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In this study, the interfacial reactions on Sn, Sn-3.0Ag-0.5Cu, Sn-0.7Cu, Sn-58Bi and Sn-9Zn lead-free
solders with the Au/Pd/Ni/Cu multilayer substrate at 240-270 °C for 20 min to 20 h were investigated. The
experimental results showed that the (Ni, Cu);Sn4 phase is converted to the (Cu, Ni)sSns and Cu3Sn phases
in the Sn/Au/Pd/Ni/Cu system when the reaction time is longer than 4 h. In Sn-3.0Ag-0.5Cu/Au/Pd/Ni/Cu
and Sn-0.7Cu/Au/Pd/Ni/Cu systems, the (Cu, Ni)sSns and Cu3Sn phase were observed, and only the Ni3Sny4
phase was formed at the Sn-58Bi/Au/Pd/Ni/Cu interface. Furthermore, the Pd;Zng and NiZn phases were
formed in the Sn-9Zn/Au/Pd/Ni/Cu system. When the reaction time was longer than 4 h, the Pd,Zng, NiZn,
and NisZny; phases were formed at the interface. The reaction mechanism for all the reaction systems was
diffusion-controlled. The Sn-58Bi/Au/Pd/Ni/Cu system was found to have the lowest activation energy
when compared with other systems, and its value was 17.43 kJ/mol.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

With the electronic products becoming lighter and smaller
with higher performance and high I/O (In/Out) density, the
micro-interconnection technology adopted between the electronic
devices and substrates has become increasingly more important. As
the conventional Sn-Pb solders have excellent soldering charac-
teristics and reliability [1,2], Sn-Pb solders have been widely used
in the soldering processes for several decades. However, Pb is a
toxic metal, and its compounds are harmful to human health [3]. In
recent years, owing to the increase in the global environmental con-
sciousness and aggressive passing of related Pb-banning laws by
the European Union, such as WEEE and RoHS, conventional Sn-Pb
solders have been replaced by Pb-free solders since July 1, 2006
[4]. Many Pb-free solders have been developed, such as pure Sn,
Sn-3.0 wt% Ag-0.5 wt% Cu (SAC), Sn-0.7 wt% Cu (SC), Sn—-58.0 wt%
Bi (SB) and Sn-9.0 wt% Zn (SZ), which are the most promising Pb-
free solders [5-10].

SAC solder is suitable for flip-chip (FC) and ball grid array (BGA)
reflowing process [7], and SC solder is suitable for wave soldering
[6,9]. Both SAC and SC solders provide good mechanical properties
and solderability. As the eutectic temperature of SB solder is 139°C,
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itis suitable for communication and consumer electronic products,
and both the joint reliability and cost of SB solder are close to those
of the conventional Sn-Pb solders [10]. The eutectic temperature
of SZ solder is 198 °C, which is very close to the melting tempera-
ture of the Sn-37Pb solder (183 °C). Furthermore, beside the lower
process discrepancy between SZ and Sn-37Pb solder, SZ solder is
observed to demonstrate better mechanical properties than the
Sn-37Pb solder [8].

Pb-free solders are used for bonding devices onto the sub-
strates as well as in printed circuit boards for surface-finishing
treatment [11-13]. To improve the joint reliability and wettability
between the solder and the substrate, the used of Au/Ni, Pd/Ni, and
Au/Pd/Ni layer structures on copper is the most common approach
for surface-finishing treatment [14]. The Au layer provides oxida-
tion resistant and better wettability between the solder and the
pad. The Pd layer improves the wettability and acts as a diffusion
barrier as well. The Ni layer is widely adopted as a diffusion barrier
material to prevent the rapid reaction between the Cu and solder
induced by Cu diffusion.

Although numerous efforts have been made to study the interfa-
cial reactions of Pb-free solders with Cu or Ni substrates, research
on the interfacial reactions between the solder and Au/Pd/Ni/Cu
multilayer substrate systems is still lacking. In this study, the lig-
uid/solder reaction couple technique has been used to investigate
the interfacial reactions of the Au/Pd/Ni/Cu multilayer substrate
in molten Sn, Sn-3.0wt% Ag-0.5wt% Cu, Sn-58.0wt% Bi and
Sn-9.0 wt% Zn Pb-free solders at 240, 255, and 270°C for various
periods of reaction times.
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Table 1

Compositions of etching solutions for different solder/substrate systems.
Solders Sn/SC/SZ SAC SB
Etchant CH3OH:HCI:HNO3 CH30H:HCl HNO5:H,0
Ratio (vol.%) 93:2:5 9:1 1:1

2. Experimental

Individual Cu multilayer substrates were electroplated with 75nm-thick
Au layer, 210 nm-thick Pd layer, and 1.78 pwm-thick Ni layer, respectively. The
Au/Pd/Ni/Cu multilayer substrate with 15.0 mm x 5.0 mm x 1.0 mm was ultrason-
ically cleaned in ethanol and then dipped in diluted HCI solution. The substrate was
ultrasonically rinsed in de-ionized water to ensure that there was no contamination
on the substrate surface. The Sn, SAC, SC, SB and SZ solders were prepared with Sn,
Ag, Cu, Bi and Zn shots of above 99.0 wt% purity. In particular, for this study, the
liquid/solid reaction couples were prepared. The cleaned Au//Pd/Ni/Cu multilayer
substrate was dipped in a rosin mildly activated (RMA) flux and reacted with solders
in an evacuated quartz tube. The couples were placed in a tube furnace at 240, 255
and 270°C for 20 min to 20 h.

After the completion of the solid/liquid interfacial reactions, all the couples were
subsequently quenched in ice water. A metallurgical treatment was first applied
to make the cross-sectional interface perpendicular to the exposed substrates. To
elucidate the relationship between the surface morphology and intermetallic com-
pound (IMC) microstructure, deep-etching technique was employed to study the
microstructures of the interface between the solder and the substrate. The couples
were etched with different etching solutions for a few minutes to remove the sol-
der. The detailed etching solution compositions for each solder/substrate couple are
listed in Table 1. Thus, the 3-D microstructure of the IMCs formed at the interface
can be clearly observed. Optical microscope (OM) and scanning electron microscope
(SEM) were used for microstructure examination. SEM with an energy dispersive
spectrometer (EDS) and electron probe micro-analyzer (EPMA) were used to deter-
mine the IMC composition and the results were compared with the related phase
diagrams. The IMCs formed at the solder/substrate interface was identified using
both the data.

3. Results and discussion
3.1. Sn/Au/Pd/Ni/Cu reaction couple

Fig. 1(a) shows a backscatter electron image (BEI) of the Sn sol-
der reacting with the Au/Pd/Ni/Cu substrate at 270°C for 1h. It can
be observed that the Au and Pd layers are completely dissolved
into the molten Sn solder, which is owing to their thinness. As
shown in Fig. 1(a), a light gray and scallop-shaped layer is formed
at the Sn side. The EPMA analysis revealed that its composition is
Sn-37.2Cu-16.3Ni (at.%). Based on the Sn-Cu, Ni-Sn binary phase
diagram [15,16] and Sn-Cu-Ni ternary phase diagram [17], this
is considered to be the (Cu, Ni)sSns phase, which has 16.3at.%
Ni solubility with CugSns phase. A dark-gray and discontinuous

Fig. 1. BEI micrograph of the (a) Sn/Au/Pd/Ni/Cu, (b) SAC/Au/Pd/Ni/Cu and (c)
SC/Au/Pd/Ni/Cu reaction couples reacted at 270°C for 1 h.

Fig. 2. (a) Un-etched and (b) deep-etched BEI microstructure of the Sn/Au/Pd/Ni/Cu
reaction couple reacted at 270°C for 4 h.

layer closed to the Cu side was found and its composition was
Cu-22.4 at.% Sn. This is likely to be the Cu3zSn phase [15]. A bright-
colored thin layer with the composition of Sn-35.6Ni-8.7Cu (at.%)
determined from EPMA analysis, was formed between the (Cu,
Ni)gSns and Cu3Sn phases, which is likely to be (Ni, Cu)3Sng phase
[17]. In this case, a few Ni layer still remained on the Cu surface.
Similar results were found when the reaction temperatures were
reduced to 255 or 240 °C for various reaction times.

When the reaction time was extended to 4 h, the Ni layer was
completely consumed. As shown in Fig. 2(a), only the (Cu, Ni)gSns
and CuzSn phases were formed at the interface and no Ni-Sn
IMCs were found. The IMC at the Sn side was loose and peeled
off the interface. According to the EPMA analysis, this should be
the (Cug59Nig.41)sSns5 phase. Furthermore, the inner IMC near and
close to the Cu3Sn phase was much denser than the spalling IMC,
which was the (Cugg4Nig.16)6Sns phase. When the reaction time
was increased, the small grain size of the (Cu, Ni)sSns phases
ripened to form a greater one to reduce the free energy. Thus, the
larger grain size of the (Cu, Ni)gSns phase exhibited continuous
growth. This result was very similar to that obtained in the inter-
facial reaction between the liquid Sn and solid Cu substrate, which
formed the CugSns and Cu3Sn phases in this reaction system [18].

For a clear observation of the 3-D IMC morphology, the etching
solution was used to remove the solder for each reaction couple.
Fig. 2(b) shows adeep-etched SEI micrograph of the Sn/Au/Pd/Ni/Cu
couple reacted at 270°C for 4 h. Furthermore, the grain morphol-
ogy of the (Cu, Ni)gSns phase in the solder showed a hexagonal
polyhedron-type shape, which is different from the other CugSns
phase that was close to the Cu3Sn phase and exhibited a cobble
shape. Similar results were found when the reaction temperatures
were decreased to 240 and 255 °C. This indicates that that the tem-
perature change does not significantly influence IMC formation.

The reaction mechanism for the Sn/Au/Pd/Ni/Cu system is that
Au and Pd atoms rapidly dissolved into the molten Sn. However,
the concentrations of Au and Pd are too limited to be detected.
The Sn atoms were found to diffuse into the substrate side and
react with the Ni and Cu sides to form the Ni3Sng and CugSns
phases, respectively. The high Cu-concentration IMC, the Cu3Sn
phase, was formed at the Cu side. However, the Ni supply was not
limitless. When the Ni layer was consumed completely, more Cu
atoms diffused toward the solder side and were incorporated into
the sublattice of the Ni3Sn4 phase. Meanwhile, the Cu diffusion rate
in Sn was faster than the Ni diffusion rate in the Sn [19]. Thus, it can
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Fig. 3. (a) Un-etched optical micrograph and (b) deep-etched BEI micrograph of the SAC/Au/Pd/Ni/Cu reaction couple reacted at 270°C for 1 h; (¢), (d) is magnified locally

from (b).

be concluded that the Ni3Sny phase was converted to the CugSns
phase, which explains why about 22.6 at.% Ni had solid solubility
in the (Cu, Ni)gSns phase, which is close to the solder side. How-
ever, only about 8.8 at.% Ni in the (Cu, Ni)sSns phase was near the
substrate side.

3.2. Sn-3.0Ag-0.5Cu/Au/Pd/Ni/Cu reaction couple

A micrograph of the SAC/Au/Pd/Ni/Cu couple reacted at 270°C
for 1 his presented in Fig. 1(b). Two different layers could be fund
at the interface. A gray, irregular, and thick region close to the SAC
solder can be observed, which composition is Sn-33.4Cu-22.4Ni
(at.%) in the (Cu, Ni)gSns phase [17]. This indicates that 22.4 at.% of
the Ni atoms dissolve in IMC phase. Furthermore, the dark and thin
region near the Cu side is the Cu3zSn phase with the composition of
Cu-22.7at.% Sn [15].

Fig. 3(a) shows a larger area of an optical micrograph of the un-
etched SAC/Au/Pd/Ni/Cu couple reacted at 270°C for 1 h, in which
the massive spalling of the (Cu, Ni)gSns phase can be observed. The
zoom-in SEI image of Fig. 3(a) is shown in Fig. 3(b). Fig. 3(c) and
(d) shows the local magnitude image of Fig. 3(b). The composition
ratio of the (Cu, Ni)sSns phases, as shown in Fig. 3(c), closed to the
SAC solder side is (Cug 77Nig 23 )sSns. The grain morphology shows a
loose stack among the grains and irregular polyhedron-type shape.
The composition ratio of the (Cu, Ni)sSns phases close to the Cu side,
as shown in Fig. 3(d), is (Cug ggNig.04)sSns. The morphology of the
(Cu, Ni)gSns phase is smooth, which is similar to a cobble-type of
the CugSns phase, owing to the lesser amount of Ni dissolved in the
(Cu, Ni)gSns phase. Different amounts of Ni contents dissolved into
(Cu, Ni)sSns phase resulted in different grain morphologies. Many
small and spherical-type grains were found adhered to the surface
of the (Cu, Ni)sSns phases, as shown in Fig. 3(c) and (d). However,
the composition could not be analyzed using EDS or EPMA, because
the grain size was too small. It is presumed that the Ag;Sn phase

precipitated and deposited onto the (Cu, Ni)gSns phase surface dur-
ing the SAC solder solidification process.

When the reaction temperatures were reduced to 255 and
240°C or when the reaction time was extended to 4h, the (Cu,
Ni)gSns and Cu3Sn phases were still formed at the interface, and
a part of the (Cu, Ni)sSns phase progressively peeled off from the
interface. The peeling-off phenomenon induced by the Cumicroele-
ment in the SAC solder is considered to be caused by the Cu in the
SAC solder diffusing into the interface and replacing Ni to react with
Sn. Subsequently, the (Cu, Ni)sSns phase is formed. This reaction
mechanism is similar to that found by Ho et al. [12], in that both
Ni3Sng and CugSns phases were formed at the Sn—-Ag—xCu/Ni inter-
face, when the value of x was between 0.4 and 0.5 wt%. However,
the Ni atoms in this case finitely dissolved and reacted with the Sn
and Cu atoms from the solder. Furthermore, the (Ni, Cu)3Sn4 phase
was only found under shorter reaction time and lower reaction
temperature conditions.

3.3. Sn-0.7Cu/Au/Pd/Ni/Cu reaction couple

Fig. 1(c) shows a BEI micrograph of the SC/Au/Pd/Ni/Cu cou-
ple reacted at 270°C for 1h. The charcoal, continuous and plane
phases can be found at the Cu side. The composition revealed by
EPMA analysis is Cu-23.9 at.% Sn in the Cu3Sn phase [15]. The com-
position of the light gray, irregular, thick phase at the SC side is
Sn-44.7Cu-7.9Ni (at.%), which is the (Cu, Ni)sSns phase [7]. These
results are similar to that found in He et al’s study [20]. Further-
more, the CuszSn and (Cu, Ni)gSns phases were still formed in the
SC/Au/Pd/Ni/Cu couple, reacted at 250 and 240°C.

The (Cu, Ni)gSns and Cus3Sn phases were formed in the
Sn/Au/Pd/Ni/Cu, SAC/Au/Pd/Ni/Cu and SC/Au/Pd/Ni/Cu couples.
However, the (Cu, Ni)sSns phase formed in the SC/Au/Pd/Ni/Cu
couple peeled off severely from the substrate, toward the solder,
when compared with the Sn/Au/Pd/Ni/Cu and SAC/Au/Pd/Ni/Cu
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Fig.4. (a) Un-etched optical micrograph and (b) deep-etched BEI micrograph of the SC/Au/Pd/Ni/Cu reaction couple reacted at 270°C for 1 h; (¢), (d) is magnified locally from

(b).

couples. This peeling-off phenomenon was induced by negligi-
ble Cu content in the solder. The (Cu, Ni)sSns phase was stably
formed in the solder/Ni/Cu couple when the Cu content in the sol-
der was greater than 0.5 wt% [12]. The small grain size of the (Cu,
Ni)gSns phases ripened together to form the (Cu, Ni)sSns phases
with larger grain size. These larger (Cu, Ni)sSns phases peeled off
from the interface and spread over the solder. There was a signifi-
cant grain ripening process when the reaction time was extended
to4 h,and this mechanism was also observed in the Sn/Au/Pd/Ni/Cu
and SAC/Au/Pd/Ni/Cu system.

Fig. 4(a) shows an un-etched OM image of the SC/Au/Pd/Ni/Cu
couple at 270°C for 1 h, and Fig. 4(b) shows the SEI microstructure
of the image presented in Fig. 4(a) after etching. This region is the
peeling-off IMC. Fig. 4(c) and (d) shows the local magnified images
presented in Fig. 4(b). The composition of the (Cu, Ni)gSns phase
above the interface close to the SC solder was (Cug 72 Nig 28 )sSns, as
shown in Fig. 4(c). The grain morphology was a polyhedron-type
column structure with needle-like tails. When compared with the
(Cu, Ni)gSns phase in the SAC/Au/Pd/Ni/Cu system, the (Cu, Ni)gSns
phase close to the SC solder side was densely stacked along with
the grains. The composition of the (Cu, Ni)gSns phase near the Cu
substrate side was (CuggsNiggs5)sSns, as shown in Fig. 4(d). The
morphology was smooth and plane, similar to the cobble-like grain
of the CugSns phase, which may be owing to the lesser Ni contents
dissolved in the (Cu, Ni)gSns phase. These results are similar to that
of the SAC/Au/Pd/Ni/Cu couples. The different Ni concentration in
the (Cu, Ni)sSns phase resulted in a different morphology for the
(Cu, Ni)gSns phase.

3.4. Sn-58Bi/Au/Pd/Ni/Cu reaction couple

Fig. 5(a) shows a BEI micrograph of the SB/Au/Pd/Ni/Cu cou-
ple reacted at 270°C for 1h. The dark and light color layers in
the SB solder are (Sn) and (Bi) phases, respectively. A light-colored

plane IMC layer was found at the interface with a composition of
Sn-38.3Ni-2.2Pd-1.9Cu (at.%) in the Ni3Sn4 phase [16]. The layer
close to the Cu side, showing dark and regular morphology, is the
remnant Ni layer. When the reaction temperatures were reduced
to 255 and 240°C, only the Ni3Snyg phase was formed at the sol-
der/substrate interface. This result is consistent with that observed
in Wang’s study [21]. Furthermore, only the Ni3Sny4 phase could be
found for the liquid-solid interfacial reaction between the Sn-Bi
solder and Ni substrate.

Owing to the large Bi concentration in the SB solder system, the
Sn diffusion rate toward the substrate solder could be suppressed.

Fig.5. BEI micrograph of the (a) SB, and (b) SZ/Au/Pd/Ni/Cu reaction couples reacted
at270°Cfor 1h.
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Fig. 6. (a) Un-etched and (b) deep-etched BEI microstructure of the SB/Au/Pd/Ni/Cu
reaction couple reacted at 270°C for 4 h.

Thus, Sn atoms could diffuse slowly toward the Ni layer and pro-
gressively consume them to form the Ni3Sng4 phase at the interface.
This Ni layer acts as a diffusion barrier to prevent the Sn atoms
from diffusing toward the Cu side to form the Cu-Sn IMCs. There-
fore, the major IMC formed at the interface is the Ni3Sng phase. As
shown in Fig. 6(a), the thickness of the Ni3Sny phase increased sig-
nificantly when the reaction time was increased to 4 h. However,
the Ni layer remained at the interface. Fig. 6(b) presents a deep-
etched SEI image of the SB/Au/Pd/Ni/Cu couple reacted at 270°C
for 4 h. Larger pieces of the Bi-rich phase were exposed in the sol-
der and the microstructure of the Ni3Sng phase was a needle-like
grain with compact stacking.

3.5. Sn-9Zn/Au/Pd/Ni/Cu reaction couple

Fig. 5(b) shows the BEI image of SZ/Au/Pd/Ni/Cu couple reacted
at 270°C for 1 h. A dark black, needle-like region in the SZ solder is
the (Zn) phase, and the charcoal gray and plane layer near the Cu
side is the remnant Ni layer. Two different colored layers between
the SZ solder and Ni layer could be obviously observed. The con-
tinuous, smooth layer close to the SZ solder has a light gray color
and is thin. According to EPMA quantitative analysis, its composi-
tion is Zn-14.5Pd-2.7Cu-1.1Ni (at.%), and is in the PdyZng phase
[15]. However, this was different from that observed in other sol-
der/Au/Pd/Ni/Cu reaction couples. The planar layer between the
Pd,Zng phase and Ni layer had a dark black color and smooth mor-
phology, and its composition is Zn-46.1 at.% Ni in the NiZn phase
[16,22].

When the reaction time was extended to 4 h, the thickness of
the Pd,Zng phase, when compared with that presented in Fig. 5(b),
did not increase obviously, as shown in Fig. 7(a). This indicates that
the Pd layer completely reacted with the Zn layer with no extra
Pd left to form a thicker Pd,Zng phase. Three planar layers with
a light gray color and black column-like regions among the layers
between the Pd;Zng phase and Ni layer can also be found in Fig. 7(a).
The composition of the light gray layers is Zn-17.1Ni-2.1Cu (at.%)
in the NisZn,; phase [16], and the black color region is the NiZn
phase. This result is different from that in which the couple reacted
for 1 h. Furthermore, it was observed that extending the reaction
could change the IMC formation.

The reaction mechanism is that the Zn atoms have higher activ-
ity, and can easily aggregate to the interface and react with the
substrate. At the initial reaction stage, the thin Au layer rapidly dis-

Fig. 7. (a) Un-etched and (b) deep-etched BEI microstructure of the SZ/Au/Pd/Ni/Cu
reaction couple reacted at 270°C for 4 h.

solves into the solder [24] and the Pd layer remains intact. The Zn
atoms come in direct contact with the Pd layer, and then react with
Pd to form the Pd,Zng phase. However, the Zn atoms continuously
diffuse through the Pd;Zng phase toward the Ni layer. At this stage,
not many Zn atoms reach the Ni side. Thus, the NiZn phase, which
has the low stoichiometry number of Zn/Nij, is first formed at the
interface. As the diffusion rate of the Zn atom is faster than that of
the Ni atom [19], extending the reaction time can allow more Zn
atoms to diffuse toward the Ni side. However, the Ni supply is lim-
ited, and the NiZn phase is progressively converted to the NisZn;;
phase with the increasing reaction time. This result is similar to that
observed by Chou, indicating that NisZn, is formed at the interface
of the Sn-9Zn/Ni and Sn-9Zn-1Cu/Ni systems [23].

Fig. 7(b) shows a deep-etched SEl image of SZ/Au/Pd/Ni/Cu cou-
ple reacted at 270°C for 4h. The upper Pd;Zng phase and the
NisZny; phase can be observed. Furthermore, the grain morphol-
ogy of the PdyZng phase is irregular stacking to one layer and the
NisZny has a column-type stack to three layers.

3.6. Kinetics of the interfacial reaction

The total thickness of the IMC layers increases when the reaction
time and temperature are increased. A linear relationship for each
reaction couple exists between the thickness of all IMCs and the
square root of the reaction time. Their growth rates can be described
by the parabolic law, and the IMC growth is diffusion-controlled.

The linear relationship between the thickness of the IMCs and
the square root of the reaction time is described by x=kt!/2,
where k is the growth-rate constant. From the Arrhenius equation,
k=koexp(—Q/RT), the growth-rate constant (k) and the activation
energy (Q) can be determined and are listed in Table 2. As shown
in Fig. 8, the Sn-58Bi/Au/Pd/Ni/Cu system has the lowest growth-

Table 2

Growth-rate constants and activation energy and for each couple.
System Growth-rate constantk x 10'> m? s! Q (kJ/mol)

240°C 255°C 270°C

Sn/Au/Pd/Ni/Cu 58.54 82.41 113.87 51.4
SAC/Au/Pd/Ni/Cu 66.30 89.62 11832 447
SC/Au/Pd/Ni/Cu 75.11 106.02 140.84 48.6
SB/Au/Pd/Ni/Cu 0.67 0.76 0.84 174
SZ/Au/Pd/Ni/Cu 3.73 430 495 21.8
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Fig. 8. Arrhenius plot for the formation of IMC in solder/Au/Pd/Ni/Cu couples.

rate constant, when compared with other systems owing to the fact
that only the Ni3Sng phase is found for the liquid-solid interfacial
reaction of the SB/Au/Pd/Ni/Cu system. Furthermore, the activation
energy value of the Sn-58Bi/Au/Pd/Ni/Cu system is 17.43 kJ/mol.

4. Conclusions

This study investigated the interfacial reactions between Sn,
SAC, SC, SB and SZ Pb-free solders with Au/Pd/Ni/Cu multilayer
substrates at 240-270°C for various reaction times. The experi-
mental results presented that the (Ni, Cu)3;Sn4 phase was formed
in the Sn/Au/Pd/Ni/Cu system when the reaction time was less
than 4h. Both the (Cu, Ni)gSns and Cu3Sn phases were formed
in the Sn/Au/Pd/Ni/Cu, SAC/Au/Pd/Ni/Cu, and SC/Au/Pd/Ni/Cu sys-
tems. In the SB/Au/Pd/Ni/Cu system, only the Ni3Sn, phase was
formed at the solder/substrate interface. The Pd;Zng and NiZn
phases were formed in the SZ/Au/Pd/Ni/Cu system. As the reaction
time was increased, more Zn atoms diffused toward the sub-

strate and reacted with the Ni atoms. Thus, the Pd;Zng and NiZn
phase and as well as the NisZn,; phase were formed at the inter-
face. The reaction mechanism for all the reaction systems was
diffusion-controlled, and the SB/Au/Pd/Ni/Cu system had the low-
est growth-rate constant and activation energy, when compared
with other systems.
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