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a b s t r a c t

This study examined the formation of Sn-rich phases in the matrix of Cu–Sn–Ni intermetallic
compounds (IMCs) after current stressing of 1.2�104 A/cm2 at 160 1C. The Sn-rich phases were formed
at the cathode end of the solder joints with Cu metallization, and this formation was attributed to the
decomposition of Cu6Sn5 IMCs. When the Cu6Sn5 IMCs were transformed into Cu3Sn during current
stressing, Sn atoms were released. When the supply of Cu atoms became deficient, Sn atoms
accumulated to form Sn-rich phases among the Cu–Sn–Ni IMCs.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Electromigration has been one of the most persistent reliability
issues in microelectronic devices [1–3]. As the dimensions of devices
continue to shrink, solder joints must be reduced in size accordingly.
In addition, with higher performance required of devices, the
operating current in each solder joint increases progressively, leading
to a dramatic increase in the current density in the joint. Therefore,
electromigration has become a critical reliability issue [4,5].

Many efforts have been devoted to understanding electromi-
gration behavior [6–12]. Electromigration may induce void forma-
tion in solder [13–15]. In addition, electron flow may enhance the
dissolution of under bump metallization (UBM) and cause the
extensive formation of intermetallic compounds (IMCs) [16–20].
Both mechanisms can lead to an open circuit of solder joints.

Pb-free solders have been adopted to replace Pb-containing
solders [21,22]. Compared with Pb-containing solder, Pb-free solders
possess higher reaction rates with Cu and Ni UBMs [7,17,23,24].
Therefore, extensive Cu–Sn IMCs are formed during electromigration
in Pb-free solders with Cu UBMs [9,10]. Both Cu3Sn and Cu6Sn5 IMCs
are formed after current stressing. In addition to these two IMCs,
Sn-rich phases have also been frequently observed at the cathode
end [10,25,26]. However, the reason for the formation of Sn-rich
phases among the Cu–Sn IMCs after electromigration remains
unclear.

This study investigated electromigration in Pb-free SnAg solder
joints containing Cu/Ni UBMs. Sn-rich phases were formed after

current stressing of 1.2�104 A/cm2 at 150 1C. A mechanism was
proposed to explain this interesting phenomenon.

2. Experimental

Sample dimensions and test conditions: Flip-chip Sn-2.3Ag (wt%)
solder joints were used for the electromigration tests. Fig. 1
(a) presents a schematic structure for the test layout. Currents
were applied at Nodes N2 and N3. The voltage was measured at
Nodes N1 and N4. Fig. 1(b) presents a schematic drawing of the
joint and Fig. 2(a) presents a cross-sectional SEM image of the
joint. The thickness of the Cu traces on the chip side was 5 μm,
whereas the thickness was 20 μm on the FR-5 substrate side. The
500-Å-thick Ti seed layer was between the Cu trace and the Cu
UBM. The UBM on the chip side comprised electroplated 5-μm Cu
and 3-μm Ni. On the substrate side, the metallization was electro-
less Ni. For the as-fabricated sample, the interfacial IMCs were
Ni3Sn4 on both the chip and substrate sides. Kelvin bump struc-
tures were employed to measure the individual bump resistance
[15]. The solder joints were stressed at a current density of
1.2�104 A/cm2 at 150 1C. The actual stressing temperature was
calibrated using the temperature coefficient of resistivity of the
Cu trace on the chip side [27]. The actual stressing temperature
increased to 160 1C due to the Joule heating effect in the solder
joints [28].

Analytical procedures: As the resistance reached a desired value,
the current stressing was terminated, and the sample was polished
for cross-sectional observation using a JEOL 6700 scanning elec-
tron microscope (SEM). Energy dispersive spectrometry (EDS) was
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employed to analyze the composition of the solder joint and IMCs.
A focused ion beam (FIB) was utilized to prepare the samples for
observation using an ion image.

3. Results

Electromigration-enhanced growth of IMCs occurred before the
formation of the Sn-rich phases. Fig. 2(b) displays a cross-sectional

SEM image of the solder joint stressed with a downward electron
flow for 678 h. The resistance of the joint increased by 25% of its
original value. Several voids were observed below the passivation
opening. In addition, four types of IMCs were detected on the chip
side, including (Ni,Cu)3Sn4, Cu6Sn5, Cu3Sn, and (Cu,Ni)6Sn5. The
positions of the IMCs are labeled in the figure. The formation of
Cu–Sn and Cu–Sn–Ni IMCs was attributed to the migration of the
Cu UBM into the solder after the 3-μm Ni was consumed. Current
crowding was significant in the upper-left corner [29]. Hence, the
Ni layer there dissolved faster than in other locations.

To more clearly examine the microstructure of the joint, the joint
was polished slightly to remove the rough surface due to current
stressing. Fig. 2(c) shows the microstructure of the joint in Fig. 2
(b) after slight polishing, and Fig. 3(a) is an enlarged SEM image of
the upper-left corner. It is interesting that the Sn-rich region was
observed among the IMCs, as indicated by one of the arrows in
Fig. 3(a). The SEM/EDS analysis revealed that the composition of the
Sn-rich phases was 100% Sn. The Sn-rich phases were usually
located close to the cathode end near the current-crowding region
and were surrounded by Cu–Ni–Sn IMCs. Note that the Cu UBM
above the Sn-rich region was completely consumed.

To further analyze the Sn-rich phases, FIB was employed to cut
a second cross-sectional sample from the region. The location of
the sample is indicated by the white dashed line in Fig. 3(a). Fig. 3
(b) displays the FIB ion image of the location after FIB etching. A
Sn-rich region with a width of approximately 5 μm was observed,
as indicated by the arrows. This region was surrounded by Cu–Sn–
Ni IMCs. The volume of this region was estimated to be 30 μm3.
Located below the Pt layer and surrounded by Cu–Sn–Ni IMCs,
these Sn-rich phases melted.

4. Discussion

Phase transformation of IMCs was proposed as the main
mechanism for the formation of Sn-rich phases in the IMC region.

Fig. 1. (a) Layout for electromigration tests and four-point structure for measuring
bump resistance. (b) Schematic diagrams of the solder joints investigated in
this study.

Fig. 2. (a) Cross-sectional SEM image of the Sn2.3Ag solder bump before current
stressing. The electrons entered from the upper-left corner and exited from the
lower-left corner. (b) Cross-sectional SEM image showing the microstructure of the
solder joint after current stressing of 1.2�104 A/cm2 at 160 1C for 678 h.
(c) Microstructure of the joint in Fig. 2(b) after slight polishing.

Fig. 3. (a) Enlarged SEM image of the upper-left corner. (b) Analysis of the Sn-rich
region by FIB. The ion image showing a Sn-rich region of approximately 5 μm wide
surrounded by Cu–Sn IMCs after FIB etching.
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When the Cu UBM on the chip side was dissolved due to the
downward electron flow, the interfacial Ni3Sn4 IMCs were con-
verted into (Cu,Ni)6Sn5. In addition, when the Cu6Sn5 IMCs were
annealed at 160 1C, some of the Cu6Sn5 IMCs were transformed
into Cu3Sn [30]:

Cu6Sn5-2Cu3Snþ3Sn. (1)

The pure Sn released from this phase transformation may have
reacted with the incoming Cu flux to form Cu–Sn IMCs. However,
when the Cu flux became deficient, the Sn-rich phase was formed
in the Cu–Sn IMC region. A deficiency of Cu may have been present
in the upper-left corner due to the following two reasons. First,
Cu atoms continuously migrated to the substrate side due to the
electron wind force, and Cu was quite susceptible to diffuse in the
solder under electromigration [1]. Second, the thickness of the
Cu UBM was only 5 μm. After the Cu UBM was completely
dissolved into the solder by the electron wind force, the supply
of Cu atoms was not sufficient to maintain the Cu–Sn IMCs on the
chip side, resulting in the formation of Sn-rich phases in the
current-crowding region at the cathode end.

In solid-state metallurgical reactions without current stressing,
there have been no reports on Sn-rich phase formation due to the
decomposition of Cu6Sn5 IMCs into Cu3Sn because when the three
excess Sn atoms are released, they will react with nine Cu atoms to
form Cu3Sn [30]. In general, the supply of Cu is not an issue for
metallurgical reactions. Therefore, the formation of the Sn-rich
phase due to the decomposition of Cu6Sn5 IMCs has never been
reported.

5. Conclusions

In summary, an interesting phenomenon of Sn-rich phase
formation was observed after current stressing of 1.2�104 A/cm2

at 160 1C in SnAg solder joints. Sn-rich phases were formed among
the IMCs at the cathode end. The decomposition of Cu6Sn5 into
Cu3Sn IMCs may have caused the Sn-rich phase formation. Phase
transformation results in the release of Sn atoms, which accumu-
late into the Sn-rich phases, where the incoming Cu flux becomes
deficient.
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