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ABSTRACT

Sn-4.0Ag-0.5Cu (SAC) and Sn-4.0Ag-0.5Cu-0.05Ni-0.01Ge (SACNG) lead-free solders reacting with the
Au/Ni/Cu multi-layer substrate were investigated in this study. All reaction couples were reflowed at
240 and 255°C for a few minutes and then aged at 150°C for 100-500 h. The (Cu, Ni, Au)sSns phase was
formed by reflowing for 3 min at the interface. If the reflowing time was increased to 10 min, both (Cu, Ni,
Au)sSns and (Ni, Cu, Au);Sny phases formed at the interface. The AuSn,4 phase was found in the solder for
all reaction couples. An addition of Ni and Ge to the solder does not significantly affect the IMC formation.
After a long period of heat-treatment, the thickness of the (Cu, Ni, Au)sSns and (Ni, Cu, Au);Sn4 phases
increased and the intermetallic compounds (IMCs) growth mechanism obeyed the parabolic law and
the IMC growth mechanism was diffusion-controlled. The mechanical strengths for both the soldered
joints decreased with increasing thermal aging time. The SACNG/Au/Ni/Cu couple had better mechanical
strength than that in the SAC/Au/Ni/Cu couple.

Diffusion-controlled
Mechanical strength

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to the toxicity of lead (Pb) and its harm to the environ-
ment and human health, Sn-Pb solders are not allowed to be used
in electronic products [1-4]. Lead-free solders have become an
important issue in electronic packaging industry [5,6]. Sn-Ag-Cu
alloys are very suitable substitutes for Sn—Pb solders because they
have better mechanical properties and reliability after soldering
[7]. However, the liquidus temperature of the Sn—-Ag-Cu solders
is about 30°C higher than that of the Sn-37Pb solder. The higher
soldering temperature would bring serious oxidation problem to
the solder surface and decrease the wettability between the solder
and substrate. Cho et al. found that a small amount of Ge added
into the Sn—-Ag-Cu solders would inhibit the oxidation problem
and increase the solder joint mechanical strength [8]. The Au/Ni
multilayer structure is commonly used as the under bump met-
allization (UBM) in the ball grid array (BGA) and flip chip (FC)
bonding technique. The Au layer can prevent oxidation, enhance
the wettability, and the Ni layer acts as a diffusion barrier to pre-

* Corresponding author at: Department of Materials Science and Engineering,
National Taiwan University of Science and Technology, 43 Keelung Road, Section
4, Taipei 10672, Taiwan, ROC. Tel.: +886 2 27376659; fax: +886 2 27301265.

E-mail address: ywyen@mail.ntust.edu.tw (Y.-W. Yen).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.01.114

vent the rapid reaction between the solder and the Cu substrate
[9,10].

Massive research groups have studied interfacial reactions
between Sn-Ag and Sn-Ag-Cu alloys with Ni or Cu or Au/Ni/Cu
substrates [5,11-22], and several literatures had regarded with
interfacial reactions and the mechanical properties of Sn-Ag-Cu
alloys by adding a minor amount of Ni or Ge elements to the
Au/Ni/Cu substrate [8,21,24-31]. The Sn-4.0Ag0.5-Cu alloy is
one of popular lead-free solders and the Au/Ni/Cu multi-layer is
the common UBM structure in electronic packaging. To ensure
the solder joint reliability, a clearer understanding of the sol-
der joint strength and interfacial reactions, including the reaction
kinetics, intermetallic compound (IMC) growth mechanism, in
the Sn-Ag-Cu/Au/Ni/Cu and Sn-Ag-Cu-Ni-Ge/Au/Ni/Cu couples
is necessary. In this study, the Sn-4.0Ag0.5-Cu/Au/Ni/Cu and
Sn-4.0Ag-0.5Cu-0.05Ni-0.01Ge/Au/Ni/Cu couples were reflowed
and aged at various temperatures for different periods of the reac-
tion time. The evolution and reaction mechanism of the IMCs, which
were formed at the interface, were investigated. The joint strength
was determined, as well.

2. Experimental procedures

Commercial  Sn-4.0wt%Ag-0.5wt%Cu  (SAC) and Sn-4.0wt%Ag-0.5
wt%Cu-0.05 wt%Ni-0.01 wt%Ge (SACNG) lead-free solders of 600 m diame-
ter were used in this study. The liquidus temperature was measured using a
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Table 1
Liquidus temperature and wetting time for the SAC and SACNG solders.
SAC SACNG
T, (°C) 220.9 219.7
Wetting time (s) 0.85 0.75

differential scanning calorimeter. The wetting time was determined using a solder
checker. The liquidus temperature and wetting time are listed in Table 1. Quite
similar properties between the SAC and SACNG solders are found in Table 1. It
indicates that Ni and Ge atoms added to the SAC solder would not significantly
change its liquidus temperature and wetting time. A 450 wm x 450 wm Cu pad,
which was coated with the Au(1 wm)/Ni(25 wm) layers on it, was used. The solder
ball was placed onto the metallic pad in a furnace at 240 and 255°C for 3, 5, 10,
and 20 min for reflowing. The reflowed specimens were subsequently treated by
thermal aging in a furnace at 150°C for 100-500 h.

After the reaction, each specimen was metallographically prepared to inspect
the cross-section micrograph. An optical microscope (OM) and scanning electron
microscope (SEM) were used to examine the surface morphology. If there were
IMCs formed at the interface, the quantitative chemical analysis of the IMC was
performed using SEM with an energy dispersion spectrometer (EDS) and electron
probe micro-analyzer (EPMA).

The shear stress of each specimen was examined using a universal test machine
to evaluate the solder joint strength. The universal test machine with a constant
speed 200 wm/s prodded the specimen until the solder ball was totally removed
from the metallic pad. The morphology of the fractured surface was inspected using
SEM to demonstrate the cause of the fracture.

3. Results and discussion
3.1. Interfacial reactions in the SAC/Au/Ni/Cu couple

Fig. 1(a) shows the backscattered electron image (BEI) of the
SAC/Au/Ni/Cu couple reflowed at 240°C for 3 min. During the
reflow process, the Au layer was completely dissolved into the
molten solder. However, the Ni layer was still observed. It had not
yet been consumed thoroughly during this process. Based on the
composition analysis using EPMA and SEM/EDS, two IMCs were
observed at the interface and in the solder, respectively. Close to
the Ni side, a planar layer IMC with Sn-21.32 at.%Ni-33.67 at.%Cu
and minor Au about 0.32 at.% composition was formed. It is likely to
be the (Cu, Ni, Au)gSns phase [13,32]. Because the Cu, Ni and Au ele-
ments have the same face-centered cubic (FCC) structure, the Niand
Au atoms can incorporate into the sublattice of the CugSns phase to
form the (Cu, Ni, Au)gSns phase [13,32]. An IMC with an irregular
shape was observed in the solder. It should be the AuSn, phase
of Au-82.32at.% Sn [32]. Fig. 1(b) shows the BEI micrograph of
the SAC/Au/Ni/Cu couple reflowed at 240 °C for 10 min. The AuSny4
phase was still observed in the solder. However, a two layer IMC
structure was formed at the SAC/substrate interface. This structure
consisted of the (Cu, Ni, Au)gSns phase which was close to the SAC
solder and the (Ni, Cu, Au)3Sn4 phase which was close to the Ni side
[13,32]. This result indicated that an increase in reflowing time can
influence the IMC formation.

In the initial reflowing stage, the Cu atoms from the solder
rapidly reacted with the Ni substrate. The Cu concentration near
the substrate was high enough to form the (Cu, Ni, Au)sSns phase
on the Ni surface, although the Ni layer still remained on the Cu
surface [13]. The Ni atoms from the substrate continuously dis-
solved into the solder with increasing the reflowing time. This
would dilute the Cu concentration in the molten solder. Thus, the
Cu concentration near the substrate was not sufficient to form the
(Cu, Ni, Au)gSns phase at the interface. According to the Sn-Ni-Cu
ternary diagram [7] and Kao’s study [13], the equilibrium condition
should be in the CugSns-Ni3Sng-L tie-triangle. When the reflow-
ing time was increased, the decrease in the Cu concentration in the
molten solder occurred. Therefore, the equilibrium phase region
would shift into a tie-triangle composed of the CugSns-Ni3Sng-L
region from the two-phase region, CugSns-L region. That is why
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Fig. 1. BEI micrographs of the SAC/Au/Ni/Cu couples reflowed at 240 °C for (a) 3 min
and (b) 10 min.

the (Cu, Ni, Au)gSns and (Ni, Cu, Au)3Sn4 phases were formed at the
interface.

Fig. 2(a) and (b) shows BEI micrographs of the SAC/Au/Ni/Cu
couple reflowed at 240 °C for 3 and 10 min and consequently aged
at 150°C for 500 h. After taking a long period of heat-treatment at
150°C, the (Cu, Ni, Au)gSns phase was formed at the interface in
the SAC/substrate couple reflowed for 3 min. The (Cu, Ni, Au)gSns
and (Ni, Cu, Au);Sn4 phases were observed at the interface in the
SAC/Au/Ni/Cu couple reflowed for 10 min. These IMC evolutions at
the interface in Fig. 2(a) and (b) are very similar to those in Fig. 1(a)
and (b). The results indicate that long-term heat aging did not affect
the IMC formation at the interface. However, the IMC thickness
in both couples for different reflowing times was increased as the
aging time was increased. Fig. 3 presents the relationship between
the IMC thickness and the square root of the aging time. A linear
relation is found in Fig. 3. It reveals that the IMC growth mechanism
in both couples was diffusion-controlled. The growth constant (k)
is listed in Table 2. When the reflowing temperature is raised to
255°C or the aging time is increased to 500 h, similar results are
found in Fig. 3. The growth rate constant is increased as the aging
temperature is increased.

Why does the (Cu, Ni, Au)sSns phase not transform into the (Cu,
Ni, Au)gSns and (Ni, Cu, Au)3Sn4 phases through long periods of
heat-treatment at 150°C? It is likely that the Cu diffusion rate in
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Fig. 2. BEI micrographs of the SAC/Au/Ni/Cu couples reflowed at 240 °C for (a) 3 min
and (b) 10 min and then aged at 150 °C for 500 h.

Table 2
Growth rate constants (k x 10'* m?/s) for the SAC/Au/Ni/Cu and SACNG/Au/Ni/Cu
couples.

System Temperature-reflowing time

240-03 240-10 255-03 255-10
SAC405/Au/Ni/Cu 1.15 3.86 1.20 4.68
SACNG/Au/Ni/Cu 5.21 19.01 20.02 79.01

the solid-solid reaction is slow enough to cause a deficiency in a
Cu concentration near the interface. The Cu and Ni concentrations
remain in the initial reflowing condition. This means that the equi-
librium condition does not change. The AgzSn and AuSn, phases

Table 3
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Fig. 3. Thickness of IMC layer in the SAC/Au/Ni/Cu couple.

were still observed in the solder, as shown in Fig. 2(a) and (b).
However, the AuSny phases vanished gradually with the increase
in aging time. According to Ho et al.’s study, the AuSn,4 phases pre-
ferred to alloy with Ni atoms and segregated toward the interface
to form a (Au;_xNix)Sny layer in the interfacial reaction [33]. Sharif
et al. indicated that the affinity of Ni atoms with Sn—-Cu IMCs was
better than that with Sn—-Au IMCs [34]. Thus, the Sn-Cu compound
close to the Ni side formed the (Cu, Ni, Au)sSns phase at the inter-
face easier than the (Au;_yNix)Sny phase. The Au content in the (Cu,
Ni, Au)gSns phase increased with the increase in aging time.

3.2. Interfacial reactions in the SACNG/Au/Ni/Cu couple

Fig. 4(a) shows the BEI micrograph of the SACNG/Au/Ni/Cu cou-
ple reflowed at 240°C for 3 min. According to the EPMA chemical
analysis, a continuous (Cu, Ni, Au)gSns layer at the interface and the
AuSn4 phase within the solder were observed. With the increase
in reflowing time to 10 min, two IMCs layers, the (Cu, Ni, Au)gSns
and (Ni, Cu, Au);Sn4 phases, were observed at the solder/substrate
interface, as shown in Fig. 4(b). Fig. 5(a) and (b) shows BEI micro-
graphs of the SACNG/Au/Ni/Cu couple reflowed at 240 °C for 3 min
and 10 min and then aged at 150°C for 500 h, respectively. The (Cu,
Ni, Au)gSns phase was formed at the interface in the 3-min reflow-
ing case. The (Cu, Ni, Au)gSns and (Ni, Cu, Au);Sng phases were
formed between the solder and substrate in the SACNG/Au/Ni/Cu
couple reflowed for 10 min and aged for 500 h. The AgzSnand AuSny
phases were still observed in the solder. Fig. 6 shows that the total
IMC thickness increased with the increase in aging time. A linear

Evolution of IMCs formed at the interface in two reaction couples reflowed and then aged at various temperatures and times.

Reaction couples Aging time (h) Reflowing conditions

240°C 255°C
3 min 10 min 3 min 10min
. ) Cu, Ni, Au)sS . Cu, Ni, Au)sS
SAC/Au/Ni/Cu 100-500 (Cu, Ni, Au)sSns ENL: Cul A{jijsﬁj (Cu, Ni, Au)sSns EN? cLi Aﬂiisﬁi
SACNG/Au/Ni/Cu 100-500 (Cu, Ni, Au)sSns EC”' Ni, Au)sSns (Cu, Ni, Au)sSns EC”' Ni, A”;‘isns

Ni, Cl_l, AU)351‘14 Ni, CLl, Au 351’14
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Table 4
Shear stress values and ratio (R) of the SAC/substrate joints in different reflowing and aging conditions.
Reflowing temperature (°C) Reflowing time (min) Shear tress after 100 h-aging Shear stress after 500 h-aging
7o (N/mm?) 7 (N/mm?) R (%) 7o (N/mm?) 7 (N/mm?) R (%)
240 3 12.8 10.3 80.2 12.8 8.9 69.5
240 10 12.4 10.50 84.7 12.4 8.9 71.2
255 3 12.6 9.8 78.0 12.6 9.6 75.8
255 10 121 10.0 83.0 121 8.9 73.5
Table 5
Shear stress values and ratio (R) of the SACNG/substrate joints in different reflowing and aging conditions.
Reflowing temperature (°C) Reflowing time (min) Shear tress after 100 h-aging Shear stress after 500 h-aging
7o (N/mm?) 7 (N/mm?) R (%) 7o (N/mm?) 7 (N/mm?) R(%)
240 3 12.2 10.1 82.6 12.2 9.8 79.9
240 10 12.5 10.2 82.0 12.5 9.9 79.6
255 3 12.3 10.5 85.2 12.3 10.2 82.7
255 10 12.4 10.1 81.9 124 10.0 80.92

relationship is found between the aging time and IMC thickness.
This means that the IMC growth mechanism is diffusion-controlled.
The growth rate constants in the SACNG/substrate couples are
listed in Table 2. The k value is increased as the aging temper-
ature is increased in the SACNG/substrate couples. These results

Cu
NTU COMP 15.

Ni

Cu
NTU COMP 15.8kV . i 18pm WD11imm

Fig. 4. BEI micrographs of the SACNG/Au/Ni/Cu couples reflowed at 240°C for (a)
3 min and (b) 10 min.

are similar to that in the SAC/substrate couples and literature data
[25,26].

The IMC evolution in both couples is listed in Table 3. The
results in the SACNG/Au/Ni/Cu couple were similar to those in
the SAC/Au/Ni/Cu couples. In all couples, IMCs with no Ge solu-

R AT
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e

,"*

10pm WD11mm

1Apm WD1 1mm

Fig. 5. BEI micrographs of the SACNG/Au/Ni/Cu couples reflowed at 240°C for (a)
3 min and (b) 10 min and then aged at 150 °C for 500 h.
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Fig. 6. Thickness of IMC layer in the SACNG/Au/Ni/Cu couples.
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bility were formed at the interface. However, based on Table 2,
the growth rate constant in the SACNG/substrate couples is always
greater than that in the SAC/substrate couples. The addition of Ni
and Ge into the SAC solder would not significantly change the IMC
formation in the solder/substrate couples but it seems to accelerate
the interfacial growth rate in the solder/substrate system.
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Fig. 7. Shear strength of the SAC/Au/Ni/Cu couple under different reflow conditions
(m: at 240°C for 3 min; @: at 240°C for 10 min; a: at 255°C for 3 min; v: at 255°C
for 10 min), and then aged at 150 °C for 500 h.
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Fig. 8. Fracture surface morphologies of the SAC/Au/Ni/Cu couple aged at 150 °C for

(a)300h and (b) 400 h.
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Fig. 9. Shear strength of the SACNG/Au/Ni/Cu couple under different reflow condi-
tions (M: at 240°C for 3 min; @®: at 240°C for 10 min; a: at 255°C for 3 min; v: at
255°C for 10 min), and then aged at 150 °C for 500 h.
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Fig.10. Fracture surface morphologies of the SACNG/Au/Ni/Cu couple aged at 150°C
for (a) 300 h and (b) 400 h.

3.3. Mechanical properties in the SAC/Au/Ni/Cu and
SACNG/Au/Ni/Cu couples

A shear stress test was carried out to evaluate the Ni and Ge
addition effect to the SAC solder on the solder joints. The shear
stress ratio (R) in this study is defined as,

R (%)=L x 100
To

where t is the shear stress value after the aging process and 7 is
the initial shear stress value. Fig. 7 displays the shear stress values
for the SAC/Au/Ni/Cu joints under four different reflowing condi-
tions: [1] at 240°C for 3 min; (2) at 240 °C for 10 min; (3) at 255°C
for 3 min; and (4) at 255°C for 10 min, and then aged at 150°C for
100-500 h. The shear stress values of these solder joints in each
specimen declined abruptly within the 100-h-aging treatment and
then decreased slowly after 100-h-aging treatment. The detailed
shear stress values are listed in Table 4. Based on Table 4, the
strength ratio (R) of the aged specimens at 150°C for 100 h was
approximately 81% and the strength ratio of the aged specimens at
150°C for 500 h was approximately 72%. Therefore, the strength of
the aged specimens declined dramatically from the 0-100 h aging
time. Subsequently, the strength of the aged specimens did not
be deteriorated effectively with the longer aging time after 100 h-
aging.

Fig. 8 shows the fracture surface morphologies of the
SAC/Au/Ni/Cu couple reflowed at 240°C for 10 min then aged at

4
3 .
. ———SACNG
L ——SAC
-
=
=11}
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Z 1t
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0
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-1.0 05 00 05 1.0 15
Logt

Fig. 11. TGA analyses of the SAC and SACNG solders.

150°C for (a) 300 h and (b) 400 h after the shear stress test. The
specimen aged for 300 h presents a smooth fractured plane along
the solder and the IMCs, as shown in Fig. 8(a). With the aging time
increased to 400 h, the specimen fracture surface was transferred
to the IMC-IMC interface instead of the solder-IMC interface on
the solder joint surface. The fracture type changed from a ductile
fracture into a brittle fracture contributed by the thicker (Cu, Ni,
Au)gSns phase formed at the interface. This might be the reason for
the deterioration in the shear stress.

Fig. 9 displays the shear strength of the solder joint at the
SACNG/substrate interface under the same reflowing and aging
conditions. The shear stress values in the SACNG/substrate inter-
face declined abruptly at an aging time of 100 h, and then decreased
slowly over the aging time of 100 h. Fig. 9 also presents that the
shear stress ratio (R) of the specimen aged at 150°C for 100 h
approximately is 81-85% and that at 150 °C for 500 h-aging approx-
imately is 79-82%. The detailed values are listed in Table 5. The
SACNG/substrate solder joint results are similar to those in the
SAC/substrate solder joints. According to Figs. 7 and 9, the shear
stress of both SAC/Au/Ni/Cu and SACNG/Au/Ni/Cu couples were
close to 12.50 N/mm? at the beginning. However, with increased
aging time from 100 to 500 h, the slope of the shear stress versus
the aging time in the SAC/Au/Ni/Cu couple was larger than that
in the SACNG/Au/Ni/Cu couple. This revealed that a minor addi-
tion of Ni and Ge to the SAC solder could improve the solder joint
mechanical strength.

Fig. 10 shows the fracture surface morphologies of the solder
joint in the SACNG/Au/Ni/Cu coupled aged at 150°C for (a) 300 h
and (b) 400h after the shear stress test. A smooth fracture plane
was observed along the solder-IMC interface in both solder joints,
as shown in Fig. 10(a) and (b). These two fracture surface regions
were composed of the solder and (Cu, Ni, Au)gSns phase determined
using EDS analysis. The fracture interface in the SACNG/Au/Ni/Cu
solder joint did not change from the solder-IMC interface to the
IMC-IMC interface as the aging time was increased to 400 h. The
SACNG/Au/Ni/Cu solder joint fracture was always a ductile fracture.
This result is consistent with Meng et al.” study [27]. However, the
IMC-IMC fracture morphology and brittle fracture type were found
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Fig. 12. XPS analysis results in the (a) SACNG and (b) SAC solder surface.

in the SAC/Au/Ni/Cu solder joint after 400 h-aging. That is why the
SACNG/Au/Ni/Cu solder joint has better mechanical strength than
the SAC/Au/Ni/Cu solder joint. Several studies had similar results
[23-25,27-31].

The better mechanical strength of the SACNG/Au/Ni/Cu solder
joint is contributed from the SACNG solder which has a superior
anti-oxidation ability [6,31]. According to the previous study, oxi-
dation is a harmful problem that decreases the bonding strength
in solder joints [8]. Fig. 11 shows the thermo-gravimetric analysis
(TGA) curves for SAC and SACNG solders. The result in Fig. 11 dis-
plays that the SACNG solder gained lesser weight increase than the

Fig. 13. Schematic diagram of the Ge element segregation in the SACNG solder.

SAC solder. This means that less oxidation was formed in the SACNG
solder than in the SAC solder. This was consistent with the SACNG
solder, which had a good anti-oxidation ability. The X-ray photo-
electron spectroscopy/electron spectroscopy for chemical analysis
(XPS/ESCA) for the SACNG solder indicated that the Ge element sig-
nal can only be detected on the SACNG solder surface. Fig. 12 shows
the XPS analysis results in the (a) SACNG and (b) SAC solder sur-
face. It obviously found that there was the Ge single in Fig. 12(a). On
the other hand, there no the Ge single could be found in Fig. 12(b).
The detection limit of the XPS/ESCA is 0.1 at.%. The Ge concentra-
tion in the SACNG solder is 0.01 wt% which is equal to 0.016 at.%.
Thus, if the Ge single can be detected by the XPS/ESCA, it means that
the Ge element must completely segregate to the solder surface. It
is probable that the Ge element added to the SAC solder was con-
sumed to form a GeOy thin layer on the solder surface. Fig. 13 shows
a schematic diagram of the Ge element segregation in the SACNG
solder. The density of the Ge and Sn elements is 5.32 and 7.28 g/cm?,
respectively. There is a large difference in density between the Ge
and Sn elements. After reflowing, the Ge element easily segregates
toward the surface of the SACNG solder to form a thin oxide layer.
This thin oxide layer acts as a protective layer to prevent oxygen
from the air reacting with the solder to form a SnOy layer and
improves the wettability between the solder and substrate. This
could explain why the shear stress in the SACNG/Au/Ni/Cu solder
joints is greater than that in the SAC/Au/Ni/Cu solder joints. Accord-
ing to this characteristic, the SACNG solder is a good choice to solve
the oxidation problem and it can increase the bonding strength
during the soldering process.

4. Conclusions

Two lead-free solders, Sn-4.0Ag-0.5Cu (SAC) and
Sn-4.0Ag-0.5Cu-0.05Ni-0.01Ge (SACNG), reacting with a multi-
layer Au/Ni/Cu substrate were investigated in this study. The
following conclusions are summarized:

1. Only the (Cu, Ni, Au)gSns phase was formed in the SAC/Au/Ni/Cu
and SACNG/Au/Ni/Cu couples reflowed at 240 and 255°C for
3 min, even aged at 150°C for 500 h. When the reflowing time
was increased to 10 min, both the (Cu, Ni, Au)gSns and (Ni, Cu,
Au);Sny phases were formed at the interface. The IMC formation
did not change when these couples were then aged at 150 °C for
500 h. With increasing aging time, the AuSn4 and AgsSn phases
were observed in the solders. All of the IMC thicknesses obeyed
the parabolic law. The IMC growth mechanism in these couples
is diffusion-controlled.

2. The shear strength of the SACNG/Au/Ni/Cu couple was higher
than that of the SAC/Au/Ni/Cu couple. It was likely that the frac-
tured surface of the SACNG/Au/Ni/Cu couple was the solder-IMC
interface and the failure model was a ductility failure. However,
the fractured surface of the SAC/Au/Ni/Cu couple was IMC-IMC
interface and it was a brittle failure.
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3. The addition of Ni and Ge into the SAC solder does not
influence the interfacial reaction. However, it has a great con-
tribution to increase shear strength owing to the aggregation
of Ge on the solder ball surface which enhances anti-oxidation
ability.
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