (IMC) formed at the interface of the
Sn-Zn-Al solder balls, inhibiting the reaction of Ni with Zn. Even after 50 days
of aging, no Ni5Zn21 was observed. Instead, fine (Al, Au, Zn) particles similar
to Al2 (Au, Zn) in composition formed and remained stable in the solder. The
lower ball shear strength corresponded with the brittle fracture morphology in
Sn-Zn-Al solder ball samples.

Key words: Sn-Zn solder, Sn-Zn-Al solder, Au-Zn intermetallic compound,
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INTRODUCTION

In the manufacture of products with many micro-
electronic devices, ball-grid-array (BGA) has been
used for packaging, because it is smaller and per-
forms better than traditional devices. However, the
lead in Sn-Pb solders, which are often used in BGAs,
may be harmful to the environment and human
health. To avoid this hazard, Sn-Ag– and Sn-Zn–
based solders might possibly serve as lead-free sub-
stitutes for Sn-Pb solders.

The Au/Ni surface finish is a commonly used met-
allization in the bond-pad structure of the BGA
package. The Au layer provides protection from ox-
idation, and the Ni layer serves as a diffusion layer
that inhibits the reaction between the solder and
the Cu layer. The interfacial reaction of solders with
substrates may affect reliability.1 As many studies
on the reaction of Sn-Ag-Cu solders with various
substrates have shown,2–5 the brittle nature of the
intermetallic compound (IMC), the growth of IMC,

and the formation of voids cause significant degra-
dation. Kim et al.6,7 investigated the behavior of
Sn-Zn solder balls on the Au/Ni/Cu pad and found
that b-AuZn and three divided g-Ni5Zn21 layers at
the interface. Date et al.8,9 have reported the reac-
tion products of Sn-Zn solder balls at the interface
to be thin layers of e-AuZn8.

Aluminum has been added to Sn-Zn solder balls to
reduce oxidation. The Al of the solder balls tends to
aggregate at the interface and form an IMC, which
acts as an inherent barrier inhibiting the reaction of
solder balls and substrates.10–15 In this study, we
used microstructure evolution and electron micro-
probe analysis (EPMA) to investigate the interfacial
reactions of Sn-Zn and Sn-Zn-Al solder balls with
Au/Ni surface finishes over a period of isothermal
aging at 150°C.

EXPERIMENTAL PROCEDURE

Specimens for this study were solder balls made of
eutectic Sn-9Zn and Sn-7.23Zn-0.01Al solders. The
ball size was 760 mm in diameter. The under bump
metallization (UBM) of BGA256 bond pads had an(Received July 1, 2005; accepted November 6, 2005)
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Au/Ni/Cu layer. The surface finish was created by
electrolytic Ni/Au plating. The Au layer had a thick-
ness of 0.5–0.7 mm, and the Ni layer 6–8 mm. The
infrared reflow temperature profile was done by hold-
ing at 150°C for 2 min., heating to 230°C, and then
cooling. The samples were aged in a convection oven
set at 150°C for up to 50 days. The specimens were
cross sectioned after certain aging periods, mounted
in a room-temperature curing epoxy, and polished
using 3-mm and 1-mm diamond paste. The composi-

tions of phases in the solder balls and the interface
were quantitatively measured with an EPMA.

RESULTS AND DISCUSSION

Reaction of Sn-9Zn Solder Balls with the
Au/Ni Surface Finish

Figure 1 shows the cross-sectional micrographs of
Sn-9Zn solder balls at 150°C isothermal aging. The
Sn-9Zn solder balls consisted of b-Sn (the matrix

Fig. 1. SEM micrographs of Sn-9Zn solder balls with 150°C aging in various days.
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phase seen as bright gray) and Zn (the dispersed
phase seen as dark gray). After reflow, bands
were observed in the bottom side of the balls. The
Au layer over the Ni layer dissolved into liquid sol-
der and formed the band-shaped IMC above the in-
terface. Over the aging period, we were able to
observe changes of IMC in the interface and the
band-shaped IMC inside the solder ball. The band-
shaped IMC was confirmed to be composed of vari-
ous Au-Zn IMCs including a very limited amount
of Sn.

Figure 2 shows the results of the microprobe anal-
ysis of the band-shaped IMC. After reflow, the band-
shaped IMC was confirmed by EPMA to be g-Au3Zn7

and g2-AuZn3 composed of 70–74% Au and 25–29%
Zn, according to the Au-Zn binary phase diagram.16

Both reflow phases in our study were different from
those reported by Kim et al., whose transmission
electron microscopy–energy-dispersive spectroscopy

analysis found b-AuZn to be composed of 47.4at.%Au
and 52.6at.%Zn.6,7 This difference may have resulted
from a difference in the setup of reflow temperature
profile. In our study, the plated Au layer dissolved
and diluted into liquid solder more homogeneously
than it did in Kim’s samples. In our study, g-Au3Zn7

and g2-AuZn3 formed from liquid solder instead of
b-AuZn with higher Au content in Kim’s study. After
1 day of aging, the Au-Zn IMC gradually changed
from g2-AuZn3 to g3-AuZn4, consisting of 80–84%
Au and 18–19% Zn. These two phases had clearly
different lightness of gray, so they were easily iden-
tified. After 10 days of aging, the band-shaped
phase had completely converted into g3-AuZn4. After
40 days, the Zn phase had precipitated near the
band-shaped phase. We clearly observed a dark Zn
phase near g3-AuZn4 (Fig. 3a). This g3-AuZn4 phase
was different from the e-AuZn8 phase reported by
Date et al.8,9 The present aging condition may not

Fig. 2. Quantitative analysis of the Au-Zn IMC in Sn-9Zn solder balls: (a) as reflow and (b) 1 day aging.
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have reached the final thermodynamic equilib-
rium, according to the Au-Zn binary phase
diagram.

Because Au dissolved into the solder, the Ni layer
came into direct contact with the Sn-9Zn solder,
and, with aging, formed IMC. The Ni-Zn IMC was
confirmed quantitatively as Ni5Zn21 (Fig. 3b), as
depicted in the Ni-Zn phase diagram.17 These
results were the same as those reported by Chan
et al.18 and Kim et al.5–6 Ni5Zn21 grew gradually
over time to a thickness of 2 mm after 5 days of
aging. After 50 days, IMC had in some cases grown
to a thickness of 8 mm. The Ni layer on the Cu pad is
used to prevent Cu from reacting with the solder. In
this testing condition, the Ni layer seemed to work
well and Cu maintained its original status.

With regard to the Au-Zn IMC, Au quickly dis-
solved into the solder after reflow and formed the
band-shaped phase. Because Au was consumed
during the reflow, there was no change in size of
this Au-Zn IMC, even after 50 days of aging. Al-
though Sn often reacts with other components
in the Sn-Pb and Sn-Ag-Cu solders,2–5 its solubility
in these IMC was limited in the Sn-Zn-X type sol-
der. The Zn continually diffused into the Au-Zn
IMC and the Ni-Zn IMC. There was a Zn-free zone
in which spots corresponding to Zn-rich phases dis-
appeared in peripheral regions of the band and
the interface. We observed a gradual expansion of
the Sn-phase zone without the Zn phase to the bot-
tom side of the solder balls within 40 days of aging
(Fig. 1).

Fig. 3. Quantitative analysis of the Au-Zn IMC in Sn-9Zn solder balls: (a) band-shaped phase region after 40 days of aging and (b) interface
region after 40 days of aging.
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Reaction of Sn-Zn-Al Solder Balls with the
Au/Ni Surface Finish

The Au layer dissolved into the solder ball during
reflow (Fig. 4), forming the band-shaped phase, the
same reaction as was seen in the Sn-9Zn solder
balls. This band-shaped phase was confirmed as
g-Au3Zn7 and g2-AuZn3. By 10 days, the g2 phase
was totally transformed to g3 phase. By 40 days, the
Zn phase had precipitated near the g3 phase. How-

ever, the reaction was different in the way that sub-
micron (Al, Au, Zn) particles formed inside the
solder ball and maintained the phase stability with
Sn or Zn phase during this aging period. The (Al,
Au, Zn) phase was usually found to aggregate
around the band-shaped IMC (Fig. 4). This aggrega-
tion may have occurred because, in this region that
was Au rich during the reflow process, Au had
reacted with both Al and Zn in the liquid solder.

Fig. 4. SEM micrographs of Sn-Zn-Al solder balls with 150°C aging in various days.
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We could not, however, precisely determine the
composition of (Al, Au, Zn) particles using EPMA,
because of the micron size particle that formed
within the Zn phase and because the cross section
planarity is poor. The total count of Al, Au, and Zn
elements made up less than 95 wt.%. Our best esti-
mation of this phase found it to be similar to Al2(Au,
Zn) in composition. The reaction was also different
from the reaction in Sn-9Zn solder in that no
Ni5Zn21 had formed in the interface after 50 days
of aging. At that time, only a thin layer (Al, Au, Zn)
IMC was observed to have formed above the Ni
layer at the interface. Sn-9Zn solder differed signif-
icantly from Sn-Zn-Al solder in this way.

Our results showed that adding 0.01 wt.% Al did
not affect the reaction of Au and Zn in the solder
balls and it stopped the reaction of Ni and Zn at the
interface, suggesting that this thin layer of (Al, Au,
Zn) IMC may play a key role in impeding the re-
action of Ni and Zn. The Al has been reported to
condense easily in the interface in the Sn-Zn-Al-X
solders.10–15 A thin layer of Al2(Au, Zn) compound
has been reported at the interface with electroless
Ni-P/Au finish bond pad surface.15 Figure 5 shows the
fracture surface after ball shear test for a Sn-Zn-Al
solder sample that had been aged 10 days in this
study. The figure shows brittle fracture morphology
corresponding with much lower ball shear strength.
The ball shear test results for BGA256 package with
Sn-Zn and Sn-Zn-Al solder ball are plotted in Fig. 6a
and b with the maximum and minimum values. The
ball shear test was performed on 32 selected balls on
each BGA256 package that been aged over different
periods of time. Sn-Zn-Al solder balls with lower ball
shear test values were found to have brittle fracture
surfaces. The exact composition of the intermetallic
phase that had formed at the interface could not be
identified because it was too thin. The 10 Kev energy-
dispersive spectroscopy and wavelength dispersive
spectrometer (WDS) analyses found peaks in Al, Au,
and Zn, but no peaks in Ni. This phase could be
Al2(Au, Zn) phase.15 It has been reported that a sim-

ilar thin layer of Al4.2Cu3.2Zn0.7 compound forms at
the interface of Sn-Zn-Al solders and Cu sub-
strate.10 The compound in that study provided a bar-
rier to Sn diffusion toward Cu substrate and thus no
Cu-Sn compound could be detected. The results
have been the same in studies of Sn-8.55Zn-1Ag-
XAl solders12 and Sn-Zn-Ag-Ga-Al solders13 and
their reactions to Cu substrates.

Based on our results, it can be concluded that in
Sn-Zn solders using A1, Al prefers to react with Au
and Zn, a reaction that forms (Al, Au, Zn) particles
in the solder and in thin layer (Al, Au, Zn) IMC at
the interface during the reflow process. The formation
of the (A1, Au, Zn) particles acted as the reaction
barrier. The lower ball shear strength corresponds
with brittle fracture morphology.

Diffusion Behavior of Zn during Aging

The Zn was found to be a dominant diffusing ele-
ment, inducing the formation of Au-Zn IMC and
Ni5Zn21. The sequence of IMC formation is schemat-
ically described in Fig. 7. The Zn diffused into the
Au-Zn IMC and Ni5Zn21 at the same time during the
aging of the samples at 150°C. The Au-Zn IMC

Fig. 5. The ball-shear test surface of Sn-Zn-Al solder balls under
150°C aging for 10 days. The marked flat area is (Al, Au, Zn) phase
according to X-ray analysis.

Fig. 6. (a) Ball shear test results of BGA256 with Sn-Zn solder ball.
(b) Ball shear test results of BGA256 with Sn-Zn-Al solder ball.
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changed from g plus g2 phases to g3 phase, the com-
position of the phases forwarded to enrichment of
Zn. Finally, as a result of the saturation of the
IMC, Zn precipitated next to the g3 phase, a finding
consistent with the Au-Zn binary phase diagram.
Because quantities of Au were limited, Au-Zn IMC
maintained its thickness during the aging period.
However, with Zn diffusing into the Ni layer, the
Ni5Zn21 phase continuously increased in thickness
during the aging period. The composition of the
Ni5Zn21 phase remained similar and no new phase
formed in the Ni interface, suggesting that Ni5Zn21

was able to remain stable under these test condi-
tions. Because Zn was always consumed during the
formation and growth of the IMCs with Au and
Ni, Zn-free zones developed near these IMC regions
after long periods of aging.

The Zn behaved somewhat differently when react-
ing with Au/Ni surface finishes in Sn-Zn-Al solder
balls. A thin layer (Al, Au, Zn) IMC formed on the
Ni layer and blocked the formation of Ni5Zn21. The

Zn-free zone was found only inside the solder ball
around the band-shaped Au-Zn IMC.

CONCLUSIONS

The Au dissolved into the solder balls and formed
a band-shaped phase as g-Au3Zn7 and g2-AuZn3

during solder reflow. With aging, g-Au3Zn7 and
g2-AuZn3 transformed into g3-AuZn4. The interfa-
cial reaction in the solder balls with Ni layer
resulted in the formation of Ni5Z21. Because Zn kept
diffusing to form the Au-Zn IMC and Ni5Zn21, Zn-
free zones developed near both IMC regions. In the
Sn-Zn-Al solder balls, thin layer (Al, Au, Zn) IMC
formed in the interface of the Ni layer and inhibited
the formation of Ni5Zn21. Fine (Al, Au, Zn) particles
formed resembling Al2(Au, Zn) in composition and
remained stable in the solder. The transformation of
Au-Zn IMC in the Sn-Zn-Al solder balls was similar
to that in the Sn-9Zn solder balls.
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