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In this study we consider the effect of separately adding 0.5 wt.% to 1.5 wt.%
Zn or 0.5 wt.% to 2 wt.% Al to the eutectic Sn-3.5Ag lead-free solder alloy to
limit intermetallic compound (IMC) growth between a limited volume of solder
and the contact metallization. The resultant solder joint microstructure after
reflow and high-temperature storage at 150�C for up to 1000 h was investi-
gated. Experimental results confirmed that the addition of 1.0 wt.% to
1.5 wt.% Zn leads to the formation of Cu-Zn on the Cu substrate, followed by
massive spalling of the Cu-Zn IMC from the Cu substrate. Growth of the
Cu6Sn5 IMC layer is significantly suppressed. The addition of 0.5 wt.% Zn
does not result in the formation of a Cu-Zn layer. On Ni substrates, the Zn
segregates to the Ni3Sn4 IMC layer and suppresses its growth. The addition of
Al to Sn-3.5Ag solder results in the formation of Al-Cu IMC particles in the
solder matrix when reflowed on the Cu substrate, while on Ni substrates Al-Ni
IMCs spall into the solder matrix. The formation of a continuous barrier layer
in the presence of Al and Zn, as reported when using solder baths, is not
observed because of the limited solder volumes used, which are more typical of
reflow soldering.
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INTRODUCTION

Implementation of Pb-free solder manufacturing
has become increasingly important in recent years
due to environmental concerns.1,2 Therefore, the
interfacial reaction between Pb-free solder (Sn-Ag,
Sn-Cu, and Sn-Ag-Cu) and Cu or Ni(P) [electroless
nickel-immersion gold (ENIG)] substrates during
reflow and aging as well as their mechanical prop-
erties have attracted much attention over the past
decade.2–6 In these Sn-based alloys, Sn is the main
active element and reacts with the Cu and Ni(P)
substrates to form Cu-Sn and Ni-Sn intermetallic
compound (IMC) layers. However, solder joints are
not generally reliable at temperatures above
125�C.7,8 This is due to the fact that, although for-
mation of an IMC layer between the barrier metal

and the molten solder is necessary to achieve an
adhesive bond, excessive IMC formation may
cause brittle failure. Traditionally trace amounts of
certain elements, i.e., rare-earth elements, have
proven to be effective in suppressing the growth of
Cu-Sn IMC layers and consequently improved long-
term reliability of the solder joint.9 Recently, several
researchers9–15 have demonstrated that the addi-
tion of small quantities of Al or Zn can suppress
Cu-Sn IMC layer growth.

Previous studies on Al additives to solders have
concentrated on Al additives to solder baths. The
role of Al addition to solder baths in suppressing
Cu6Sn5 interfacial IMC growth on Cu substrates has
been reported.11 The present paper extends these
previous studies by considering the effects of the
additives to smaller solder volumes representative of
reflow soldering rather than solder baths. The
effects of Zn addition on properties such as drop,10

tensile,16,17 and creep resistance18,19 have been
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reported in Sn-Zn and Sn-Cu-Zn reflow soldering
systems. This report extends the study to Sn-Ag-Zn
systems and specifically concentrates on the effects
of long-term aging. The use of Al and Zn in solder
paste and reflow soldering is generally avoided
because of excessive oxidation of solder particles
leading to poor wetting. The addition of these ele-
ments in such a manner as to avoid these problems is
not explicitly addressed in this paper as it is the
subject of ongoing research,20 but the solder volumes
studied in this work are more representative of
reflow soldering. One consequence of the smaller
solder volumes is the occurrence of massive spalling
of Al- and Zn-containing IMCs from the substrate as
the active element is depleted from the solder,
changing the thermodynamically stable phase at the
interface between the solder and the substrate.21

The present study is focused on the interfacial
reaction between the Sn-3.5Ag solder alloy with
varying levels of Zn and Al addition on two different
substrates [Cu and Ni(P)] during reflow and high-
temperature storage at 150�C for up to 1000 h. The
addition of Al to the Sn-Ag basic solder resulted in
Ag-Al particles forming in the solder matrix, and
Al-Cu and Al-Ni IMC particles spalling into the
solder matrix from the solder–substrate interface.
The addition of up to 1.5 wt.% Zn to the Sn-Ag basic
solder led to significant suppression of Cu6Sn5,
Cu3Sn, and Ni3Sn4 IMC growth. With the Zn con-
centration between 1 wt.% and 1.5 wt.% massive
spalling of the Cu-Zn IMC from the Cu substrate
was observed. We also note that Zn addition sig-
nificantly changes the wettability of the Sn-Ag sol-
der alloy on Cu and Ni(P) substrates.

EXPERIMENTAL PROCEDURES

Alloy Preparation

The eutectic Sn-3.5Ag solder alloy was supplied
by Henkel Ltd., UK. Predetermined quantities of
Sn-Ag ingots and Al foil were mechanically com-
pressed and placed in a quartz tube sealed into an
electric resistance furnace with vacuum (10�5 Torr),
and those with Zn alloys were prepared in an elec-
trical resistance furnace in air. The Sn-Ag solder
alloys with 0.5 wt.% to 2 wt.% Al are referred to
hereinafter as Sn-Ag-Al solder and those with Zn
(0.5 wt.%, 1 wt.%, 1.5 wt.%) as Sn-Ag-0.5Zn, Sn-Ag-
1Zn, and Sn-Ag-1.5Zn solder, respectively. All
compositions herein are given in weight percent
unless otherwise stated.

Preparation of Samples

Ni(P) substrates supplied by Schlumberger con-
sisted of electroless Ni immersion gold (ENIG) bond
pads on polyimide boards. The Cu substrates con-
sisted of Cu-coated FR4. Both Ni(P) and Cu sub-
strates were cut into �5 mm square plates with
metal thickness of �40 lm. Before reflowing, the
substrate was cleaned using isopropyl alcohol (IPA),

acetone, and finally deionized water. For all the
alloys, 0.012 ± 0.003 g solder alloy was cut from the
ingot, coated by a thin layer of flux, and placed onto
the substrate. The reflow was carried out in air:
preheating at 140�C for 150 s and soldering at
260�C for 60 s. The resulting solder had a maximum
thickness of 1 mm at the top of the solder dome, and
the average solder thickness was 0.54 mm. High-
temperature storage was carried out in air at 150�C
for up to 1000 h. After reflow and storage, the
samples were cross-sectioned and polished using
SiC abrasive papers and 0.25-lm diamond suspen-
sion solution.

DSC Tests

Differential scanning calorimetry (DSC) tests
were carried out using a Mettler Toledo DSC 822
differential scanning calorimeter. For all DSC tests,
the heating (melting) and cooling (solidification)
rate was fixed at 10�C min�1 from 25�C to 250�C,
and the solder alloy mass was 0.025 ± 0.005 g. The
thermal behaviors of the solders were recorded
during heating and cooling in the calorimeter, and
the cooling behaviors were compared with the
results obtained from microstructural analysis.
Each solder alloy test was repeated at least twice to
ensure reproducibility of results.

Microscopy

The microstructures were observed without etch-
ing under a ZEISS Axioscop2 MAT optical micro-
scope equipped with an automated Zeiss AxioVision
image analyzer, which was used for the microstruc-
tural investigation and quantitative morphology
analysis. An FEI scanning electron microscope
(SEM) equipped with energy-dispersive spectros-
copy (EDX) at an accelerating voltage of 25 kV was
used to achieve higher magnification in areas of
interest, as well as to quantitatively identify each
phase region. To quantify the uniformity of the IMC
layer thicknesses, the IMC thickness data for all
solder alloys on Cu and Ni(P) substrate samples
were measured using image analysis software.

RESULTS AND DISCUSSION

Effect of Solder Alloy Composition
on Melting and Solidification

The amount of undercooling and the melting point
measured for Sn-3.5Ag solder alloys with different
Zn and Al contents were measured by DSC and are
listed in Table I. DSC plots are presented in Fig. 1.
Heating and cooling rates of 10�C min�1 were used.
As the concentration of Zn was increased, both the
melting temperature and the amount of undercool-
ing dropped. Increasing the concentration of Al,
however, increased the melting temperature while
still reducing undercooling. The undercooling (DT)
was determined as the temperature difference
between the melting point on the heating curve and
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the onset temperature of solidification on the cooling
curve. The fact that undercooling was significantly
reduced by the addition of small amounts of Zn and
Al suggests that the original Ag3Sn IMC present in
pure Sn-3.5Ag solder does not provide preferential
nucleation sites during b-Sn solidification. For
(Sn-3.5Ag)-Al solder alloys, additional small peaks
are observed in Fig. 1c, d. These could indicate the
formation of Ag-Al phases, which were observed in
microscopic analysis.

Liquid- and Solid-State Reactions
in the Sn-Ag-Zn/Cu System

Figure 2 shows typical cross-sectional SEM ima-
ges of the Sn-Ag/Cu and Sn-Ag-Zn/Cu systems after

reflow and during subsequent aging. The interfacial
reaction between Sn-Ag and the Cu substrate
initially forms a scallop-shaped g-Cu6Sn5 layer
(Fig. 2a). After a few hours of subsequent aging, an
e-Cu3Sn IMC layer developed between the g-Cu6Sn5

and the Cu. This has been widely observed previ-
ously in Sn-based solder alloy systems.7

Electron microprobe analysis and energy-
dispersive x-ray spectroscopy (EDX) were used to
detect possible segregation of Zn atoms during
interfacial reactions of solder on Cu substrates. The
IMCs formed on the interface and solder matrix
strongly depended on the amount of Zn addition to
the basic Sn-Ag solder alloy. On Cu substrates,
immediately after reflow (260�C for 60 s), 0.5 wt.%
Zn addition made only slight differences to IMC

Table I. Differential scanning calorimetry (DSC) test results for solder alloys

Alloy Composition
(wt.%)

Onset Melting Temperature
During Heating (T1, �C)

Onset Solidification Temperature
During Cooling (T2, �C)

Undercooling,
DT = T1 2 T2 (�C)

Sn-3.5Ag 219.15 204.24 14.91
(Sn-3.5Ag)-0.5Zn 220.25 216.86 3.39
(Sn-3.5Ag)-1Zn 217.19 215 2.19
(Sn-3.5Ag)-1.5Zn 216.3 214.89 1.41
(Sn-3.5Ag)-0.5Al 221.15 213.99 7.35
(Sn-3.5Ag)-1Al 221.72 215.31 6.41
(Sn-3.5Ag)-2Al 225.96 219.93 6.03

Fig. 1. DSC thermal profiles recorded during heating and cooling cycles of solder alloys: (a) and (b) with the addition of Zn to eutectic Sn-3.5Ag
solder alloy; (c) and (d) with the addition of Al to eutectic Sn-3.5Ag solder alloy, during heating and cooling at 10�C min�1.
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cross-section microstructure, and Cu6Sn5 IMC
formed at the solder/Cu interface (Fig. 2b). By con-
trast, the addition of 1 wt.% to 1.5 wt.% Zn resulted
in Cu-Zn IMC formation, followed by massive
spalling at the interface (Fig. 2c, d), just after
reflow. The composition of the Cu-Zn layer was
determined by EDX to be 13 at.% Sn, 45 at.%. Cu,
and 42 at.% Zn. In total, two IMC layers were
identified at the interface: a Cu6Sn5 IMC adjacent to
the Cu substrate, and a Cu-Zn-based compound in
the solder itself, while the gap between the Cu-Zn
and Cu6Sn5 layers was occupied by solder. The
average thickness of the Cu-Zn spalled layer was
measured to be 2 lm to 4 lm. This type of spalling
has been observed previously between a Sn-Zn sol-
der and a Cu substrate.21 Such massive spalling was
attributed to the possibility that the original reac-
tion product at the interface is no longer in local
thermodynamic equilibrium with the solder, and
this compound is driven away to make room for the
nucleation and growth of the equilibrium phase.
Initially Cu-Zn IMCs nucleate and grow at the
interface, but after consumption of Zn atoms from
the limited solder volume, Cu6Sn5 becomes the
thermodynamically favored phase and the Cu-Zn
spalls away from the substrate. Figure 3 delineates
the elemental distribution after reflow at 260�C for

60 s. It is seen that Zn segregates at the Sn-Ag-(1-
1.5)Zn/Cu system interfaces. The analysis line pas-
ses through the interfacial IMC layer and shows an
overlap of Cu and Zn in the Sn-Ag-(1-1.5)Zn/Cu
system, indicating Cu-Zn IMC formation. It is thus
clear that the addition of 1 wt.% and 1.5 wt.% Zn
causes the formation of an IMC, while at 0.5 wt.%
no Cu-Zn IMC layer or particles form. This is con-
sistent with the work of Chou and Chen,22 who
reported a thermodynamic study showing that
higher Zn concentration levels result in Cu5Zn8

being the more thermodynamically stable phase on
Cu substrate. The addition of Zn to Sn-Ag solder
alloys also reduced Ag3Sn plate size as expected
from the DSC undercooling results and similar
results from the Sn-3.8Ag-0.7Cu solder alloy.13

During the process of thermal aging, IMCs grow
continuously due to element diffusion, resulting in
morphology changes and thickness increase. The
average IMC thickness and the morphology at the
interface were studied during isothermal aging at
150�C, for up to 1000 h, as shown in Fig. 4. For the
Sn-Ag/Cu system (Fig. 4a), we saw a monotonic
increase in IMC layer thickness as a function of
storage time. In the Sn-Ag-Zn/Cu systems, the
presence of Zn significantly suppressed Cu6Sn5

IMC growth even after prolonged storage time

Fig. 2. SEM images showing interfacial reactions between solder/Cu: (a) Sn-3.5Ag, (b) (Sn-3.5Ag)-0.5Zn, (c) (Sn-3.5Ag)-1Zn, and
(d) (Sn-3.5Ag)-1.5Zn solder alloys, after reflow.
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(although the effect was less pronounced for the
Sn-Ag-0.5Zn/Cu system). During the aging process,
continuous growth of the Cu6Sn5 phase and spalling
of individual Cu6Sn5 particles from the IMC layer
were observed. This type of spalling occurs by
transformation from a hemispherical to a more
spherical type of particle, driven by lowering of the
total surface and interfacial energies in conserva-
tive ripening.4,5,23–25 After 1000 h of storage the
Sn-Ag-0.5Zn/Cu system showed significant spalling
at the interface, marked by arrows in Fig. 4a. In
contrast to the Sn-Ag/Cu and Sn-Ag-0.5/Cu systems,
the Sn-Ag-1Zn/Cu and Sn-Ag-1.5/Zn systems
showed significant suppression of Cu6Sn5 IMC layer
growth (limited to 3 lm after 1000 h of storage time
at 150�C). It was found that the Cu-Zn IMC layer
thickness does not change as a function of storage
time and remained at between 2 lm and 4 lm up to
1000 h at 150�C (Fig. 4c).

Another observation was that, at the Sn-Ag-
(0.5-1.5)Zn/Cu system interface, the Cu3Sn IMC
layer only grew to about 1 lm after 1000 h of high-
temperature storage (Fig. 4b). The initiation of
Cu3Sn phase formation in the Sn-Ag/Cu system
generally occurs after a few hours of storage time,
but the presence of Zn appears to have delayed
formation of the Cu3Sn phase. The suppression of
the Cu3Sn would then be expected to improve
mechanical and electromigration reliability.14

Figure 5 shows cross-sectional views of Sn-Ag/Cu
and Sn-Ag-Zn/Cu samples after 1000 h of storage
time. In the Sn-Ag/Cu system, cracks at the
substrate/IMC interface were observed after high-
temperature storage for 360 h (see Fig. 5a for a typ-
ical crack image). By contrast, these cracks did not
occur in the Sn-Ag-Zn/Cu systems. A previous study
by Yao and Shang26 reported that fatigue crack
growth is suppressed with improvements in inter-
facial IMC smoothness, further suggesting that
Zn-containing alloys are promising candidates from a
reliability point of view. The layer of solder between
the Cu-Zn IMC and Cu6Sn5 IMC visible in Fig. 2c, d,
showing the same system immediately after reflow,

has now been almost entirely consumed by further
growth of the Cu6Sn5 layer (Fig. 5c, d). Small iso-
lated pockets of solder remain at the interface
between the two IMC layers, but the interface is
otherwise almost completely planar, and the Cu-Zn
IMC therefore acts as a barrier layer to further
Cu6Sn5 layer growth. In particular, the Cu-Zn must
act as a barrier layer to further diffusion of Sn in
order to limit the thickness of the Cu6Sn5 layer, and
the absence of Cu6Sn5 particles in the solder matrix
shows that the Cu-Zn layer also blocks Cu diffusion.

After aging, the Cu6Sn5 and Cu3Sn IMC thick-
ness decreases as the Zn concentration increases.
To identify the phenomena responsible, further
composition analysis was carried out on the
(Sn-3.5Ag)-1Zn/Cu system after 1000 h of storage.
The interfacial cross-section after 1000 h is shown
in Fig. 6. The line scan at the interface shows the
elemental distributions of Sn, Cu, and Zn. Segre-
gation of Zn at the Cu6Sn5/Cu substrate interface is
indicated by the arrow in Fig. 6. Several line scans
at multiple locations all confirmed the segregation
of Zn at this interface after long-term storage. This
accumulation of Zn could form a thin Cu-Zn IMC
layer at the interface and retard further Cu and Sn
diffusion at the substrate.19,27 While the much
thicker Cu-Zn barrier layer at the Cu6Sn5/solder
interface blocks diffusion of Sn and limits further
Cu6Sn5 growth, the thin Cu-Zn barrier at the sub-
strate interface helps to retard Cu3Sn IMC forma-
tion. Table II summarizes the different types of
IMCs observed on Cu substrates.

The growth kinetics of Sn-based alloys on Cu
substrates, below the melting point of Sn, generally
follows a parabolic law as a result of diffusion of Sn
through the Cu6Sn5 layer:

d ¼ kðtÞ1=2 þ d0; (1)

where d and d0 are the thickness of the IMC at time
t and zero, respectively, and k is the growth rate
constant.28 The growth rate constant (k) was cal-
culated from a linear regression analysis of IMC

Fig. 3. Elemental analysis of (a) (Sn-3.5Ag)-0.5Zn, (b) (Sn-3.5Ag)-1Zn, and (c) (Sn-3.5Ag)-1.5Zn solder alloys on Cu substrates, after reflow.
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thickness d � d0 versus t1/2, where the slope is
k. According to the data in Fig. 4a, b, the k2 values
of Cu6Sn5 and Cu3Sn layer growth in Sn-Ag-
(0.5-1.5)Zn/Cu systems are much lower than in the
Sn-Ag/Cu system (Table III). The exact mechanism
of growth suppression is not understood, but from
Fig. 3 it is clear that Zn is present in small quan-
tities in the Cu6Sn5 layer and may be affecting Sn

diffusion, while the activity of Sn will also be
affected by even trace amounts of Zn.9

A solder should have good wetting properties. The
average wetting angle at 260�C in the Sn-Ag-Zn/Cu
system was measured by using a Zeiss AxioVision
image analyzer, using the eutectic Sn-3.5Ag solder
as a baseline, and is tabulated in Table IV. The
Sn-Ag/Cu system average wetting angle was mea-
sured to be 28.5�, while a monotonic rise of wetting
angle with increasing concentration of Zn was
observed. Research is currently underway into
introducing Zn (and Al) into the solder paste in the
form of Ag-capped nanoparticles that release the Zn
or Al loads after solder wetting has occurred. Previ-
ous work on chemically passive, coated nanoparticles
suggests that this approach is likely to succeed.29

Liquid- and Solid-State Reactions
in the Sn-Ag-Zn/Ni(P) Systems

A large volume of literature has been published
on the interaction between Ni(P) and Sn-based sol-
der alloys.2–6 Figure 7a shows an SEM micrograph
of the Sn-Ag/Ni(P) interface. Ni3Sn4, NiPSn, and
Ni3P layers form between the solder and Ni(P)
substrate, as expected.25 The Ni3Sn4 IMC growth
can also be described by Eq. 1 with new parameters,
which are determined experimentally.

In contrast to the Sn-Ag-Zn/Cu system, the
Sn-Ag-Zn/Ni(P) system interface does not show
formation and massive spalling of a Ni-Zn IMC
(Fig. 7). The surface of the Ni3Sn4 layer in Sn-Ag-
Zn/Ni(P) systems is also of the scallop type, but
compared with the Sn-Ag/Ni(P) system, exhibits a
smoother interface between solder and Ni3Sn4.
Strictly speaking, this compound should be referred
to as (Ni1�x,Znx)3Sn4, as the composition measured
by EDX was 50 at.% Sn, 34 at.% Ni, and 16 at.% Zn,
but for brevity we will refer to it as Ni3Sn4. Figure 8
delineates the elemental distribution in Sn-Ag-
(0.5-1.5)Zn/Ni(P) systems, after reflow at 260�C for
60 s. This reveals that Zn segregation is undetect-
able at the interface when the Zn concentration in
the solder is 0.5 wt.%, but very clear as the Zn
concentration is increased to 1 wt.% and 1.5 wt.%.
In addition, the thickness of the Ni3Sn4 IMC layer
decreased with increasing Zn concentration.

During aging at 150�C the high-aspect-ratio
Ni3Sn4 grains transformed to a much rounder
shape (compare Fig. 7 with 10). In addition, some
isolated Ni3Sn4 particles were found to have
departed from the main Ni3Sn4 IMC layer and
entered the solder matrix, contributing to a large
degree of scatter and deviation from the expected
parabolic growth. The Ni3Sn4 IMC layers formed in
the Sn-Ag-Zn/Ni(P) systems were thinner than
those in the Sn-Ag/Ni(P) system, for the same
storage time, as shown in Fig. 9. Between 700 h
and 1000 h, significant spalling of Ni3Sn4 particles
was observed in all systems (Fig. 10), reducing
interfacial IMC thickness.
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The IMC growth rates in the Sn-Ag/Ni(P) system
are much larger than those in the Sn-Ag-Zn/Ni(P)
systems, as shown by the growth rate constant

(k) coefficients listed in Table III. Note also that the
presence of Zn in the solder had a comparatively
weaker effect on wetting angle for the Ni(P) sub-
strate. The average wetting angles of Sn-Ag/Ni(P)
and Sn-Ag-Zn/Ni(P) systems are presented in
Table IV, and the different IMC layers and particles
formed on Ni(P) substrates are presented in Table II.

Wang et al.30 note that Zn addition to the Sn-
based solder significantly reduced diffusion coeffi-
cients and may also decrease the activity of Sn
atoms, which explains suppression of the IMC layer
growth. Feng et al.31 have studied the ternary Sn-
Cu-Zn alloy, suggesting that the presence of Zn
atoms seriously weakens the interaction between
the Sn and Cu atoms, which decreases the diffusion
and activity of Sn atoms. In summary, Table III
shows that Sn-3.5Ag solder has large values for
growth rate constants on both Cu and Ni(P) sub-
strates, which significantly decrease with increas-
ing Zn concentration in the solder. Increasing Zn
concentration does, however, also raise wetting
angles on both substrates.

Liquid- and Solid-State Reactions
in the Sn-Ag-Al/Cu and Sn-Ag-Al/Ni(P)
Systems

It is well known that Al has high chemical activity
in molten solder, and will react with the substrate

Fig. 5. SEM images showing interfacial reactions between solder/Cu: (a) Sn-3.5Ag, (b) (Sn-3.5Ag)-0.5Zn, (c) (Sn-3.5Ag)-1Zn, and
(d) (Sn-3.5Ag)-1.5Zn solder alloys, after 1000 h of storage time at 150�C.

Fig. 6. Higher-magnification SEM image of the interface in the
(Sn-3.5Ag)-1Zn/Cu system after aging for 1000 h at 150�C. The
arrow shows Zn accumulation at the Cu substrate.
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materials present. At low concentrations of added
Al, the Al formed distinct Ag3Al IMC particles in the
solder matrix during the solder alloy preparation.
In the Sn-Ag-Al/Cu systems, Al reacts with Cu dis-
solving from the substrate to form Al2Cu and other
(not unambiguously identifiable) Al-Cu IMC phases
in the solder matrix, as listed in Table V. In a study
by Jee et al.,11,12 the Al-Cu IMC appeared at the
solder/substrate interface rather than in the solder.
In the present study, due to the limited solder
volume, Al was quickly depleted while forming the

Al-Cu IMC, and Cu6Sn5 forms at the solder/sub-
strate interface. Any Al-Cu that formed at the
interface spalled off when the Al was depleted in the
solder, and Cu6Sn5 becomes the thermodynamically
stable phase, analogous to the Sn-Ag-Zn/Cu system,
although in this case a continuous spalled layer was
not visible (Fig. 11). Previous work11,12 reported a
thermodynamically stable Al-Cu IMC phase at the
interface in the Sn-Ag-1.5Al/Cu system, and the
difference was again attributable to the use of a
solder bath in that study, maintaining the Al con-
centration in the solder.21 Figure 11a–c are typical
of the Sn-Ag-Al/Cu system irrespective of the exact
Al concentration used up to 2 wt.%.

Analysis of the location of the Al-Cu IMC parti-
cles in Fig. 11 indicates that, during solidification,
large Al-Cu particles that are present in the molten
solder are pushed ahead by Sn-rich dendrites,
which grow upwards from the substrate during
solidification. Entrapment of smaller particles then
occurs in the interdendritic region. These small
particles form when Cu is extracted from the Sn-
rich dendrites.

Similar experiments were carried out on Ni(P)
substrates, and Al was found in the form of Al3Ni2
and Al-Ag IMC particles in the solder matrix
immediately after reflow (Fig. 12). The Al3Ni2 IMC
layer forms about �5 lm from the Ni(P) substrate
(Fig. 12), and although the layer is not continuous,
the linear arrangement of the particles suggests
that they spalled off the substrate.

In general, the volume percentage of the new IMC
phase in the solder depends on the Al concentration
and soldering time. Higher concentrations of Al
significantly increase the rapid initial consumption
of the substrate as the Al-containing IMCs are
produced. Wetting of the solder was rendered par-
ticularly difficult by the presence of Al, and the
solder had to be mechanically polished to remove
oxidized Al prior to soldering. Storage at 150�C
showed no suppression of interfacial IMCs on either
Cu or Ni(P) substrates due to the absence of a stable
Al-based IMC barrier layer at the substrate.

The observed differences between the Sn-Ag-Zn
system and Sn-Ag-Al system in terms of IMC sup-
pression and spalling of IMCs on both Cu and Ni(P)
substrates is summarized in Table IV.

Table II. Observed interfacial IMC layers and particles on solder samples after reflow on Cu and Ni(P)
substrates

Alloy Composition (wt.%) Cu Substrate Ni(P) Substrate

Sn-3.5Ag Cu6Sn5, Cu3Sn IMC layer Ni3Sn4, NiPSn, Ni3P IMC layer
(Sn-3.5Ag)-0.5Zn Cu6Sn5, Cu3Sn IMC layer Ni3Sn4, NiPSn, Ni3P IMC layer
(Sn-3.5Ag)-1Zn Cu6Sn5, Cu3Sn, Cu-Zn IMC layer Ni3Sn4, NiPSn, Ni3P IMC layer
(Sn-3.5Ag)-1.5Zn Cu6Sn5, Cu3Sn, Cu-Zn IMC layer, and Cu5Zn8 particles Ni3Sn4, NiPSn, Ni3P IMC layer

Note that Sn-Ag and Sn-Ag-Zn solder alloys after reflow consisted of primary Sn-rich dendrite (b-Sn) phase surrounded by a eutectic
mixture of Sn and Ag3Sn plates.

Table III. Results of k (growth rate constant) value
measurements for Cu6Sn5, Cu3Sn, and Ni3Sn4 IMCs
on Cu and Ni(P) substrates with different solder
alloys

Alloy Composition
(wt.%)

k2 (m2 s21 3 10219)a

Cu6Sn5 Cu3Sn Ni3Sn4

Sn-3.5Ag 535 24 136.9
(Sn-3.5Ag)-0.5Zn 144 1.8 17.6
(Sn-3.5Ag)-1Zn 14.4 0.47 19.8
(Sn-3.5Ag)-1.5Zn 7.9 0.44 5.8

aThe growth rate constant (k) was calculated from linear
regression analysis of IMC thickness d � d0 versus t1/2, where
the slope is k.

Table IV. Contact angles of eutectic Sn-3.5Ag and
(Sn-3.5Ag)-(0.5-1.5)Zn solder alloys on Cu and Ni(P)
substrates

Alloy Composition
(wt.%)

Avg. Contact Angle

Cu Substrate Ni(P) Substrate

Sn-3.5Ag 28.5� 19.2�
(Sn-3.5Ag)-0.5Zn 36.7� 29.5�
(Sn-3.5Ag)-1Zn 48.8� 30.4�
(Sn-3.5Ag)-1.5Zn 58.0� 32.5�

Note that average contact angle is quantified from seven identical
samples from each substrate.

Reactions of Sn-3.5Ag-Based Solders Containing Zn and Al Additions on Cu and Ni(P) Substrates 2727



CONCLUSIONS

Based on the experimental results and the
above analysis, the following conclusions can be
drawn.

DSC examination of the samples revealed signals
corresponding to phase transitions during heating
and cooling. Minor alloying elements Zn and Al
reduced undercooling in Sn-3.5Ag solders with a

slight decrease (addition of Zn) or a slight increase
(addition of Al) in melting point.

It was found that 0.5 wt.% Zn addition did not
result in considerable suppression of Cu6Sn5 IMC
growth when Sn-Ag-0.5Zn/Cu samples were stored
at 150�C for 1000 h. However, the IMC growth was
significantly suppressed by 1 wt.% and 1.5 wt.% Zn
addition to Sn-Ag solder. The formation of the
Cu3Sn IMC layer was also suppressed significantly

Fig. 7. SEM images showing interfacial reactions between solder/Ni(P): (a) Sn-3.5Ag, (b) (Sn-3.5Ag)-0.5Zn, (c) (Sn-3.5Ag)-1Zn, and
(d) (Sn-3.5Ag)-1.5Zn solder alloys, after reflow.

Fig. 8. Elemental analysis of: (a) (Sn-3.5Ag)-0.5Zn, (b) (Sn-3.5Ag)-1Zn, and (c) (Sn-3.5Ag)-1.5Zn solder alloys on Ni(P) substrates, after reflow.
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with Zn addition. Accumulation of Zn was found at
the Cu substrate/Cu3Sn interface.

Increasing the concentration of Zn to 1 wt.% and
1.5 wt.% results in massive spalling of the Cu-Zn
IMC layer. This is interpreted as follows: The first

reaction product at the interface is Cu-Zn IMC,
which is not thermodynamically stable as the
interface IMC after consumption of Zn atoms from
the solder matrix. This allows the nucleation of the
more thermodynamically stable phase (Cu6Sn5) in
later stages of interface growth. During aging, the
Cu6Sn5 layer grows until it reaches the Cu-Zn layer.

In the Sn-Ag-Zn/Ni(P) system, a massive spalling
effect is not seen and at the interface Ni3Sn4

[(Ni1�x,Znx)3Sn4] IMC formed in all samples. Zn is
found to be segregated in this IMC layer for
Sn-Ag-1Zn and Sn-Ag-1.5Zn. However, after high-
temperature storage for between 700 h and 1000 h,
a significant amount of Ni3Sn4 IMC spalled from
the interface and traveled into the solder matrix.
The addition of Zn suppressed Ni3Sn4 IMC growth
during solid-state isothermal aging. On both Cu and
Ni(P) substrates, the IMC growth suppression effect
increased with increasing concentration of Zn in the
Sn-Ag solder. The contact angles similarly increased
with increasing Zn addition to the solder.

The addition of Al to Sn-Ag solder alloys does not
change the IMCs formed at the Cu and Ni(P) sub-
strate interfaces. Al from the solder reacts with Cu
from the substrate to form Al-Cu intermetallics,
which spall away from the substrate during reflow,
and the normal interfacial IMCs of Cu6Sn5 and
Cu3Sn are observed. In the case of the Ni(P) substrate,
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Fig. 9. Intermetallic compound (IMC) thickness as a function of
aging time for Ni3Sn4/Ni(P); dotted line represents the onset of sig-
nificant spalling. Note that the reflow condition for all the samples
was 260�C for 60 s, and the storage temperature was 150�C.

Fig. 10. SEM images showing interfacial reactions between solder/Ni(P): (a) Sn-3.5Ag, (b) (Sn-3.5Ag)-0.5Zn, (c) (Sn-3.5Ag)-1Zn, and
(d) (Sn-3.5Ag)-1.5Zn solder alloys, after 1000 h of storage time at 150�C.
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Table V. Observed interfacial IMC layers and particles on solder samples after reflow on Cu and Ni(P)
substrates

Alloy Composition (wt.%) Cu Substrate Ni(P) Substrate

Sn-3.5Ag Cu6Sn5, Cu3Sn IMC layer Ni3Sn4, NiPSn, Ni3P IMC layer
(Sn-3.5Ag)-Al Cu6Sn5, Cu3Sn IMC layer and Cu-Al and

Ag3Al particles
Ni3Sn4,NiPSn, Ni3P IMC layer
and Al3Ni2 and Ag3Al particles

Fig. 11. SEM images showing interfacial reactions of: (a) (Sn-3.5Ag)-0.5Al/Cu, (b) (Sn-3.5Ag)-1Al/Cu, and (c) (Sn-3.5Ag)-2Al/Cu systems, after
reflow at 260�C for 60 s.

Table VI. Observed differences between the Sn-Ag-Zn and Sn-Ag-Al systems on Cu and Ni(P) substrates
in terms of IMC suppression and spalling

Substrate

Alloying Elements

Zn Al

Cu Suppression of Cu6Sn5 and Cu3Sn interfacial IMC Al-Cu particles form in solder matrix,
instead of forming interfacial Al-Cu IMC layer as

occurs in solder bath studies11

Massive spalling16 of Cu-Zn IMC layer,
forming a Cu-Zn barrier layer when

Zn ‡1 wt.%

No suppression of interfacial IMCs (Cu6Sn5 or Cu3Sn)

Spalling Cu6Sn5 from Cu5,23–25 substrate when Zn
>1 wt.%,

during aging at 150�C
Ni(P) Spalling Ni3Sn4 from Ni(P) substrate25 during aging

at 150�C
Al-Ni particles initially form at interface,

but continuous layer is not formed,
allowing Ni3Sn4

growth. Note that Al-Ni particles are not formed
in solder matrix in contrast to Cu due to slower

dissolution rate of Ni
Suppression of Ni3Sn4 IMC due to formation

of (Ni1�x, Znx)3Sn4 interfacial IMC

Fig. 12. SEM images showing interfacial reactions of: (a) (Sn-3.5Ag)-0.5Al/Ni(P), (b) (Sn-3.5Ag) 1Al/Ni(P), and (c) (Sn-3.5Ag)-2Al/Ni(P) sys-
tems, after reflow at 260�C for 60 s.
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the Al3Ni2 IMC particles are located in a discon-
tinuous layer �5 lm from the Ni(P) substrate,
rather than at the substrate interface. The location
of the layer suggests that the IMC originally formed
at the solder/substrate interface before being
replaced by Ni3Sn4. The discrepancy with Ref. 11,
where the Ni-Al IMC barrier layer remained at the
interface, is attributed to the limited volume of
solder used in this study. As the concentration of
Al in the solder is increased, the concentration
of Al-Cu and Al-Ni IMC particles in the solder
matrix increases, without affecting the growth rate
of the Cu-Sn and Ni-Sn IMC layers.
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