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a b s t r a c t

Interfacial reactions between high-Pb solders (Pb–10Sn, Pb–5Sn, and Pb–3Sn, in wt.%) and immersion Ag
layer at 350 ◦C are investigated. Upon decreasing the Sn concentration from 10 wt.% to 5 wt.%, the reaction
product formed at the solder/Ag interface changes from the Ag3Sn phase to the Ag4Sn phase. When the
Sn concentration reduces to only 3 wt.%, the reaction product is the Ag4Sn phase at the initial stage of
reaction but transforms to the (Ag) phase dissolved with Sn at the later stage of reaction. Pb penetrates
vailable online 24 December 2010
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across the (Ag) phase via grain boundary and forms a continuous Pb-rich layer between the (Ag) phase
and the bottom Cu layer. The correlation between the phase transformation and the solder composition
is discussed based on the calculated Sn–Pb–Ag isothermal section.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Development of lead (Pb)-free solders is an urgent issue in the
lectronic packaging industries due to the concerns of Pb toxic-
ty on the environment and human health [1]. Tin–silver–copper
SnAgCu)-based solders are currently the representatives of the
b-free solders used for consumer electronics [2,3]. However, the
nAgCu-based solders are not qualified for some specific applica-
ions, like high-end microprocessors, because the melting point
∼217 ◦C) is not high enough that can withstand high-temperature
peration environment and multiple reflow conditions. High-Pb
olders with a Pb content higher than 90 wt.% possess higher melt-
ng point (∼300 ◦C) and have been used as the high temperature
olders for a long period of time [4,5]. Although efforts have been
ade to develop high-temperature Pb-free solders like gold–tin,

in–zinc, and bismuth–silver alloys, none of them is fully compa-
able to the high-Pb solders [6–10]. Therefore, the development
f high-temperature Pb-free solders remains a challenge and an
ncomplete task. At present, the high-Pb solders are still the most

eliable high-temperature solders for practical applications.

To fabricate the solder joints, the high-Pb solders are joined
ith the metallization layers by means of a reflow process. During

eflow, the high-Pb solders melt and wet the metallization layers.
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Interfacial reactions usually take place and then the joining com-
pletes. Understanding the interfacial reactions between solders and
metallization layers is helpful to gain reliable solder joints. Copper
(Cu) and nickel (Ni) are two common metallization layers and their
interfacial reactions with high-Pb solders have been investigated
[11–15]. Different from those in the cases of eutectic SnPb and Pb-
free solders, only one intermetallic compound, Cu3Sn, was formed
in the interfacial reaction between 95Pb5Sn (in wt.%) solder and
Cu-based metallization layers [16–18]. The Cu3Sn compound even
spalled off the underlying Cu metallization after long-term solid-
state annealing [11]. These unusual phenomena were attributed to
the insufficient supply of Sn in the high-Pb solders for the interfa-
cial reaction. For another Ni metallization, when the 99Pb1Sn solder
was reflowed on an electroless Ni(P) layer, the Ni3Sn2 phase was
formed first at the solder/Ni(P) interface, followed by the formation
of the Ni3Sn phase at the Ni3Sn2/Ni(P) interface [16,19]. As the Sn
content in solder increased to 5 wt.% (95Pb5Sn), the Ni3Sn2 phase
was formed first as well, but the Ni3Sn4 phase instead of the Ni3Sn
phase was the intermetallic compound next formed [20]. Spalling
of the Ni3Sn4 compound off the underlying Ni metallization was
also observed after long-term reflow [12,15].

Ag is also a common metallization used for electronic packaging,
such as the immersion Ag used for the surface finish layer [21–23].
However, to the best of our knowledge, the interfacial reactions

between the high-Pb solders and Ag are not yet reported in the lit-
eratures. This present study investigates the interfacial reactions
of three high-Pb solders (90Pb10Sn, 95Pb5Sn,and 97Pb3Sn, all in
wt.%) and Ag reflowed at 350 ◦C. In general, typical reflow soldering
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ig. 1. SEM micrographs showing the cross-sectional microstructures of the
0Pb10Sn/Ag interfaces reacted at 350 ◦C for (a) 5 min and (b) 180 min.

akes only a few minutes. In this present study, we performed the
eflow experiments from 5 min to 180 min to gain a better under-
tanding of the interfacial reaction of the high-Pb solder with Ag.
ormation of intermetallic compounds and morphological evolu-
ion at the solder/Ag interface were examined.

. Experimental

A Ta/Cu bilayer was deposited on an oxidized Si substrate using electron beam
vaporation, where the thicknesses of Ta and Cu were 200 Å and 4000 Å, respec-
ively. The Ta/Cu bilayer was then patterned to a square pad with a dimension of
00 �m × 600 �m using photolithography technique. Using the electroplating tech-
ique, the Cu layer was grown to 10 �m thick. An immersion Ag layer of 10 �m
hickness was deposited on the Cu layer by immersing the Si substrate in a commer-
ial plating solution at 58 ◦C. Solder alloys of three different compositions, 97Pb3Sn,
5Pb5Sn, and 90Pb10Sn, were prepared. Proper amounts of Sn and Pb shots, both
9.99% purity, were weighted and sealed in a vacuum (2.3 × 10−2 Torr) quartz tube.
he quartz tube was then put into a furnace at 500 ◦C to make the Sn and Pb shots
elt and mix together. After 72 h, the quartz tube was removed from the furnace

nd quenched in ice water. A small piece of solder (∼0.16 mg) was cut from the
olidified ingot. The solder piece was cleaned and then placed on the flux-coated
rosin mildly activated (RMA) flux) Ag immersion layer. The reflow reaction was
onducted by placing the sample on a 350 ◦C hot plate for 5–180 min.

After the predetermined reflow durations, the samples were removed from the
ot plate and treated by metallographic examinations. The samples were mounted

n epoxy resin, followed by grinding and polishing with sandpapers and fine Al2O3

owders in the direction perpendicular to the solder/Ag interface. For clear obser-

ation, some samples were dipped into an etching solution of 95 vol.% CH3OH and
vol.% HCl for a few seconds to remove the solder portion. A scanning electron
icroscope (SEM) was used to observe the microstructure of the solder/Ag inter-

ace. The composition analysis was carried out using a field-emission electron probe
icroanalyzer (FE-EPMA).
Fig. 2. Top-view SEM micrographs of the Ag3Sn grains formed at the 90Pb10Sn/Ag
interfaces reacted at 350 ◦C for (a) 5 min and (b) 180 min.

3. Results and discussion

3.1. Interfacial reaction between 90Pb10Sn solder and Ag

Fig. 1(a) and (b) shows the cross-sectional microstructures in
backscattered electron mode of the 90Pb10Sn/Ag interface reacted
at 350 ◦C for 5 and 180 min, respectively. The only intermetallic
compound formed at the interface after reaction for 5 min was
scallop-shaped and was identified as the Ag3Sn phase according
to the EPMA analysis (24.14 at.% Sn–75.86 at.% Ag). When the reac-
tion was extended to 180 min, coarsening of the Ag3Sn phase was
found as seen in Fig. 1(b). In order to observe the morphologi-
cal change of the Ag3Sn phase during reaction, the solder portion
was totally removed by etching to expose the surface of the Ag3Sn
phase, as seen in Fig. 2(a) and (b). The Ag3Sn grains attached to each
other very densely, and they coarsened with increasing the reaction
time, resulting in an increase in the grain size but a decrease in the
grain number. From a thermodynamic viewpoint, the occurrence
of phase coarsening is to reduce the total amount of the interfacial
areas, so that the total interfacial energy can be minimized.

3.2. Interfacial reaction between 95Pb5Sn solder and Ag

Fig. 3(a)–(d) shows the cross-sectional microstructures in

backscattered electron mode of the 95Pb5Sn/Ag interface reacted
at 350 ◦C for 5–120 min. There was only intermetallic compound
formed at the interface. EPMA analysis revealed its composi-
tion was 19.53 at.% Sn–80.47 at.% Ag, which was identified as the
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Fig. 3. SEM micrographs showing the cross-sectional microstructures of the
95Pb5Sn/Ag interfaces reacted at 350 ◦C for (a) 5 min, (b) 30 min, (c) 60 min and
(d) 120 min.

Fig. 4. SEM micrographs showing the cross-sectional microstructures of the
97Pb3Sn/Ag interfaces reacted at 350 ◦C for (a) 5 min, (b) 60 min, (c) 120 min and
(d) 180 min.
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Fig. 4(a). When the reaction time reached 60 min, it was surprising
that the Ag4Sn phase disappeared but only the (Ag) phase (94.7 at.%
Fig. 5. Top-view SEM micrographs of the Ag4Sn grains formed at th

g4Sn phase. Similar to the above-mentioned Ag3Sn phase at the
0Pb10Sn/Ag interface, coarsening of the Ag4Sn phase was also
bserved with increasing the reaction time. When the reaction
as prolonged to 60 min, the solder/Ag4Sn interface became very

rregular and the Ag/Cu interface appeared to be filled by other sub-
tance. According to the EPMA analysis, this gray substance was the
b-rich phase dissolved with small amounts of Sn and Ag. Due to the
b-rich phase penetration, the Ag and Cu layers partially dissolved.
xtending the reaction to 120 min, the Ag layer was completely
onsumed to form the Ag Sn phase with a composition of 13.5 at.%
4
n–86.5 at.% Ag. More Pb-rich phase penetrated into the Ag4Sn/Cu
nterface.

Fig. 6. Element mapping of EPMA of the 97Pb3Sn
b3Sn/Ag interfaces reacted at 350 ◦C for (a) 5 min and (b) 180 min.

3.3. Interfacial reaction between 97Pb3Sn solder and Ag

Fig. 4(a)–(d) shows the cross-sectional microstructures in
backscattered electron mode of the 97Pb3Sn/Ag interface reacted
at 350 ◦C for 5–180 min. Similar to the 95Pb5Sn/Ag interfacial reac-
tion, the Ag4Sn phase was the only intermetallic compound formed
at the 97Pb3Sn/Ag interface after reaction for only 5 min, as seen in
/Ag interface reacted at 350 ◦C for 90 min.

Ag–5.3 at.% Sn) existed at the interface, as seen in Fig. 4(b). The
identification of the (Ag) phase is based on its composition and the
binary Sn–Ag phase diagram [24]. According to the phase diagram,
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Fig. 7. Calculated isothermal section of ternary Sn–Pb–Ag system at 350 ◦C.

he (Ag) phase (solid solution) can dissolve with Sn up to 10 at.% at
50 ◦C. Therefore, the detected composition is referred to the (Ag)
hase. It seemed that the Ag4Sn phase underwent a phase trans-
ormation and transformed to the (Ag) phase. The Pb-rich phase
enetration into the (Ag)/Cu interface was also observed. Owing to
tching, a grain boundary across the entire (Ag) layer was clearly
een, and was very likely to be the channel for the Pb penetration.
he Pb-rich phase penetration became more pronounced after reac-
ion for 120 and 180 min, as seen in Fig. 4(c) and (d), resulting in the
palling of the (Ag) layer off the Cu substrate. A low magnification
icrograph inserted in Fig. 4(c) showed that the spalling of the (Ag)

ayer off the Cu substrate took place across the entire interface.
Fig. 5(a) and (b) shows the top-view microstructures of the inter-

aces with the solder portion totally removed. It was found that the
g4Sn grains attached to each other very closely after reaction for
min. However, after reaction for 180 min, the attachment among

he (Ag) grains was not as close as that among the Ag4Sn grains.
herefore, many channels were formed among the (Ag) grains for
he Pb penetration from the solder side to the Ag/Cu interface.

In order to make sure only the (Ag) phase existed at the interface
fter long-term reaction and no any other intermetallic compound
oexisted with it, the EPMA element mapping of the (Ag) phase was
onducted and the result was shown in Fig. 6. It was clear that the Ag
nd Sn distribution in the (Ag) phase were very uniform, confirming
t was indeed the (Ag) phase dissolved with Sn. Additionally, no
ther intermetallic compound was observed, indicating that the
nitially formed Ag4Sn phase had transformed to the (Ag) phase.
rom the element mapping of Pb, the Pb penetration through the
rain boundary was clearly observed.

.4. Phase transformation at the interface due to the change of
older composition

Based on the above results, the solder concentration plays an
mportant role in the type of the reaction product formed in the

olten high-Pb solder/Ag interfacial reaction. When the Sn concen-
ration is 10 wt.%, only the Ag3Sn phase was formed at the interface
see Fig. 1). When the Sn concentration decreases to 5 wt.%, the

ntermetallic compound formed at the interface transformed into
he Ag4Sn phase (see Fig. 3). With only 3 wt.% Sn concentration,
he Ag4Sn phase was formed first at the interface but eventually
ransformed into the (Ag) phase after longer reaction (see Fig. 4).
o rationalize the phase transformation due to the solder con-
mpounds 509 (2011) 3509–3514 3513

centration change, the equilibrium phase diagram is a useful tool.
However, the Sn–Pb–Ag isothermal section obtained experimen-
tally at 350 ◦C is not available in the literatures. So, a Sn–Pb–Ag
isothermal section at 350 ◦C, as shown in Fig. 7, calculated by a
commercial software Pandat [25–28] is employed. The point “A”
(in at.%) shows the composition of the 90Pb10Sn (in wt.%) solder.
Linking point “A” to the Ag phase is the mass balance line. Because
the Ag3Sn phase is formed at the 90Pb10Sn/Ag interface as men-
tioned above, the diffusion path can be drawn as the line “X” and
is 90Pb10Sn/Ag3Sn/Ag. It shows that a tie-line is built up between
the molten solder (dissolved with about 5 at.% Ag, as marked by the
point “M”) and the Ag3Sn phase, which also confirms that the Ag3Sn
phase is an equilibrium reaction product at the interface. When
the solder concentration decreases to 95Pb5Sn, as marked by the
point “B”, a possible diffusion path is drawn as the line “Y”. At this
moment, the solder concentration adjacent to the interface shifts
from “M” to “N”, and is in equilibrium with the Ag4Sn phase by a tie
line. Therefore, the Ag4Sn phase is the equilibrium reaction product
at the interface, which is in good agreement with the experimental
results. The point “C” indicates the composition of 97Pb3Sn, and its
corresponding diffusion path is drawn as the line “Z”. The Ag4Sn
phase is thus also the equilibrium reaction product at the interface,
which is in good agreement with the experimental result of early
stage of reaction, as seen in Fig. 4(a). However, very interestingly,
the Ag4Sn phase disappeared after longer reaction time but the (Ag)
phase appeared at the interface instead, as seen in Fig. 4(b)–(d). This
remarkable phase transformation is attributed to the change of the
solder composition due to interfacial reaction. Strictly speaking, it
is a combined effect of the solder composition and solder amount.
Because the 97Pb3Sn solder contains less Sn and the solder amount
(∼0.16 mg) is limited, the Sn content of solder decreases at a faster
rate due to the formation of the Ag4Sn phase at the interface. Based
on the EPMA analysis, the solder composition very close to the
solder/Ag4Sn interface was 0.15 at.% Sn–6.65 at.% Ag–93.2 at.% Pb
with nearly negligible Sn concentration after 90 min of reaction. The
consumption of Sn in the solder makes the diffusion path to shift to
the line “W”, where the solder is in equilibrium with only the (Ag)
phase. Therefore, the initially formed Ag4Sn phase transformed into
the (Ag) phase as experimentally observed.

4. Conclusions

The interfacial reactions between molten high-Pb solders and
Ag at 350 ◦C are significantly affected by the solder composition.
The Ag3Sn phase is formed at the molten solder/Ag interface when
the Sn concentration of the solder is 10 wt.%. When the Sn con-
centration of the solder decreases to 5 wt.%, the reaction product
becomes the Ag4Sn phase. When the Sn concentration of the solder
is only 3 wt.%, the Ag4Sn phase is also formed first, but it disappears
and the entire Ag layer converts to the (Ag) phase dissolved with
Sn with increasing the reaction time. The Pb penetration through
the grain boundary of the (Ag) phase occurs and the (Ag)/Cu inter-
face is replaced by the (Ag)/Pb-rich/Cu interface. Due to the Pb
penetration, the (Ag) layer spalls off the Cu substrate. The phase
transformation due to the change of the solder composition is well
explained by the calculated Sn–Pb–Ag isothermal section.
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