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The influence of two kinds of surface finish, namely electroless nickel
immersion gold (ENIG) and electroless nickel electroless palladium immersion
gold (ENEPIG), on the interfacial reactions and drop reliability of epoxy-en-
hanced Sn-58 wt.%Bi solder has been investigated after temperature—hu-
midity storage tests. The chemical composition and morphology of
intermetallic compounds (IMCs) were characterized by scanning electron
microscopy, energy-dispersive x-ray spectroscopy, and electron probe micro-
analysis. Also, the mechanical reliability of solder joints was evaluated using
board-level drop tests. The Sn-Bi epoxy solder/ENEPIG joint exhibited higher
IMC growth rate than the Sn-Bi epoxy solder/ENIG joint. After 500 h at 85°C/
85% RH storage condition, new IMCs were formed on the NizSny layer in
samples with both surface finishes. The results of board-level drop tests
showed that the number of drops was higher for the ENIG than the ENEPIG
surface finish. Solder joint fracture occurred along the interface between the
solder and IMC layer for the ENIG surface finish. However, with the ENEPIG
surface finish, the crack propagated between the IMCs.

Key words: Sn-58 wt.%Bi epoxy solder, ENIG, ENEPIG, board-level drop
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INTRODUCTION

The increased functionality of electronic devices
has driven the requirement for smaller, thinner,
and multifunctional components. This trend toward
miniaturization has been an appreciable challenge
to the electronics industry, combined with the
conversion to lead-free solders following the regula-
tions on certain hazardous substances (RoHS) and
waste electrical and electronic equipment
(WEEE)."* The harmful effects of Pb on the envi-
ronment and health have promoted development of
lead-free solders, such as the Sn-Ag, Sn-Cu, Sn-Ag-
Cu, and Sn-Bi systems.>® Among them, Sn-Bi

(Received July 24, 2015; accepted April 4, 2016;
published online April 19, 2016)

alloys are attractive as solder alloys due to their
low melting temperature, low cost, and good
mechanical properties, such as tensile strength
and creep resistance, compared with Sn-Pb
alloy.>'! In particular, Sn-58 wt.%Bi alloy with
eutectic composition has low melting temperature of
138°C, showing that it is possible to reflow at low
processing temperature.'? Low-temperature solder-
ing is necessary because electronic devices are prone
to thermal damage during high-temperature reflow
processing, which damages not only the solder joints
but also the printed circuit board (PCB) and com-
ponents. Also, low-temperature soldering reduces
the risk of warpage problems induced by coefficient
of thermal expansion (CTE) mismatch between
different materials in the electronic package.'®'*
However, there are some concerns regarding Sn-Bi
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alloys, as Bi tends to be brittle.'® To address this
drawback of Sn-Bi alloys, an alternative method is
addition of epoxy to Sn-58 wt.%Bi solder.'®~® In our
previous studies, such epoxy-enhanced Sn-
58 wt.%Bi solders with organic solderability preser-
vative (OSP) surface finish were examined. The
results of shear and drop tests showed that addition
of epoxy enhanced the bonding strength of low-
meltin1g7—temperature/brittle Sn-58 wt.%Bi solder
joints. 1”18

Also, designing for enhanced solder joint reliabil-
ity is critical to long-lifetime electronic packages,
because solder joints are prone to failure in the
electronic package under various environmental
conditions such as temperature, humidity, dust,
shock, and vibration, making it important to eval-
uate solder joint reliability under harsh environ-
mental conditions.'??°

In this work, we demonstrate the effects of two
surface finishes, namely electroless nickel immer-
sion gold (ENIG) and electroless nickel electroless
palladium immersion gold (ENEPIG), on epoxy-
enhanced Sn-58 wt.%Bi solder by means of board-
level drop tests to evaluate the mechanical proper-
ties of the solder joints under constant tempera-
ture—humidity testing.

EXPERIMENTAL PROCEDURES

We investigated the effect of ENIG and ENEPIG
surface finishes on the reliability of Sn-58 wt.%Bi
epoxy solder by board-level drop tests after constant
temperature—humidity treatment for various stor-
age times. Sn-58 wt.%Bi epoxy solder paste
(SAM10-401-27, Tamura Co., Japan) containing
14.7% flux with epoxy was employed. To evaluate
the thermal behavior of the epoxy and solder, the
melting temperature of the epoxy solder paste was
measured by differential scanning calorimetry
(DSC, Seiko Exstar 6000, Seiko Instruments,
Japan). Continuous heating processes were oper-
ated at constant heating rate of 5°C/min. The
component substrate was a solder mask defined
(SMD)-type FR-4 laminate with dimensions of
15 mm x 15 mm x 1 mm with 64 (8 x 8 array)
I/0 solder pads. The size of the bonding pad opening
was 0.38 mm, and the pitch was 1.6 mm. The
dimensions of the board substrate were
132 mm x 77 mm x 1 mm, having the same bond-
ing pad configuration as the component substrate.
All samples were formed with daisy-chains. To
observe the degree of reliability for the different
surface finishes, both components and board sub-
strates were prepared with ENIG (5 um Ni-P and
0.08 ym Au) and ENEPIG (5 ym Ni-P, 0.1 yum Pd,
and 0.08 yum Au) surface finishes on Cu bonding
pad. Sn-58 wt.%Bi epoxy solder paste was applied
by stencil printing on the board substrate. The
component substrates were then placed on the
board substrate. The reflow process was performed
using a reflow machine (RF-430-N2, Japan Pulse
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Fig. 1. DSC curve of Sn-58 wt.%Bi epoxy solder paste with heating
rate of 5°C/min.

Laboratory Co. Ltd., Japan) with peak reflow tem-
perature of 190°C for 5 min. The test samples were
then exposed to constant temperature of 85°C with
85% relative humidity (RH) for 100 h, 300 h, 500 h,
and 1000 h in a temperature—humidity (TH) test
chamber (PL-1KPH, ESPEC CORP., Japan). The
board substrate was fixed at the four corners of the
drop table of a drop tester (SD-10, LAB, USA) with
the mounted packages facing downward. The peak
acceleration was 900 G and the pulse duration was
0.7 m/s, in compliance with JESD22-B104-C.%2! To
examine the intermetallic compounds (IMCs)
formed at the interface of the solder joint as well
as the failure mode during the drop test, microstruc-
tures and fractured surfaces were observed by
scanning electron microscopy (SEM, S-3000H; Hita-
chi, Japan). The chemical composition of each phase
and elemental maps were obtained by energy-dis-
persive x-ray spectroscopy (EDS, EMAX-7021-H,;
Horiba, England) and electron probe microanalysis
(EPMA, JXA-8500F; JEOL, Japan).

RESULTS AND DISCUSSION

Figure 1 shows the DSC scan obtained at heating
rate of 5°C/min. The melting peak of Sn-58 wt.%Bi
solder was identified at around 139°C, showing a
broad exothermal peak, corresponding to the cross-
linking reaction of epoxy at a temperature lower
than the melting point of the solder. Figure 2 shows
cross-sectional SEM micrographs of the solder joint,
as-reflowed and after aging, for the ENIG and
ENEPIG surface finishes. The microstructures of
Sn-58 wt.%Bi solder consisted of lamellar Bi-rich
phase and Sn-rich phase in solder matrix, and the
Sn and Bi grains coarsened with increasing aging
time in the 85°C/85% RH condition. In the case of
the ENIG surface finish, the Au on Ni/Cu pads
dissolved rapidly into the solder matrix during
reflow and NizSn, IMC was formed by the reaction
between Ni of the under bump material (UBM) and
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Fig. 2. Cross-sectional SEM micrographs of solder joints: (a, d) as-reflowed, and after aging at 85°C/85% RH condition for (b, €) 500 h and (c, f)

1000 h, for (a—c) ENIG and (d—f) ENEPIG.

Sn in solder.?? With increasing time, new IMC
formed on the NizSn, IMC layer. EDS analysis
identified that the chemical composition of the new
IMC was approximately 65.35 at.% Sn, 15.95 at.%
Bi, 9.20 at.% Ni, and 9.50 at.% Au, corresponding to
(Au,Ni)(Sn,Bi), phase.?*?® These IMCs grew with
increasing aging time. In the case of the ENEPIG
surface finish, the dissolved Au formed Sn-Au-Pd
IMCs that precipitated out of the solder during
solidification and formed flake-shaped IMCs during
reflow. Also, (Ni,Pd)3Sn, IMC formed at the inter-
face between the Ni-P layer and Sn-58 wt.%Bi
solder. (Au,Ni,Pd)(Sn,Bi); IMCs formed on the
(N1i,Pd)sSn, IMCs after aging for 500 h. The chem-
ical composition of this IMC was 71.06 at.% Sn, 9.77
at.% Bi, 8.57 at.% Ni, 6.51 at.% Au, and 4.09 at.%
Pd. After 1000 h, flake-shaped Sn-Au-Pd IMCs
disappeared from the solder during aging, while
the thickness of (Au,Ni,Pd)(Sn,Bi), and (Ni,Pd)5Sny
IMCs increased. It is thought that (Au,Ni,Pd)
(Sn,Bi), IMC grows by dissolution and deposition
of Sn-Au-Pd IMC.?® The (Au,Ni,Pd)(Sn,Bi), IMC did
not form after reflow because of the high solubility
of Au in the molten solder, causing it to separate
from the Ni layer. During aging, subsequent recon-
figuration of Au to the interface is known to
progress due to the greater thermodynamic stability
of the IMC.%”

Figure 3 shows the variation of the total IMC
thickness for solder joints with ENIG and ENEPIG
after aging. Both the ENIG and ENEPIG surface
finishes showed increasing total IMC thickness with

increase of aging time. However, the change of the
IMC thickness for the ENIG surface finish during
aging was smaller than with the ENEPIG surface
finish. The total IMC thickness with the ENIG
surface finish increased from about 1.6 yum to
2.1 ym, while with the ENEPIG surface finish it
increased from 1.1 ym to 2.9 um. Less IMCs were
formed at the ENEPIG surface finish after reflow
due to the limited diffusion reaction between the Ni-
P layer and solder caused by the Pd layer. This
means that the Pd layer limited Ni diffusion and the
reaction between Ni-P and Sn in the solder.?® On
the contrary, the total IMC thickness with ENEPIG
was thicker than with ENIG after 1000 h. It is
thought that Pd precipitated and formed a new IMC
layer with Sn, Bi, Au, and Ni elements during
aging, and this IMC grew by thermal effect and
reaction of elements.

Figure 4 shows elemental maps for the ENIG
surface finish, as-reflowed and after aging for
1000 h. The results indicate that there was little
change of the thickness of NizSn, IMC between the
as-reflowed state and after aging for 1000 h, and
(Au,Ni)(Sn,Bi)4 IMC formed and grew with increas-
ing aging time, so the total IMC thickness increased.
It was reported that metastable (Au,Ni)(Sn,Bi), IMC
nucleated more slowly, but the growth rate of
(Au,Ni)(Sn,Bi), IMC was faster than that of NigSny
IMC.?>% Thus, the total IMC thickness with the
ENIG surface finish was governed by (Au,Ni)(Sn,Bi),
IMC rather than NisSn, IMC. In the case of the
ENEPIG surface finish, as shown in Fig. 5, the
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thickness of (Ni,Pd)sSn, IMC increased with increas-
ing aging time. Also, irregular (Au,Ni,Pd)(Sn,Bi),
IMC with whiskers formed and grew on the
(N1,Pd)sSn, IMC during aging. As a result, the total
IMC thickness with the ENEPIG surface finish was
greater than with the ENIG surface finish, because
two types of IMC grew with increasing aging time.
Also, carbon from the epoxy content was not observed
in the solder joints.

Figure 6 presents SEM micrographs showing top
views of etched IMC morphologies for Sn-58 wt.%Bi
epoxy solder/ENIG and ENEPIG joints, as-reflowed
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Fig. 3. Total IMC thickness with aging time at 85°C/85% RH con-
dition.
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and after aging time of 1000 h. From these top-view
micrographs, facet-shaped NisSny, IMC was
observed in Sn-58 wt.%Bi epoxy solder/ENIG joints
under the reflow process. The IMC morphology
changed to needle shape, and the size of the IMC
became larger after aging for 1000 h, because of the
formation of new IMC by precipitation of Au. For
the ENEPIG surface finish, only needle-shaped
(Ni,Pd)sSn, IMC formed at the interface after
reflow, as shown in Fig. 6¢c. There was no shape
change after 1000 h, although the IMC surface was
rougher and the chemical composition of the IMC
changed to (Au,Ni,Pd)(Sn,Bi),, as shown in Fig. 2f.
According to these results, the IMC morphology was
affected by the type of surface finish. In other words,
in the case of the ENIG surface finish, the IMC
morphology was facet shaped and the size of the
IMC was below 5 ym after reflow. After aging time
of 1000 h, both facet- and needle-shaped IMCs were
observed on the ENIG surface finish, and these
IMCs grew over 5 ym. On the other hand, the IMC
formed on the ENEPIG surface showed needle-
shape morphology with length of more than 10 um.
Also, the IMC morphology did not change much
with aging time.

Figure 7 shows the average number of drops of
Sn-58 wt.%Bi epoxy solder joints for the different
surface finishes. Sn-58 wt.%Bi solder joints without
epoxy addition failed at fewer than 10 drops regard-
less of the surface finish.'” However, the drop
reliability of Sn-58 wt.%Bi epoxy solder joints was
enhanced in comparison with Sn-58 wt.%Bi solder
joints. The average number of drops for Sn-
58 wt.%Bi epoxy solder/ENIG and ENEPIG was 46

(a) As-reflow

10 um

(b) 1000 h

10 pm
—

Fig. 4. EPMA analysis of ENIG surface finish (a) after reflow and (b) aging at 85°C/85% RH condition for 1000 h.
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Fig. 5. EPMA analysis of ENEPIG surface finish (a) after reflow and (b) aging at 85°C/85% RH condition for 1000 h.

As-reflow 1000 h

ENIG

ENEPIG

Fig. 6. SEM micrographs showing top views of IMCs after preferential etching: (a, c) as-reflowed and (b, d) after aging at 85°C/85% RH condition
for 1000 h.

and 63, respectively. The drop reliability of Sn- condition. The number of drops without failure for
58 wt.%Bi epoxy solder joints decreased with the Sn-58 wt.%Bi epoxy solder/ENEPIG joints was
increasing aging time at the 85°C/85% RH higher than for the Sn-58 wt.%Bi epoxy solder/
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ENIG joints after the reflow process. It was thought
that this result was related to the IMC formation
and its thickness in the solder joints. Generally, the
thickness of the IMC layer is known to be a
governing factor determining solder joint reliability
because an excessively thick IMC layer is sensitive
to stress, and provides initiation sites and paths for
crack propagation.®’®® The variation in the total
IMC thickness for the ENEPIG surface finish was
greater than for the ENIG surface finish. Also, the
total number of drops without failure for the ENIG
and ENEPIG surface finishes decreased by 69% and
94%, respectively. This means that cracking easily
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Fig. 7. Number of drops of Sn-58 wt.%Bi epoxy solder joints.
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occurred at a thicker IMC layer with increased
aging at the 85°C/85% condition.

Figure 8 shows the failure of Sn-58 wt.%Bi epoxy
solder/ENIG and ENEPIG joints after aging in the
85°C/85% condition for 0 h, 500 h, and 1000 h,
followed by board-level drop testing. The crack for
the ENIG surface finish was observed at the inter-
face between the NizSn, IMC and Ni-P layer for the
as-reflowed sample. The results for solder joints
subjected to aging for 500 h and 1000 h are shown
in Fig. 8b and c. A dominant crack can be seen at
the interface between (Au,Ni)(Sn,Bi), IMC and
solder, while some inclined minor cracks extended
to Bi-rich grains in the solder after aging for 1000 h.
These minor cracks stopped at Sn-rich grains in the
solder. However, a different failure mode was
observed for the ENEPIG surface finish, as shown
in Fig. 8d—f. The crack occurred mostly inside the
solder after reflow, and the crack path was irregu-
lar. After 500 h of aging, a crack occurred in the
interface between (Au,Ni,Pd)(Sn,Bi), IMC and sol-
der, propagating along the IMC layer. After 1000 h
of aging, the crack path was located close to the
(Ni,Pd)sSn, IMC/Ni-P interface, where the
(Au,Ni,Pd)(Sn,Bi), IMC layer developed during the
aging test.

Figure 9 shows the paths of the cracks at the
epoxy side, where it can be seen that there are two
types of fracture mode. In one, the crack initiated in
the middle of the epoxy side and propagated at the
interface between the epoxy and solder ball. In the
other, the crack initiated at the end of the epoxy

As-reflow

ENIG

ENEPIG

500 h

1000 h

(AuNi)(Sn,Bi),
'

(AuNi,Pd)(Sn,Bi), "
4

(Ni,Pd);Sn,

WO1S Omm 15 Ok

Fig. 8. Cross-sectional SEM micrographs after drop test: (a, d) as-reflowed, and with aging at 85°C/85% RH condition for (b, e) 500 h and (c, f)

1000 h, for (a—c) ENIG and (d—f) ENEPIG.



Drop Reliability of Epoxy-contained Sn-58 wt.%Bi Solder Joint with ENIG and ENEPIG 3657

Surface Finish Under Temperature and Humidity Test

Crack
~ S

Epoxy

Epoxy

Crack

-

et e T

AWD1SE1mmE1S =0KY, xl.ék

Fig. 9. Cross-sectional SEM micrographs of crack propagation after drop test.

side on the substrate and spread across the inside of
the substrate.

CONCLUSIONS

We investigated the interfacial reaction and drop
reliability of Sn-58 wt.%Bi epoxy solder with ENIG
or ENEPIG surface finish after aging at 85°C/85%
RH for various times. NigSn, IMC was formed by
reaction between Sn in the solder and Niin the ENIG
surface finish after the reflow process. With increas-
ing aging time, (Au,Ni)(Sn,Bi), IMC formed on the
NizSny IMC layer. (Ni,Pd)sSny IMC formed at the
interface between the ENEPIG surface finish and
solder. Also, (Au,Ni,Pd)(Sn,Bi), IMCs formed on the
NisSn, IMC after 500 h. Overall, the total IMC
thickness increased with increasing aging time.
However, the change of the IMC thickness with the
ENEPIG surface finish during aging was larger than
for the ENIG surface finish after 300 h. The IMC
morphology with the ENIG surface finish changed
from faceted to needle shape. However, the IMC
morphology with the ENEPIG surface finish showed
typical needle shape after aging at the 85°C/85% RH
condition. The drop reliability of Sn-58 wt.%Bi epoxy
solder joints decreased with increasing aging time,
and the number of drops without failure of the Sn-
58 wt.%Bi epoxy solder/ENIG joints was higher than
that of Sn-58 wt.%Bi epoxy solder/ENEPIG joints.
The crack propagation with the ENIG surface finish
changed from between the NizgSn, IMC and Ni-P
layer to between the (Au,Ni)(Sn,Bi), IMC and solder.
However, the crack with the ENEPIG surface finish
mainly initiated within the solder, propagating
between the (Ni,Pd)3Sn, IMC and (Au,Ni,Pd)(Sn,Bi),
IMC after aging for 500 h.
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