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h i g h l i g h t s

� Sne20InexZn/Ag and Sne20InexZn/Ag interfacial reactions at 150 �C were investigated.
� Sne20InexZn/Ag reactions show strong dependence on Zn-doping levels.
� Ni5Zn21 is the only product with a very slow growth rate in Sne20InexZn/Ni couples.
� Ni is an effective diffusion barrier for Sne20InexZn Pb-free solders.
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a b s t r a c t

The Sn-20 wt.%In (Sne20In) alloy is a promising base material for low-temperature Pb-free solders. Zn is
usually added in solders to reduce the extent of undercooling during reflow, while Ag and Ni are
commonly seen under bump metallurgy in contact with solder in electronic products. In this study, solid-
state reactions at 150 �C between Zn-doped Sne20In solders and Ag and Ni substrates are investigated. In
Sne20InexZn/Ag couples, when the Zn-doping level is low (x � 1.0), the reaction path is g-InSn4/z-AgZn/
z-(Ag,In)/z-AgZn/Ag, that the z-AgZn layer near the solder has non-uniform composition, the z-(Ag,In)
layer has a porous microstructure, and the z-AgZn phase near the substrate is composed of small grains.
When the Zn doping level is high (x � 2.0), the reaction path becomes g-InSn4/ε-AgZn3/g-Ag5Zn8/z-AgZn/
Ag, that all intermetallic compounds (IMCs) are planar and neither Sn nor In participate in the reactions.
Although the reactions are very sensitive to Zn contents, the overall thicknesses of IMCs do not vary
much with different Zn-doping levels. In Sne20InexZn/Ni couples, the planar Ni5Zn21 phase is the only
reaction product with a very slow growth rate. The interfacial liquation in Sne20In/Ni contacts can be
fully mitigated with a minor Zn addition of 0.5 wt.%.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid developments of Pb-free solders and packaging
technologies, soldering has been regarded as a critical step for
forming interconnections in electronic products and has gained
increasing attention [1e5]. At solder joints, intermetallic com-
pound (IMC) formation, interfacial morphology evolution, and the
growth kinetics of IMCs strongly affect the reliability of electronic
products [3,6e8]. Therefore, information on interfacial reactions in

various solder/substrate systems is of importance for assessing and
improving joint properties. SneIn alloys are base-materials for low
melting-temperature soldering applications and their reactions
with various substrates have been extensively investigated [9e28].
Among these SneIn based solders, SneIneZn solders are regarded
as promising candidates [20e22], because minor addition of Zn can
reduce the extent of undercooling during reflow process [29]. Ag
and Ni are both commonly used substrates in under-bump metal-
lurgy (UBM). However, only the reactions between molten
SneIneZn solders and Ag and Ni substrates have been reported in
the literature [20]. In this study, the solid-state reactions at 150 �C
between Sn-20wt.%In-xwt.%Zn (Sne20InexZn) solders and Ag and* Corresponding author.
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Ni substrates were investigated. The doping effect of Zn on inter-
facial IMC formation, microstructural evolution, and kinetics of IMC
growth are elucidated in the paper.

2. Experimental procedures

Sne20InexZn (x ¼ 0.5, 1.0, 2.0, 3.0, and 5.0) alloys were pre-
pared from pure Sn (99.98%, Showa, Japan), pure In (99.9%, Showa,
Japan), and pure Zn (99.9%, Showa, Japan). Proper amounts of
constituent elements were cleaned, precisely weighed, and
encapsulated in quartz tubes under a 10�2 mbar vacuum. The
capsules were annealed at 600 �C for a week to ensure homoge-
neity of alloys. After heat treatments, the capsules were quenched
in icy water. The alloys were then sectioned into 2 g-weight ingots
by a diamond saw. 500 mm-thick pure Ag foil (99.98%, Sigma-
Aldrich, USA) and pure Ni foil (99.98%, Sigma-Aldrich, USA) were
cut into 5 mm by 8 mm pieces and then metallographically ground
and polished down to 0.3 mm Al2O3 powders. Each Ag or Ni sub-
strate was coated with a thin layer of flux (water soluble, MEC-W-
2326, MEC, Taiwan) and encapsulated together with the
Sne20InexZn solder ingot in quartz tubes under a 10�2 mbar
vacuum. The capsules were first reflowed at 230 �C for 30 s and
quenched in icy water. Subsequently the samples were annealed at
150 �C for predetermined reaction times ranging from 50 h to
600 h. After reactions, the couples were also quenched and
analyzed metallographically with a scanning electron microscope
(SEM) (JEOL JSM5600, Tokyo, Japan). The compositions of the re-
action phases were determined using electron probe microanalysis
(EPMA) (JEOL JXA-8200SX, Tokyo, Japan). The thicknesses of the
intermetallic compounds (IMCs) were measured with image-
processing software (ImageJ, USA).

3. Results and discussion

3.1. Interfacial reactions in Sne20InexZn/Ag couples reacted at
150 �C

Fig. 1(a) shows the backscattered electron image (BEI) micro-
graphs of the as-jointed Sne20Ine0.5Zn/Ag couple. A thin reaction
layer can be observed in the as-jointed couple, which is presumed
to be the z-(Ag,In) phase with 6 at %Zn formed during the reflow

process at 230 �C according to compositional analysis and Chen
et al. [20]. Fig. 1(b)e(d) shows the BEI micrographs of the
Sne20Ine0.5Zn/Ag couples reacted at 150 �C for 50, 240, 480 h,
respectively. Interestingly, irregular interfacial structures were
developed after solid-state aging at 150 �C. As shown in Fig. 1(b),
after a 50 h reaction, a porous reaction layer formed adjacent to the
solder matrix (the g-InSn4 phase). Its composition was determined
to be Ag-18.6 at %Zn-22.4 at %In using EPMA and it is presumed to
be the z-(Ag,In) phase with 18.6 at %Zn. In addition, some dark
phase regions can be found at the z-(Ag,In)/Ag interface, though
they are too thin to be analyzed in the 50 h-reacted couple. With
longer aging time of 240 h, as shown in Fig. 1(c), in addition to the
porous z-(Ag,In) reaction layer and small dark phase regions at the
z-(Ag,In)/Ag interface, large grains with non-uniform contrast un-
der backscattered electron detector were formed at the g-InSn4/z-
(Ag,In) interface. According to EPMA analyses, this non-uniform
contrast originated from compositional difference. The composi-
tions of the darker and brighter areas are Ag-37.0 at %Zn-13.0 at %In
and Ag-33.5 at %Zn-15.0 at %In, respectively, and both are presumed
to be the z-AgZn phase with some In content. After further pro-
longed reaction up to 480 h, as shown in Fig. 1(d), several micro-
structural changes can be found; i.e. the z-AgZn phase at the solder
side became a continuous layer, the porous z-(Ag,In) grew thicker
with loose structure at the solder side and dense structure at the Ag
side, and the dark phase at the z-(Ag,In)/Ag interface grew thick
enough so that its composition could be determined with confi-
dence. The composition of the small dark phase regions is Ag-
42.0 at %Zn-1.7 at %In and they are presumed to be the z-AgZn
phase with 1.7 at %In. In summary, the reaction path across the
Sne20Ine0.5Zn/Ag interface transferred from as-jointed g-InSn4/z-
(Ag,In)/Ag to g-InSn4/z-AgZn/z-(Ag,In)/z-AgZn/Ag after solid-state
aging at 150 �C where the z-AgZn phase at solder-side has higher
In content and non-uniformed composition the z-(Ag,In) phase has
a porous structure at the solder side and a dense structure at the Ag
side, and the z-AgZn phase at the Ag side is smaller and has lower In
content.

Fig. 2(a)e(d) shows the BEI micrographs of the as-jointed
Sne20Ine1.0Zn/Ag couple, and the couples reacted 150 �C for 50,
120, 480 h, respectively. Similar microstructural developments can
be found in Sne20Ine1.0Zn/Ag couples as in Sne20Ine0.5Zn/Ag
couples. As shown in Fig. 2(a), a thin z-(Ag,In) phase with 15 at %Zn

Fig. 1. BEI micrographs of the Sn-20In-0.5Zn/Ag couples reacted at 150 �C: (a) as-jointed (30 s at 230 �C), and for (b) 50 h, (c) 240 h, and (d) 480 h.
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