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Microstructure Characterization of Cu,Sns-based Intermetallic Compounds at
Solder Matrix and Relevant Solder Joints*

GAO Feng *, NISHIKAWA Hiroshi **, and TAKEMOTO Tadashi ***

Abstract

The microstructures of intermetallic compounds at the interface and dispersed in the solder matrix were
characterized in this paper. Two sorts of solders, Sn3.5Ag and Sn3.54g0.3Co were selected to examine the
interfacial reaction with the Cu substrate. In the Sn3.54g0.3Co solder matrix, the ternary Sn-Cu-Co IMC was
detected, which indicated that the additives exhibit high affinity with the Sn atoms. The IMC composition on the
solder side is almost the same as the ones distributed within the solder matrix, which means that the formation of
IMC at this side is related closely to the solder microstructure. On the other hand, much lower additive
concentrations were observed on the Cu side (or Cu;Sn phase after aging). The non-homogeneous characteristic
of IMC was suggested owing to the non-uniform concentration distribution of additives, that is, the IMCs
morphology at the interface seemed quite different. The faceted and elongated shape was observed at the solder
side, while the nearly rounded shape seen at the Cu side.
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1. Introduction

Nowadays, the development of lead-free solders has
been explored extensively owing to the environmental
concerns [1-2]. As compared with the conventional Sn-Pb
electronics, the employment of lead-free solders and
components etc. will definitely result in more complex
interactions during manufacturing. In the meanwhile,
more fundamental reliability challenges will be
encountered in future to achieve novel miniaturized and
higher performance electronic devices. Therefore, to
ensure the high reliability of electronic devices, it is quite
essential to obtain a Dbetter understanding of
solder/component interfacial reactions. In particular, the
intermetallic compounds play a key role in electronic
packaging. The formation of intermetallic compounds at
the interface is the prerequisite condition to accomplish
the connection between solder and components. However,
the morphology, thickness and chemical composition of
intermetallic compounds will affect the mechanical
properties of solder joint significantly [3-5]. Thus, it will
be necessary to observe the evolution of intermetallic
compounds, not only at the interface, but also within the
solder matrix.

Basically, the Sn-Ag and Sn-Cu solders and their
derivates have been regarded as the most promising
lead-free solders to replace the conventional Sn-Pb solder.
It has been reported that the additive Co into the Sn3.5Ag
solder could maintain the shear strength after an aging
process, and also result in the refined microstructure of
the solder matrix [6]. Furthermore, Takemoto et al. has
found that the erosion rate of stainless tank can be

depressed as a result of the effects of Co addition in
Sn-based lead-free solders [7]. Thus in this paper, two
sorts of solders, say, Sn3.5Ag and Sn3.5Ag0.3mass%Co
(hereafter, the two sorts of solders will be merely referred
as SA and SA-Co, respectively) were selected to react
with the Cu substrate. The microstructure characteristics
of intermetallic compounds were examined by SEM and
EPMA, etc.

2. Experimental

Before the soldering process, the Cu substrate pad
was degreased in ethanol and then dipped in 10 vol. %
NaOH solution for 30 s. Two sorts of solders, namely,
SA, SA-Co, were placed on the surface of the Cu pad
with the commercial flux. The soldering tests were
performed at 250°C from 1 to 60s. Some of samples were
subjected to an aging process at 150°C for 504h. The
microstructures of cross sections were then observed
using SEM. In order to reveal the morphology of IMC at
different view angles, the remaining solder was etched
away with 13 vol. % HNO; + 87 vol. % distilled water
solution. The component elements of intermetallic
compounds were measured by EPMA. And the crystal
microstructure was determined by XRD.

3. Results
3.1 Cross-section observation

Fig. 1 depicts the cross-sectioned microstructure of
intermetallic compounds after soldering at 250°C for 1
and 60s respectively. Apparently, as compared with the
SA/Cu couple, the SA-Co/Cu couple exhibits larger IMC
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growth rate, in particular, during the short soldering time.
After the prolonged reflow time, the coarsening behavior
of IMC grains for the SA/Cu couple is significant, while
is not severe for the SA-Co/Cu couple. Consequently, the
surface roughness of the IMC for the SA/Cu couple tends
to be larger than that of SA-Co/Cu couple. The porous
structure of the IMC for the SA-Co/Cu couple is
suggested, since some area within the interfacial product
region is occupied by “voids”, as marked in Fig. 1.

The chemical compositions of intermetallic
compounds distributed at the solder joint interface, as
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15 mm

well as the solder matrix, were measured by EMPA.
Three typical sites, that is, site 1, 2 and 3 indicated in Fig.
1(b) were selected to determine the element
concentrations of the intermetallic compounds. In the
mean time, the “void” structure was identified as a
Sn-rich phase. The results are displayed in Table 1. Some
amount of Co addition is detected in the intermetallic
compounds both at the solder/Cu interface and within the
solder matrix. The striking phenomenon is that the IMC
composition at site 1 is quite different from that at site 2,
especially the Co additive concentration.
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Fig. 1 The micrographs of IMCs at the solder/Cu joint soldered at 250°C for: (a) 1s; (b) 60s, respectively.

Table 1 The chemical compositions of IMC at the solder/Cu interface and solder matrix (atom %).

Reaction couple Sn Cu Ag Co Phases
SA/Cu 1 44.9 54.5 0.6 0.0 CueSn;
2 42.8 56.8 0.4 0.0 CueSn;
3 47.3 52.5 0.2 0.0 CueSn;
SA-Co/Cu 1 47.8 43.4 0.2 8.6 (Cu, Co)sSns
2 46.3 52.3 0.1 1.3 (Cu, Co)sSns
3 46.9 46.1 0.1 6.9 (Cu, Co)6Sns
Void 81.3 18.2 0.0 0.5 Sn-rich phase
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Fig. 2 The micrographs of intermetallic compounds after aging at 150°C for 504h: (a) SA/Cu couple; (b) SA-Co/Cu couple.
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Fig. 3 Line analysis featuring the two distinct areas of the
(Cu, Co)6Sns IMC between SA-Co and Cu.

That is, the Co concentration at the solder matrix
side is much higher than that at the Cu side. It should be
noticed that the Co concentration of intermetallic
compounds dispersed in the solder matrix shows almost
the same value as that of the upper IMC layer at the
solder/Cu interface. This consistency will be an important
sign to study the formation mechanism of IMC between
SA-Co and Cu substrates.

After aging at 150°C for 504h, the coarsening
behavior of IMC for the SA/Cu couple continues and the
morphology of IMC tends to be flat. While for the
SA-Co/Cu couple, the “voids” entrapped within the IMC
region dwindle and this leads to a more compact
microstructure, as shown in Fig. 2(b). For both SA/Cu
and SA-Co/Cu couples, the Cu;Sn phase is generated due
to the reaction Cy oSt +Cu — Cu,Sn . However, it seems
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that the formation of Cu3Sn phase for SA-Co/Cu is
greatly depressed. Fig. 3 illustrates the line analysis
results using EPMA, which further demonstrates the
non-homogeneous characteristic, namely, the duplex
structure of intermetallic compounds for the SA-Co/Cu
diffusion couple. In order to study the crystal
microstructure of IMCs, the XRD technique was
employed after a deep-etching treatment to remove the
solder matrix. Fig. 4 shows the XRD patterns of IMCs for
SA/Cu and SA-Co/Cu couples, respectively. Obviously,
the incorporation of Co into the intermetallic compounds
does not cause the alternation of crystal microstructure.
That is, the IMC formed between SA-Co and Cu can be
suggested as CugSns-based. Actually, since the CugSns
has high Co and Ni solubility [8], it has sometimes been
labeled the (Cu, Co)sSns phase.

3.2 Top-view observation

After the deep-etching, the IMC morphology of
top-view is exposed, as depicted in Figs. 5-6. The Cu4Sns
IMC for SA/Cu couple exhibits typical rounded shape
morphology. Some nano-size particles are observed on
the surface of IMC grains and have been suggested as
Ag;Sn phase [9]. Apparently the IMC grains experienced
significant ripening process, and grew continuously with
the prolonged reaction time. However, for the SA-Co/Cu
couple, the IMC morphology is quite different. The more
striking phenomenon is that the morphology of the IMC
adjacent to the solder matrix is also not the same as that
of the inner IMC area, namely, at the Cu side, as shown
in Fig. 6 (a) and Fig. 6 (b).

The upper IMC area for the SA-Co/Cu couple
exhibits finer morphology, which indicates that that part
of the IMC does not undergo the conventional coarsening
behavior. A faceted elongated shape is suggested here. At
the inner IMC area, a larger size IMC is detected in
lateral directions and the elongated growth is depressed.
In the mean time, the morphology of the IMC tends to be
more rounded.
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Fig. 4 XRD patterns of IMCs for SA/Cu and
SA-Co/Cu couples.

Fig. 5 Top-view of IMC for SA/Cu couple

soldered at 250°C for 60s.

Fig. 6 Different IMC morphology of (Cu, Co)eSn; due to the Co concentration: (a) upper IMC area on the solder side; (b)

Inner IMC area on Cu side.

3.3 Analysis

The involvement of additive Co into the
intermetallic compound formation may be attributed to
the affinity relationship between additive Co and Sn
atoms [10]. Based on the thermodynamic models, the
affinity of Sn/Co and Sn/Cu couples can be estimated.
That is, the affinity of the Sn/Co couple is stronger than
that of the Sn/Cu, as plotted in Fig. 7. The detail of
thermodynamic models utilized here will be found in the
literatures [11-12].

As a consequence, the higher affinity of Sn/Co may
be reason why the addition Co can be traced in the
CugSns-based IMC in the solder matrix. On the other
hand, the higher affinity of Sn/Co couple will also
restrain the additive Co to take part in the interfacial
reaction at the beginning, since in a short reaction time,
the diffusion of Cu from the substrate is quite fast into the
liquid solder to trigger the interfacial reaction.
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Fig. 7 The comparison of the affinity for Sn/Cu and
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After a longer reaction time, the diffusion of Cu will
slow down and the growth rate of CusSns phase will
decrease as well. With a lower growth rate, the nucleation
mechanism will become more dominant. The higher
affinity of Sn/Co can reduce the critical nucleation energy,
because the so-called short range ordered microstructure
may be generated in the solder matrix. The upper IMC
layer will be created based on the nucleation on the
surface of inner IMC grains. Thus the high solubility at
the upper IMC layer will be possible, while the
morphology will be slight different from the inner IMC
layer owing to its formation mechanism and subsequent
different Co concentration.

4. Conclusions

Based on the observation of IMCs formed within
the solder matrix and the solder/Cu interface, the
following conclusions may be formulated:

(1) The reaction products formed by SA/Cu and
SA-Co/Cu couples are all CugSns-based. However,
for the SA-Co/Cu couple, higher Co solubility in
CueSns adjacent to the solder matrix is detected than
that on the Cu side. The CugSns IMC is also found in
the SA-Co solder matrix, which contains almost the
same concentration of additive Co as the upper IMC
layer located at the SA-Co/Cu interface.

(2) For the interfacial products, a typical rounded shape
of IMC formed between SA and Cu is observed, and
dramatic coarsening behavior leads to the ripening of
large size grains and shrinking of small size grains.
For the SA-Co/Cu couple, the morphology of IMC at
upper area is quite different from that at inner area.
That is, a faceted and elongated shape of IMC is
formed at upper area, while nearly rounded and
coarse grains are found at inner area. The difference
of IMC morphology may be attributed to the
formation mechanism at different soldering stages.
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