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Abstract The interfacial reactions between Sn-based
solders and two common substrate materials, Cu and
Ni, are the focuses of this paper. The reactions between
Sn-based solders and Cu have been studied for several
decades, and currently there are still many un-resolved
issues. The reactions between Sn-based solders and Ni
are equally challenging. Recent studies further pointed
out that Cu and Ni interacted strongly when they were
both present in the same solder joint. While this cross-
interaction introduces complications, it offers oppor-
tunities for designing better solder joints. In this study,
the Ni effect on the reactions between solders and Cu
is discussed first. The presence of Ni can in fact reduce
the growth rate of CusSn. Excessive CuszSn growth can
lead to the formation of Kirkendall voids, which is a
leading factor responsible for poor drop test perfor-
mance. The Cu effect on the reactions between solders
and Ni is then covered in detail. The knowledge gained
from the Cu and Ni effects is applied to explain the
recently discovered intermetallic massive spalling, a
process that can severely weaken a solder joint. It is
pointed out that the massive spalling was caused by the
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shifting of the equilibrium phase as more and more Cu
was extracted out of the solder by the growing inter-
metallic. Lastly, the problems and opportunities
brought on by the cross-interaction of Cu and Ni across
a solder joint is presented.

1 Introduction

Soldering has been the key assembly and intercon-
nection technology for electronic products since the
dawn of the electronic age, and will remain so in the
foreseeable future. Solder joints have long been rec-
ognized as the weak links in electronic products, and
the reliability of each individual joint can control the
overall lifespan of an electronic product. Soldering by
definition involves the chemical reaction(s) between
the solder and the two surfaces to be joined together
[1], and consequently the importance of understanding
the chemical reactions between solders and bonding
surfaces cannot be overemphasized.

Figure 1 is a schematic illustration showing the key
elements of the solder joints in an up-to-date electronic
package. Here, the chip is connected to a ball grid
array (BGA) substrate through an array of solder
joints (flip-chip joints) with a diameter of around
90 um. The BGA substrate is then connected to the
printed circuit board (PCB) through another array of
solder joints (BGA joints) that are one order of mag-
nitude larger in diameter. This one order of magnitude
difference in joint diameter actually translates into a
1,000 times difference in solder volume. Since the heat
transfer during soldering is not a weak function of
distance (and thus volume), the thermal histories of the
flip-chip joints and the BGA joints could be very
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Fig. 1 Schematic drawing
showing two types of solder
joints, flip-chip joints and
BGA joints, used in
microelectronic packaging

different. This difference in thermal history could in
turn result in different extents of the chemical reaction,
and possibly different solidification microstructures if
both types of joints become molten during soldering.
This effect is just one of many reasons why electronic
soldering is becoming an ever more challenging
technology.

Those regions on the surface of a chip that are to be
in direct contact with the solders are the so-called un-
der bump metallurgy (UBM) regions. Copper is the
most popular choice for the surface layer of the UBM,
mainly due to its good wetting property with solders [2,
3]. In Fig. 1, Cu is selected for illustration as the sur-
face layer of the UBM, and the Ni layer beneath serves
as the diffusion barrier layer. During assembly or
normal service of the device, the Cu layer will be
consumed completely, exposing the Ni layer to the
solder. Those regions on the BGA and PCB substrates
that are to be in contact with solders are known as the
soldering pads, and the base metal of the soldering
pads is always Cu with a few rare exceptions. The Cu
base metal on the soldering pads of the BGA and PCB
substrates has to be coated with a surface finish (or
final finish) to preserve the wetting property during the
storage period before assembly. Popular surface fin-
ishes include Au/Ni, immersion Sn, immersion Ag, and
organic surface preservative (OSP). In the case of Au/
Ni, the Au layer will be dissolved into the solder
rapidly during soldering [4-15], exposing the Ni layer
below. In the cases of the other three surface finishes,
Sn, Ag, or OSP will be dissolved into the solder
(immersion Sn and immersion Ag) or be displaced
from the interface (OSP) during soldering, leaving the
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BGA substrate

Cu layer exposed to the solder. In Fig. 1, Au/Ni is used
as the surface finish for the BGA substrate, and OSP
for the PCB substrate. Summarizing all the popular
material choices for the UBM and the surface finishes,
one can expect that the most common material
sequences across a post-assembly solder joints are, Cu/
solder/Cu, Cu/solder/Ni, and Ni/solder/Ni. The Ni layer
here can be deposited by electroplating, electroless
plating, or sputtering. In the electroless process, a few
atomic percents of P are often co-deposited with Ni,
and the Ni layer is customarily labeled as Ni(P). In the
sputtering process, V is often added to the sputtering
target to ease off the Ni magnetic effect to enhance the
deposition rate, resulting in the co-deposition of one or
two atomic percents of V into the Ni layer. This type of
Ni layer is customarily labeled as Ni(V), or simply NiV.
The presence of P or V in the Ni layer do complicate
the chemical interactions between Ni and solders
[16-38], but these reactions still share enough common
features to allow a discussion of them together in this
paper.

Several good review articles for electronic solders
have been published in the past few years [3, 11, 29, 39—
44]. The intention here is not to duplicate their efforts.
The focus of this paper is to review and to present
original data on three key issues related to the inter-
facial reactions between common lead-free solders and
Ni, Cu, or Ni + Cu. The first issue is about the effect of
Ni on the interfacial reactions between solders and Cu
(Sect. 2). Recently, the formation of Kirkendall voids
during the solders/Cu reactions had been observed.
These Kirkendall voids have been attributed to being
the root cause for joint fracture during the drop test.
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The addition of Ni into solders has a strong effect on
the Kirkendall voids in the solders/Cu reactions. The
second issue is related to the effect of the Cu concen-
tration in solders on the reactions between solders and
Ni (Sect. 3). The problem caused by the limited supply
of Cu, known as the solder volume effect, will also be
discussed. The third issue is about the cross-interaction
between Cu and Ni in Cu/solder/Ni sandwich joints
(Sect. 4).

2 Effects of Ni on the reactions between Sn-based
solders and Cu

Among all the binary systems, the Cu-Sn is the most
important one in many respects. Historically, Cu-Sn
alloys have been used as bronze for 6,000 years, and
soldering based on the Cu-Sn reaction for Jewellery
making has a history of over 4,000 years. Today, Cu-Sn
reaction is relied on for electronic interconnections
that involve electronic products with a total commer-
cial value second to none. It is no wonder that the Cu—
Sn reaction is probably the most extensively studied
one in binary metallic systems. Nevertheless, even for
such an important system with such a long history,
there are still many un-resolved problems. The brittle
fracture induced by the Kirkendall voids is one such
problem that recently is receiving significant attention.

2.1 Kirkendall voids formation in solders/Cu
reactions

It is well known that at temperatures greater than
50~60°C the reactions between Cu and Sn-based sol-
ders (pure Sn, eutectic PbSn, and SnAgCu, with the
exception of SnZn solders) will produce two reaction
products, CueSns and CusSn. At temperatures lower
than 50~ 60°C, only CueSns is detected at the interface
[29]. The Kirkendall voids tend to form with Cu;Sn,
and the formation of CugSns alone does not induce the
formation of such voids [29, 45-51]. Zeng et al. [50]
reported that a large number of Kirkendall voids
formed when electroplated Cu was reacted with
eutectic PbSn solder at 100-150°C. As shown in
Fig. 2(a), these voids located not only at the Cu/CuzSn
interface but also within the Cu;Sn layer. The forma-
tion of the Kirkendall voids is not limited to the
eutectic PbSn solder. The Kirkendall voids were also
reported to form when electroplated Cu was reacted
with SnAgCu solder [46], as shown in Fig. 2(b), or pure
Sn [29]. Without question, the rapid diffusion of Cu out
of the Cu;Sn layer was the major contributing factor
for the formation of these voids. It had been pointed

out that both Cu and Sn were mobile within CusSn,
although the Cu flux was somewhat greater than that of
the Sn flux (three times greater at 200°C) [52].

The Kirkendall voids accompanying the Cus;Sn
growth raise serious reliability concerns because
excessive void formation increases the potential for
brittle interfacial fracture [45-47, 50]. The voids in
Fig. 2(b) had reached such a high population that they
almost aggregated into continuous regions. Such a
reliability threat is especially serious at high tempera-
ture because CusSn only grows at temperatures greater
than 50~60°C. In brief, there is a need for ways to
reduce the CuzSn growth so that excessive Kirkendall
void formation can be avoided.

2.2 Ni addition to solders

It had been shown that Ni addition to Sn3.5Ag (3.5
wt.% Ag, balance Sn) in amounts as minute as 0.1
wt.% was able to substantially hinder the CusSn
growth during soldering [53] as well as during the
sequential solid-state aging [54-57]. As shown in Fig. 3,

(a) Eutectic PbSn .-f"'\ 3

Fig. 2 (a) Secondary electron image showing the Kirkendall
voids located within the CusSn layer in the reaction between
eutectic PbSn and Cu at 125°C for 40 days [50]. (b) Secondary
electron image showing the continuously aggregated Kirkendall
voids in the reaction between SnAgCu and Cu at 125°C for
40 days [46]
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Fig. 3 Backscatter electron micrographs for the Sn3.5Ag/Cu
interface (a) and the Sn3.5Ag0.1Ni/Cu interface (b) that had
been aged at 150°C for 1,000 h. [54]

the CusSn thickness remained very thin even after
aging at 150°C for 1,000 h [54]. As the growth of CusSn
is the culprit for the formation of the Kirkendall voids,
the addition of Ni can therefore reduce the amount of
the Kirkendall voids. In fact, recently it had been
shown that the interfacial strength from drop test
indeed increase for solders joints with just a small
amount of Ni addition (<1 wt.%) [56].

Figure 3 also shows that Ni addition increased the
amount of CueSns at the interface compared to that
without Ni addition. In addition, the CugSnsphase now
possessed a small amount of Ni, and became (Cu;.,
Ni,)eSns. A close examination of Fig. 3(b) reveals that
there were two distinct (Cu;_Niy)eSns regions [54].
The inner region was a dense layer of (Cugos.
Nipo2)6Sns, and the outer region was actually
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composed of an aggregate of (CuggoNig 11)sSns parti-
cles. The compositions noted were carefully deter-
mined by using the electron probe microanalysis
(EPMA). The space between these (CuggoNig 11)sSns
particles was occupied by the solder. It was proposed
that the inner region formed during the solid-state
aging period, and the outer region was the remains of
the (Cuy.,Ni,)eSns formed during the reflow period.
This proposition was supported by the micrographs for
the as-reflow samples shown in Fig. 4 [54]. It can
be seen that Ni addition induced a thicker layer of
(Cuy,Niy)eSns during the reflow stage. During the
solid-state aging, the region of the aggregate near the
Cu side was converted into the dense (Cu;_,Ni,)eSns
layer, and what was left of the aggregate showed up in
Fig. 3(b). The outer (Cu;_,Ni,)eSns region in Fig. 4(b)
apparently served as a short cut for Sn diffusion, that
enhanced the CueSns growth but inhibited the growth
of Cu;Sn. Consequently, the un-desirable growth of
Cu3;Sn was hindered. Another possibility for the
shrinkage of Cu;Sn could be attributed to the substi-
tution of Ni into the Cu sublattice of Cu-Sn com-
pound(s), to reduce the interdiffusion coefficient [56].

The observation that Ni addition could induce a
larger amount of (Cuy_Ni,)sSns during reflow deserves
more attention. It is proposed that this phenomenon is
closely related to the Cu metastable solubility and the
Cu equilibrium solubility in the solder. Here, these two
types of solubility will be briefly discussed first. During
the reaction of Cu with molten solders, it is often
observed that in some regions bare Cu was in direct
contact with the molten solders without being covered

| (a Sn3.5Ag '

Fig. 4 Backscatter electron micrographs for the Sn3.5Ag/Cu
interface (a) and the Sn3.5Ag0.1Ni/Cu interface (b) after reflow
soldering at 240°C for 2 min. [54]
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by CueSns or CuzSn. Under such circumstance, Cu is in
a local, metastable equilibrium with solders, and a
metastable solubility of Cu in solders will eventually be
established. According to thermodynamic arguments,
this metastable solubility is always higher than
the stable solubility of Cu in solders at the same
temperature. As had been pointed out by Laurial et al.
[29], it is the metastable solubility that determines the
dissolution rate of Cu into molten solders because
during dissolution bare Cu is in direct contact with the
solder. The metastable solubility cannot be determined
experimentally, and has to be calculated by approaches
such as the CALPHAD method [29]. As for the
equilibrium solubility, some experimental results are
available. Shown in Fig. 5 is the Sn-rich corner of the
Cu-Ni-Sn isotherm at 240°C. This isotherm is drawn
based on the previously published isotherms [19, 29,
41] and the solubility data from the Cu—Sn [58, 65] and
Ni-Sn [59] binary systems. This isotherm shows that
the addition of Ni into molten Sn can substantially
decrease the Cu solubility in Sn. While the equilibrium
solubility of Cu in Sn is sensitive to the presence of Ni,
the metastable solubility of Cu in Sn must be less
sensitive to minor Ni additions from the arguments of
the common tangent construction of the Gibbs free
energies of the phases involved. Under the assumption
that the Cu metastable solubility in Sn is indeed
insensitive to the presence of Ni, one can conclude that
the Cu dissolution rate into Sn is insensitive to the
presence of Ni. In other words, adding Ni to Sn will not
decrease the Cu dissolution flux into molten solders.
Because the Cu flux entering Sn does not decrease with
Ni addition and because the equilibrium Cu solubility

Fig. 5 Schematic drawing showing the Sn-corner of the Cu-Ni-
Sn isotherm at 240°C. This isotherm is drawn based on the
previously published isotherms [19, 29, 41] and the solubility data
from the Cu-Sn [58, 65] and Ni-Sn [59] binary systems

does decrease substantially with the Ni addition, the
amount of (Cuy.Ni,)sSns at the interface has to in-
crease as had been observed in Fig. 4.

The way Ni was introduced into the reacting system
did not seem to matter as far as hindering the Cu;Sn
growth was concerned. It had been reported that the
growth of CusSn was hindered even if Ni-alloyed Cu
substrates were used. These substrates included Cu
alloyed with 6-9 wt.% Ni [60] and Cu alloyed with
15 at.% Ni [29]. This fact seems to support the view
that dissolution plays a very important role during li-
quid/solid reaction because Ni in Cu-Ni alloys must
dissolve into Sn first to function as an additive of the
solders.

3 Effects of Cu on the reactions between Sn-based
solders and Ni

According to the binary phase diagram [59], there are
three stable intermetallic compounds, Ni;Sn, NisSn,,
and Ni3Sny, in the Ni-Sn system. However, when Ni
reacted with Sn at temperatures relevant to soldering,
only Ni;Sny was observed [29, 61, 62]. The other two
compounds were observed only at higher tempera-
tures, outside the usual operating range of soldering
[29, 61, 62]. The reaction rate of Ni with solder is
roughly one order of magnitude lower than that of Cu,
and this is one of the reasons for Ni being a popular
diffusion barrier material [3].

By using the microstructure features of the grains, it
had been proposed that Ni was the dominant diffusing
species in NizSn and NizSn,, and Sn was the dominant
diffusing species in Ni3Sn, [63]. A marker experiment
had been performed to verify if Sn was indeed the
dominant diffusing species in NizSny [64]. In that study,
a layer of 2 um Ti film was deposited on a Ni substrate.
The Ti layer was then patterned into 10 pm wide thin
strips to serve as the markers. As shown in Fig. 6(a),
the spacing between neighboring Ti strips was 40 pm.
The sample was then dipped into pure molten Sn at
250°C for 10 min to produce the diffusion couple
shown in Fig. 6(b). The resulting diffusion couple after
aging at 225°C for 1,000 h is shown in Fig. 6(c). From
the location of the Ti markers after aging, one can
conclude that Sn is indeed the dominant diffusing
species in NizSny.

Although the reaction between Ni and pure Sn only
produces NizSny at temperatures relevant to soldering,
the reaction between Ni and Sn alloys with a small
amount of Cu is very complicated (see Sect. 3.1). Unfor-
tunately, the common lead-free solders recommended
by various national or international organizations all
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Fig. 6 (a) Optical micrograph showing the plane-view of a Ni
substrate that had been deposited with Ti stripes as markers. (b)
Cross-sectional view of the Ni/Sn diffusion couple before aging.
(¢) After aging at 225°C for 1,000 h. [64]

have Cu as a minor constituent (Table 1), and the
allowance for the concentration variation for each ele-
ment is typically + 0.2 wt.%, a customary adoption of
the practice from the eutectic PbSn solder. As will be
shown below, this + 0.2 wt.% difference can change the
compound formed at the interface after reflow.

3.1 Uncomplicated Cu concentration effect
During the reflow of SnCu or SnAgCu solders over

those soldering pads that have the Ni, Ni(P), and Ni(V)
underlayer, the reaction product(s) at the interface are

very sensitive to the Cu concentration in the solders.
After the first report [73] of this Cu sensitivity a few
years ago, over forty papers had been published on this
subject. As summarized in Table 2, the results of these
studies as a whole are quite consistent, even though
different reflow conditions and different Ni substrates,
including Ni, Ni(P), Ni(V), or Au/Ni, had been used.
As shown in Table 2, when the Cu concentration was
low (<0.3 wt.%), only (Ni;_,Cu,);Sn, formed at the
interface. When the Cu concentration increased to
0.4-0.5 wt.%, both (Ni;.,Cu,)3Sn, and (Cuy_,Ni,)eSns
formed. When the Cu concentration increased above
0.5 wt.%, only (Cu;_,Ni,)sSns formed. In a few specific
cases [28, 86, 89-91, 96, 104, 105], where the reported
results seemed to differ from the trend shown in
Table 2 at the first sight, the inconsistency in fact could
be attributed to the so-called “solder volume effect,”
which is to be discussed in the next section.

To exclude other factors that may obscure the dis-
cussion, the reaction between a large amount of solder
and a piece of thick, high purity Ni substrate will be
examined first. Since the amount of solder was large,
one can then assume that the solder composition
remained constant during the reaction even though Cu
was being extracting out of the solder to be incorpo-
rated into the reaction product(s). In addition, since
the Ni substrate was thick, the Ni substrate was never
totally consumed. In some aspects, the system
approached the limit of classical infinite/infinite diffu-
sion couple. As shown in Fig. 7(a), the reaction prod-
uct at the interface was a continuous layer of (Nij.,
Cuy)3Sn, when the Cu concentration was 0.2 wt.%.
When the Cu concentration increased to 0.4 wt.%,
discontinuous (Cu;_,Ni,)sSns particles began to form
over the (Ni;.,Cuy);Sn, continuous layer, Fig. 7(b).
When the Cu concentration increased to 0.5 wt.%,
both (Cu;.(Ni,)eSns and (Niy.,Cu,);Sn, were continu-
ous, Fig. 7(c). When the Cu concentration reached
0.6 wt.%, only a continuous (Cuy_,Ni,)sSns layer was
present, Fig. 7(d). The crystal structures of the prod-
ucts had been verified by the X-ray diffraction (XRD)
patterns shown in Fig. 8 [73, 106]. To obtain such

Table 1 Lead-free solders

- S
recommended by various SnAgCu composition (wt.%)

Recommending organizations

national or international
organizations

Sn-(3.4~ 4.1)Ag-(0.45~ 0.9)Cu
Sn-3.8Ag-0.7Cu
Sn-3.0Ag-0.5Cu
Sn-4.0Ag-0.5Cu
“Sn-2.5Ag-0.8Cu-0.5Sb
“Sn-3.5Ag-0.5Cu-1.0Zn

% SnAgCu with additive(s) *$n-3.0Ag-0.6Cu-0.019Ce

® Under consideration

Sn-(3.5 + 0.3)Ag-(0.9 + 0.2)Cu
Sn-(3.9 + 0.2)Ag-(0.6 = 0.2)Cu

NIST (ternary eutectic) [65]
NEMI (N. America) [66]
Soldertec-ITRI (UK) [67]
IDEALS (EU) [68]

JEITA (Japan) [69]

AIM, CASTIN alloy [70]
NCMS [71]
China RoHS Standard Committee [72]
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Table 2 Summary of the reported reaction products between SnAgCu solders and various Ni-bearing soldering pads after reflow

Cu (wt.%) Ag (Wt.%) Sn (wt. %) Base metal Intermetallic(s) References
0.0 3.5-39 Balance Ni and Ni(P) Ni;Sny [26, 74-77]
Au/Ni and Au/Ni(P) Ni;Sny [20, 22, 23, 25, 28, 31, 78-85]
0.1 0 Balance Ni NizSny [86
0.2 0-3.9 Balance Ni and Ni(P) (Ni,Cu);Sny [32, 73,75, 87, 88]
0.3 0-3.0 Balance Ni (Ni,Cu);Sny [86, 89]
0.4 0-3.9 Balance Ni (Ni,Cu);Sny/(Cu,Ni)sSns [75, 87-91]
Au/Ni(P) (Ni,Cu);3Sn4/(Cu,Ni)eSns [33]
0.5 1.04.0 Balance Ni and Ni(P) (Cu,Ni)sSns [89-91]
Au/Ni and Au/Ni(P) (Cu,Ni)eSns [21, 25, 34, 82, 83, 85, 92]
Ni and Ni(P) (Ni,Cu);3Sn4/(Cu,Ni)eSns [32, 75, 88]
Au/Ni and Au/Ni(P) (Ni,Cu);3Sn4/(Cu,Ni)eSns [21, 28, 81, 93]
0.6 0-3.9 Balance Ni (Cu,Ni)sSns [73, 75, 88-91]
0.7 0-3.8 Balance Ni and Ni(P) (Cu,Ni)sSns [27, 32,75, 86, 87, 94, 95]
Au/Ni and Au/Ni(P) (Cu,Ni)sSns [19, 28, 30, 96-101]
0.75 35 Balance Au/Ni and Au/Ni(P) (Cu,Ni)eSns [102]
Ni and Ni(P) (Cu,Ni)eSns [22, 23, 81, 102]
0.8 0-3.9 Balance Au/Ni and Au/Ni(P) (Cu,Ni)sSns [75, 88]
Ni (Cu,Ni)sSns [25]
0.9 0 Balance Ni (Cu,Ni)eSns [86]
1.0 3.5-39 Balance Ni and Ni(P) (Cu,Ni)sSns [32, 75, 87]
Au/Ni (Cu,Ni)sSns [103]
15 0 Balance Ni (Cu,Ni)sSns [86]
1.7 4.7 Balance Ni (Cu,Ni)sSns [103]
3.0 0-3.9 Balance Ni (Cu,Ni)eSns [75, 94]
Au/Ni (Cu,Ni)eSns [100]

Only those studies that used reflow conditions similar to the industry practices are included in this table

patterns, the solders had to be etched away first by
using a proper etching solution, and the remaining
reaction products as well as the Ni substrate were then
subjected to the measurements. The amount of the
discontinuous (Cu;_,Ni,)sSns particles in Fig. 7(b) was
too small to allow for a positive identification through
XRD, but the identity of these particles was estab-
lished by using the transmission electron microscopy
(TEM) shown in Fig. 9 [106]. The discontinuous (Cu;_,
Ni, )¢Sns particles in Fig. 7(b) and the continuous (Cuy_,
Ni,)eSns layer in Fig. 7(d) might have different for-
mation mechanisms. Those (Cu;.Ni,)sSns grains in
Fig. 7(d) formed through the direct reaction of Ni and
the solder, and accordingly these grains had a preferred
growth direction of 0001 as shown in Fig. 10 [106]. This
preferred growth direction had also been observed
during the reaction between Ni and the eutectic PbSn
solder with 0.5 wt.% Cu dopant [107]. On the other
hand, those discontinuous (Cuy_Ni,)eSns particles in
Fig. 7(b) did not show any preferred orientation.

To understand this strong Cu concentration depen-
dency, one needs to have the relevant phase diagram
information for the Sn—Ag—Cu-Ni system. Although Ag
is an important constituent controlling the solidification
microstructure of the solder itself [44, 93, 108-112], it
has been shown that Ag is inert as far as the interfacial
reaction is concerned [73, 75, 87]. Accordingly, the Sn—
Cu-Ni ternary phase diagram is sufficient for the

present purpose. The Sn—Cu-Ni isotherm had been
measured by two independent groups [113, 114], and the
results are reasonably consistent. The 240°C Sn—Cu-Ni
isotherm basing on these two studies is shown in Fig. 11.
The Sn-rich corner of this isotherm is shown in Fig. 5.
There is some evidence for the existence of a ternary
compound (Ni26Cu29Sn45, atomic percent) [115]. If
this compound is indeed stable, then the isotherm in
Fig. 11 is only a metastable isotherm [29, 41]. Never-
theless, as far as soldering is concerned, the isotherm
shown in Fig. 11 is still adequate, as results from most
soldering reaction experiments were observed to follow
the phase relationships shown in Fig. 11.

As shown in Fig. 5, the molten Sn phase (L) has a
phase boundary a—b—c, which is composed of two seg-
ments a-b and b-c. Along a-b, L is in equilibrium with
the CugSns phase, and L is in equilibrium with Ni;Sny
along b—c. The point b represents that L is in equilib-
rium with both CueSns and NizSny. As indicated by the
dash line passing through b, b has a Cu concentration
of about 0.4 wt.%. In other words, when the Cu con-
centration in the solder is 0.4 wt.%, this solder is in
equilibrium with both CueSns and NizSny. This
explains why both these two phases form as shown in
Fig. 7(b). When the Cu concentration is less than
0.4 wt.%, the solder in this range is in equilibrium with
only Ni3Sny, and consequently only this phase forms as
shown in Fig. 7(a). When the Cu concentration is
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Fig. 7 Micrographs showing
the Sn3.9AgxCu/Ni interfaces
after 250°C soldering for

10 min. The left column is
cross-sectional view, and the
right column is top view. The
reaction couples here
approached the classical
infinite/infinite diffusion
couples. [73, 75]

(a) Sn3.9Ag0.2Cu
a -

higher than 0.4 wt.%, L is in equilibrium with only
CueSns, and only this phase can be immediately next to
L, as shown in Fig. 7(c) and (d).

3.2 Solder volume effect during reaction
with molten solders (reflow)

During reflow and the subsequent aging, Cu atoms are
incorporated into the intermetallic(s) [i.e., (Cuj.,
Ni,)eSns and (Ni;.,Cu,)sSny] at the interface. As the
intermetallic(s) grow, more Cu atoms are being con-
sumed. The results presented in the previous section
were for the condition that the amount of the solder
was relatively large so that the supply of Cu was also

@ Springer

large. The average Cu concentration in the solder
could consequently remain nearly constant. The ther-
modynamic condition at the interface was thus static,
and the formation of one compound or another was
more or less dictated by the thermodynamics. For a
real solder joint in array—array packages, the supply of
Cu is actually very limited because the solder volume is
quite small in the first place, and secondly the
Cu concentration in SnAgCu solder is always less than
a few atomic percents (see Table 2). The Cu concen-
tration can decrease noticeably as the intermetallic(s)
grow [89-91]. As the Cu concentration changes,
the type of the equilibrium intermetallic at the inter-
face might also change. Now the condition at the



Lead-Free Electronic Solders

163

Fig. 8 XRD patterns for the
reaction products in

Fig. 7(a)—(d). The Ni signals
originated from the Ni layer
beneath the intermetallic
compounds [73, 106]
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v
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interface becomes dynamic. The volume effect must
be considered as the volume of the solder determines
the total available Cu. As the size of the joints shrinks,
the supply of Cu becomes more limited, and the
decrease in Cu concentration becomes more critical.
Next, the combined effects of the limited Cu supply
(solder volume effect) and the Cu concentration (Cu
concentration effect) will be presented.

In the reaction between SnAgCu solder balls and
Ni substrate (Fig. 12), the original amount of Cu in the
solder ball before reflow equals the remaining Cu in
the solder plus the Cu which is incorporated into
the intermetallic(s). Neglecting the Cu atoms in those
intermetallic particles located inside the solder, one
can obtain the following equation [89-91]:

2

0 dPad 0
WCu — WCu &~ 740d37 TIMc(Wt./E)) (1)

joint

Two theta (Degree)

where W&, and W¢, represent the Cu concentration
(in wt.%) in SnAgCu before reflow and the remaining
Cu concentration after reflow, respectively. The
symbols  djoin and dpaq represent the diameters
(in pm) of the solder ball and the pad’s opening of
the substrate, respectively. The symbol Tpyc repre-
sents the thickness (in pm) of intermetallic compound
(IMC) at the interface. The compounds (Cuy.,
Ni,)eSns and (Niy_,Cu,);Sny are the only two Cu-
bearing intermetallics that can be present at the
interface, and their compositions had been deter-
mined by EPMA to be around (CuggoNig.40)sSns and
(NipgoCug20)3Sny for those solders with Cu within
0.4-0.6 wt.% [73, 75, 87, 89-91]. Here, those Cu in
(Niy.,Cuy);Sn4 could be ignored because the thickness
of this compound was thin and its Cu concentration
was low (~6 wt.%). The drop of the Cu concentration
according to Eq.1 for several different ball/pad
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(Cu_Ni)eSns
Fig.9 (b)

(0111)
e

Fig. 9 (a) Scanning electron image showing the reaction zone of
Sn3.9Ag0.4Cu/Ni after 250°C soldering for 10 min. (b) TEM
bright field image of (a) and selected area diffraction pattern of
(CuyNi,)6Sns. (¢) TEM bright field image of (a) and selected
area diffraction pattern of (Niy.,Cu,);Sny. [106]

combinations ranging from the BGA to flip-chip
dimensions is plotted in Fig. 13. For example, if 2 pm
(Cuy_,Ni,)eSns, which is the thickness commonly seen
in real solder joints, forms in the 100 um/80 pm
combination, the Cu concentration will drop by as
large as 0.51 wt.%. Under such a condition, the resi-
due Cu concentration in solder will be less than
0.3 wt.% for most SnAgCu solder compositions listed
in Table 1. If the Cu concentration indeed become
less than 0.3 wt.%, then the CugSns/molten solder
interface is no longer thermodynamically stable

@ Springer
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[0110]
(Cu,Ni );Sn | :
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500 nm

Fig. 10 TEM bright field image and selected area diffraction
patterns for a (Cuy_,Ni,)sSns needle shown in Fig. 7(d) [106]

(at.%)

Fig. 11 Cu-Ni-Sn isotherm at 240°C. This isotherm is re-drawn
basing on the literature data [113, 114]

Intermetallic

Fig. 12 Schematic diagram showing a Sn3AgxCu solder ball
soldered onto a Ni/Cu pad
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Drop of Cu Conc. (w¢,-w.,) (Wt.%)

"o 2 4 6 8 10
Thickness of (Cu, Ni, ) Sn, (um)

Fig. 13 Drop of Cu concentration according to Eq.1 for
different djoin/dpaa combinations

according to Fig. 5. There will be a huge driving force
for NizSny [or (Ni;,Cu,)3Sny] to form.

For BGA or flip-chip joints, the design rule usually
calls for the condition that djin~ 1.2daq, therefore,
the following equation can be obtained from Eq. 1:

Time 1
x

Wey — W, = —28 2)

djoim djoint
This joint size dependence can be clearly seen in
Fig. 14, where the drop of the Cu concentration is plot-
ted against the joint size. In short, the Cu concentration
drop rapidly increases as the joint becomes smaller.
Additional experimental evidence of the solder vol-
ume effect is presented in Fig. 15 [89-91]. The experi-
mental setup in Fig. 15 was used with d,,q being kept
constant at 375 um, and djsin being varied from 760 to
500, and to 300 um. In other words, three different
djoini/dpaq values were used. The solder used here was
Sn3Ag0.6Cu, and the samples had been reflowed with a
typical profile (235°C peak temperature, 90 s molten
solder duration). Using Eq. 1 and the (Cu;_Ni,)¢Sns
thicknesses measured from the three cases shown in
Fig. 15 (1.2, 1.5, and 2.2 pm, respectively), one can
calculate the Cu concentration drops to be 0.02, 0.05,
and 0.48 wt.% for 760, 500, and 300 pm djein, respec-
tively. As a result, the remaining Cu concentrations of
the solders after reflow were 0.58, 0.55, and 0.12 wt.%
for djoin = 760, 500, and 300 pm, respectively. As
expected, the intermetallic compound for the first
two cases shown in Fig. 15(a) and (b) was still

0.0

-0.14

-0.2

-0.3 -

-0.4

-0.54
1 um (Cu  Niy)¢Sng

-0.6 3 um (Cu,Nip)Sng

-0.7 - 5 um (Cu, Ni )(Sns

Drop of Cu Conc. (w¢,-w) (Wt.%)

0.8 7 um (Cu, Ni,)(Sng

9 um (Cu . Ni,)¢Sns
-0.9 1

T T T T T T T T 1
0 200 400 600 800 1000

Joint diameter (d;;,,) (Lm)

Fig. 14 Drop of Cu concentration according to Eq.2 for
different djoint

(Cuy,Ni,)eSns. However, for the 300 pm case, the Cu
concentration was so low that a new layer of (Nij.
yCu,)3Sn, had nucleated beneath the (Cuy.,Ni,)eSns
layer that formed in the early stage of the reaction when
the Cu concentration was still high. In Fig. 15(c), a
series of voids can be seen, separating these two inter-
metallic compounds. As will be shown in the next sec-
tion, an advanced development, when the reflow time is
increased longer (see Fig. 18) or the solder joint is
shrunk even smaller (see Fig. 17), of this effect is the
total separation (spalling) of the upper (Cu;_,Ni,)eSns
layer from the interface. That is, the consequence of the
shifting equilibrium phase leads to the massive spalling
of (Cul,XNix)68n5.

In summary, in the reaction between Ni substrate
and the SnAgCu solder with a small volume, the supply
of Cu becomes a problem. Under such conditions, the
Cu concentration is no longer constant during the
reaction. In fact, it is possible that the interface expe-
riences several phase equilibrium conditions during the
course of the reaction. This solder volume effect is
more severe for smaller solder joints and for joints with
a thicker (CuyNi,)sSns at the interface (i.e., joints
with a longer reaction time).

3.3 Massive spalling of intermetallic compound
from the interface

Spalling refers to the detachment of a compound from
the interface into one of the reacting phases. One
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(b) 500 mm-Sn3Ag0.6Cu

v)3

Fig. 15 Micrographs showing the interface after a typical reflow.
The value of dp,q was kept constant at 375 pm, and djein; Was
760 pm (a), 500 um (b), and 300 um (¢). The solder was
96.4Sn3Ag0.6Cu (wt.%). [89-91]

classical example, shown in Fig. 16, is the spalling of
CueSns during the reaction of eutectic PbSn solder with
Au/Cu/Cu-Cr thin film [3, 116]. Spalling here was due
to the exhaustion of the Cu film, and the poor wetting
between CueSns and the remaining Cr (or SiO;,) caused
the compound to detach itself from the interface. The
“massive spalling’ introduced in this section is not
caused by the exhaustion of a reaction layer. Instead, it
is caused by the consumption of one element inside the
reacting phase, as had been discussed in the previous
section. The shifting of the interfacial equilibrium
causes the product phase to separate itself from the
interface [89-91].

The massive spalling has a higher tendency to occur
in smaller joints because these joints will experience a
lager Cu concentration drop. Fig. 17 shows an example
of massive spalling in its early stage. The reflow con-
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Cu¢Sns compound

Fig. 16 SEM image showing the spalling of CusSns during the
reaction between eutectic SnPb and Au/Cu/Cu-Cr substrate
[3, 116]

ditions were the same as those in Fig. 15, but d,,,q and
djoine Were 175 and 200 pum, respectively. As can be
seen in Fig. 17, a new (Ni;.,Cu,)3Sn, layer had formed
over the Ni substrate, pushing the original (Cuy.,
Ni, )sSns layer away from the interface, and a gap had
appeared between these two layers. It should be
stressed again that even though the reflow conditions
were the same, such spalling did not occur for the
larger joints in Fig. 15(a) and (b). Longer reflow time
also favors the spalling, as shown in Fig. 18. Here, the
sample had the same configuration as that of Fig. 15(c),
but the reflow time was increased from 90 s to 20 min.
Longer reflow time had increased the separation
between (Ni;.,Cu,)3Sny and (CuyNi,)eSns from a
series of voids in Fig. 15(c) to a gap in Fig. 18.

A very revealing example of the massive spalling is
shown in Fig. 19, where a djin/dpaq = 760 pm/600 pum
joint had been reflowed at 235°C for 5 min. In this

5 um

Fig. 17 (a) Massing spalling of (Cu;.,Ni,)sSns after a typical
reflow (235°C peak temperature, 90 s molten solder duration) in
a solder joint with djoin/dpaq = 200 pm/175 pm. (b) Zoom-in
view of (a). [91]
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(a) 300 mm-Sn3Ag0.6Cu

e | * AgsSn
7 « Sn-rich
Fig.18 (b
ig.18 ()

: I,(.C.ul-xNix)ﬁs'ns

Y ,,’i P ’
(Ni;,Cuy);Sn,

Fig. 18 (a) Massing spalling of (Cu;.Ni,)sSns after reflow at
235°C for 20 min in a solder joint with djgin/dpaa = 300 m/
375 pum. (b) Zoom-in view of (a). [89-91]

particular sample, a 1.2( = 0.1) pm Au layer had been
coated over the Ni layer of the substrate before reflow.
The images in Fig. 19(a) and (b) were obtained from
the same specimen, but the solder in Fig. 19(b) had
been etched away. As can be seen here, the detached
Au-bearing (Cuy_Ni,)sSns layer was almost continu-
ously. The extensive spalling shown in this pair of
micrographs demonstrates the justification of naming
the phenomenon massive spalling. It should be pointed
out that our recent data suggests that Au does have the
effect of stimulate early massive spalling. More studies
are needed to clarify this effect.

There are two approaches to inhibit the massive
spalling during reflow. The first is to use solders with a
higher Cu concentration. The second method is to
provide an infinite Cu source, such as a thick Cu layer
on either side of a solder joint [89-91]. Our latest
results also supported this view.

3.4 Solder volume effect during reaction with solid
solders (aging)

The solder volume effect also plays an important role
during the solid-state aging. Fig. 20 shows the solder

'\:.Sﬁ_ri‘éh_t* "' T i -

(b) 760 mm-Sn3Ag0.5Cu

oAty NT én“‘

Fig. 19 (a) Cross-section view of a solder joint that had been
reflowed at 235°C for 5 min. A 760 pm Sn3Ag0.5Cu sphere was
attached to a 600 pm pad with the Au(1.2 pm)/Ni surface finish.
(b) Zoom-in view of (a) after etching away the solder. This
micrograph had been tilted 45°

joints with the same reflow conditions (235°C peak
temperature, 90 s molten solder duration), the same
aging conditions (160°C for 1,000 h), and the same
dpaa value (375 pm), but with different djun, values
and different Cu compositions in solder. When the
joint was relatively large (760 um), the only inter-
metallic compound at the interface was (Cuy.,
Ni, )¢Sns for all the solder compositions, as shown in
Fig. 20(a)—(c). This is due to the fact that the supply
of Cu was relatively abundant for the larger solder
joints.

For the solder joints with the medium diameter
(500 pm), the supply of Cu became somewhat limited.
There was still only the (Cuy,Ni,)sSns layer at the
interface if the joint’s Cu concentration was high
enough (0.5 and 0.7 wt.%), as shown in Fig. 20(d) and
(e). But when the applied Cu concentration became
very low (0.3 wt.%), as shown in Fig. 20(f), a layer of
(Nij.,Cu,)3Sn, formed beneath (Cu;.Ni,)sSns. Given
more time, the remaining (Cu;_,Ni,)sSns will also dis-
appear, leaving (Ni;.,Cu,)3Sn, as the only layer. This is
because the Cu atoms in (CuyNi,)sSns are extracted
out to form more (Niy_,Cu,)3Sny.

When the solder joints became even smaller
(300 pm), the supply of Cu became very limited. For
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| Decreasing joint size
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Fig. 20 Micrographs showing solder joints with the same reflow
conditions (235°C peak temperature, 90 s molten solder dura-
tion), the same aging conditions (160°C for 1,000 h), and the
same dpaq value (375 pm), but with different djoin values and

the joint with the highest Cu concentration (0.7 wt.%),
shown in Fig. 20(g), the amount of Cu was still enough
to sustain a (Cuy,Ni,)eSns layer over the (Nij.,
Cu,)sSny, as shown in Fig. 20(g). But when the Cu
concentration became lower (0.5 and 0.3 wt.% Cu),
shown in Fig. 20(h) and (i), the amount of Cu was not
enough to sustain the (Cu;_,Ni,)sSns layer, and only a
(Niy.,Cuy);Sny layer was present. It should be noted
that in these two cases (Cu;_,Ni,)sSns did appear over
the (Niy,Cu,)s;Sn, layer once during certain time
frame, but (Cu;,Ni,)eSns eventually disappeared and
be converted into (Ni;.,Cu,)3Sny. It can be anticipated
that the (Cuy.Ni,)eSns layer in Fig. 20(g) will also
disappear if this sample is subjected to longer aging.

From our recent study, the formation of both
(Niy.,Cuy)3Sns and (Cuy,Niy)eSns layers at the
interface after aging has a negative impact on the
strength of the joints. The joints tend to fail along
the interface of these two compounds. This is
because both these two compounds are quite brittle,
and the interface between two brittle intermetallics
unfortunately tends to be weak, especially for two
compounds originate from two different binary sys-
tems. To avoid the formation of two compounds
simultaneously, both the Cu concentration effect and
the solder volume effect have to be taken into
account at the same time.
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different Cu compositions. Pictures in the first, second, and third
row have Cu concentrations equal 0.7, 0.5, and 0.3 wt.%,
respectively. Pictures in the first, second, and third column have
djoine €qual 760, 500, and 300 pm, respectively

4 Cross-interaction between Cu and Ni across
a solder joint

In Sects. 2 and 3, the effect of Ni on the reaction
between Cu and solder and the effect of Cu on the
reaction between Ni and solder are discussed, respec-
tively. In this section, the interaction between Cu and
Ni across a solder joint will be considered. The
importance of such cross-interaction had been reported
in several publications available in the literature [53,
80, 117-120].

4.1 Cross-interaction during reaction with molten
solders (reflow)

To investigate the cross-interaction during the reflow
stage more carefully, the solder joints that were
assembled by two different paths are compared. As
illustrated in Fig. 21, in Path I, the solder (Sn3.5Ag)
was attached to the Cu substrate in the first reflow, and
then the Ni substrate was attached to the other side of
the solder joint in the second reflow. In path II, the
solder was attached to the Ni substrate first (the first
reflow), and in the second reflow Cu substrate was
attached to the other side of the solder joint.

Shown in Fig. 22 are the solder/Cu and Ni/solder
interfaces for Path I (left column) and path II (right
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Solder joint

Fig.22 (¢)

Solder joint

Fig. 21 Illustration showing the two sequences that the solder
joints were assembled

column) after the first reflow, and the second reflow.
For Path I, the solder/Cu interface after the first reflow,
Fig. 22(a), is typical of the reaction between Cu and
Sn-based solders: formation of CueSns scallops along
the interface. A typical reflow actually dissolves a large
quantity of Cu from the substrate. Our own data shows
that as high as 7.5(x0.3) um of Cu can be dissolved into
the Sn3.5Ag during a typical reflow (90 s reflow time
with a peak temperature of 235°C of a 760 pm BGA
joint, making the Cu concentration in solder become as
high as ~1.2 wt.%. These dissolved Cu atoms precipi-
tated out as long CueSns rods inside the solder when
the solder solidified, as shown in Fig. 23. During the
second reflow of Path I, the dissolved Cu atoms had an
effect on the Ni/solder reaction. As shown in
Fig. 22(b), the reaction product under such conditions
was (CuggoNig11)6Sns. This microstructure shows
marked difference with that of Fig. 22(d), which shows
fresh Sn3.5Ag soldered over the Ni substrate. The

second reflow also influenced the solder/Cu interface.
As shown in Fig. 22(c), a small amount of Ni (~2 at.%)
can be detected in CueSns. The only Ni source was
from the Ni substrate. This result clearly shows that
during the second reflow Ni had the capacity to have
itself dissolved at the Ni/solder interface, migrate
across the solder joint, and incorporate itself into
CueSns. Nevertheless, the amount of Ni that was able
to reach the solder/Cu interface, it was apparently not
large enough to cause the effect described in Sect. 2.2.
In short, during the assembly of a Cu/solder/Ni solder
joint through Path I, the two interfaces can cross-
interact during the reflow stage.

For Path II after the first reflow, a thin layer of
Ni;sSny formed at the Ni/solder interface, as shown in
Fig. 22(d). A small amount of Ni also dissolved into the
molten solder. During the second reflow, the dissolved
Ni atoms had an effect on the solder/Cu reaction. As
shown in Fig. 22(f), the reaction product at the solder/
Cu interface had two distinct regions with their own
compositions, (Cugg;Nig.19)6Sns and (Cugg3Nigg7)6Sns.
This microstructure is the same as that shown in
Fig. 4(b). Apparently, the reflow condition was suffi-
cient to dissolve enough amount of Ni into solder to
produce the Ni effect as discussed in Sect. 2.2. Quite
surprisingly, the dissolved Cu during its fist reflow (i.e.,
the second reflow in path II) was also high enough to
induce the Cu concentration effect. As shown in
Fig. 22(e), the outer intermetallic at the Ni/solder
interface had changed from Ni3Sny to (Cuy_,Ni,)sSns.
This fast transformation from one compound to
another in time as short as 90 s does not seem rea-
sonable. A careful cutting by using the focused ion beam
(FIB) technique was able to show that this transformation
was indeed fast, but was not complete. As shown in
Fig. 24, there was a very thin layer of (Nij,Cu,);Sny
beneath the (CuyNi,)sSns layer. The FIB technique
was also applied to other interface of Fig. 22, but only
one type of intermetallic was observed. As shown in
Fig. 25, the crystal structures of the NizSn, compound
and the CugSns-based compound in Fig. 22(d) and (e)
had also been positively identified by the glancing
angle XRD measurements.

Comparing Path I and II, one can conclude that
even the sequence of assembly has an effect on the
intermetallic microstructures.

4.2 Cross-interaction during reaction with solid
solders (aging)

Figure 26 shows the microstructures of the interfaces

in Fig. 22 after aging at 160°C for 1,000 h. The Ni/
solder interface and the solder/Cu interface that had
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Fig. 22 Micrographs showing
the solder/Cu and Ni/solder
interfaces for Path I (left
column) and path II (right
column) illustrated in Fig. 21.
The micrographs in (a) and
(d) had been tilted by 30°

Path II
Ni

been soldered only once and consequently had no
cross-interaction during aging were shown in the left
column for comparison. In the middle column and the
right column, the corresponding interfaces for the Path
I and Path II after aging are shown, respectively. It can
be seen that CusSn in Fig. 26(d) and (f) are thinner
than that in Fig. 26(b). This is due to the Ni effect
presented in Sect. 2.2. Moreover, Cu;Sn in Fig. 26(f) is
also thinner than that in Fig. 26(d). This is reasonable
because in Path II more Ni was dissolved because Ni in
Path II went through one more reflow than in Path I. In
addition, no Kirkendall void was observed in Fig. 26(d)
and (f) even by the means of FIB sample preparation.
It should also be pointed that the cross-interaction
accelerated the consumption rate of the Cu substrate
and reduced the consumption rate of the Ni substrate
[120]. The Ni consumption rate decreased because the
growth of (Cu;_,Ni,)eSns consumed a less amount of Ni
than did the growth of (Ni;,Cu,);Sn, [81, 107, 117,
120].

5 Summary
The addition of Ni to Sn, SnCu, SnAg, and SnAgCu in

amounts as minute as 0.1 wt.% is able to substantially
hinder the Cu;Sn growth in the reaction between these
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solders and the Cu substrate. The growth of Cus;Sn
often accompanies the formation of Kirkendall voids,
which has been linked to the weakening of the solders
joints. Accordingly, Ni has been proposed as a useful
alloying additive to these solders.

Likewise, Cu has a strong effect on the reactions
between these solders and Ni-based substrates. When
the amount of solder is large so that the supply of Cu is
not an issue, the interfacial reaction is dictated by the
Cu-Ni-Sn phase equilibrium, and the types of the
reaction products formed depend on the Cu concen-
tration. Under such a condition, when the Cu concen-
tration is low (0.3 wt.%), only (Ni;_,Cu,)3Sn, forms at
the interface. When the Cu concentration increases to
0.4-0.5 wt.%, both (Ni;.,Cu,)3Sns and (Cuy.(Ni,)eSns
form. When the Cu concentration increases above
0.5 wt.%, (Cuy_,Ni,)sSns forms. However, in BGA or
flip-chip solder joints, where the solder joints are small
and the Cu supply becomes limited, the solder volume
effect becomes important because the Cu concentra-
tion is no longer constant during the reaction. An
equation, Eq. 1, for the Cu concentration drop has
been derived as a function of the joint size and the
intermetallic compound thickness. As the Cu concen-
tration decreases, the equilibrium phase at the inter-
face may change, and the local thermodynamic
equilibrium at the interface is no longer static. The
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Fig. 23 (a) Micrograph showing the solder/Cu interface after the
first reflow. The Cu atoms in those CueSns needles inside the
solder came from the dissolved Cu atoms when the solder was
molten. (b) Long CusSns needles described in (a). Part of the
solder had been etched away

shifting of the equilibrium phase at the interface could
cause the massive spalling of the intermetallic from the
interface.

Lastly, the effect of cross-interaction of the Cu and
Ni substrate across a solder joint was highlighted. This
cross-interaction can occur during the reflow stage.
Consequently, the sequence of assembly has an effect
on the microstructure of the solder joints.
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