
INTRODUCTION

Soldering technology using Pb-Sn solders still
plays an important role in electronic packaging,
such as flip-chip, solder-ball connections in ball grid
array (BGA), and integrated circuit assembly to a
printed circuit board (PCB).1,2 However, from the
environmental point of view, Pb-containing solders
are harmful to the environment and human beings.
The investigation of Pb-free solder has been intensi-
fied recently due to the anticipated legislation to
ban the use of Pb in electrical and electronic prod-
ucts.3–6 Of all the Pb-free solders, Sn-based solders
are the most attractive materials for the replace-
ment of Pb-Sn solder. Tin fulfils the metallurgical,
environmental, economic, and supply criteria, and
therefore most of the effort has been directed toward
Sn-containing binary or ternary alloys.7,8

Copper is widely used in the under bump metal-
lurgy and substrate metallization for flip-chip and
BGA applications. The interaction and interdiffu-
sion behaviors between solder and Cu-base metal
have been intensively studied. It is now known that
at the Cu/solder interface, Sn reacts rapidly with Cu
to form Cu-Sn intermetallic compound (IMC), which
weakens the solder joints due to the brittle nature of

the IMC. The strength of the solder joint decreases
with increasing thickness of IMC formed at the in-
terface and the IMC acts as an initiation site for mi-
crocracks.9–11 It is found that the growth rate of
IMCs is greater in the Cu/solder system than in the
Ni/solder. Nickel is thus recognized to act as a diffu-
sion barrier between Cu and solder in order to sus-
tain a long period of service.11 Characteristics of the
electroless Ni deposit such as excellent solderability,
corrosion resistance, uniform thickness, and selec-
tive deposition make the electroless Ni plating more
suitable as a material for a diffusion barrier than
pure electrodeposited Ni.12–14 However, very little
work has been performed on the interaction and in-
terdiffusion behavior of electronic solder alloys and
electroless Ni-P.

Recently, Jang et al.12 and Hung et al.13 reported
solder reaction-assisted crystallization of electroless
Ni-P to form Ni3Sn4 and Ni3P compound at the in-
terface when electroless Ni-P reacts with solder.
Inaba et al.15 found different Ni-Sn IMCs, Ni2P, and
NiP2 at the solder/electroless Ni-P layer. In this
work, we have studied the solder reaction in electro-
less Ni-P metallization during reflow soldering for
both Pb-Sn solder and Pb-free solder. We have also
investigated the growth of Ni-Sn intermetallics and
subsequent changes in the Ni-P layers. The dif-
ferences of the growth mechanisms have been 
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explained for Pb-free solder with respect to Pb-Sn
solder.

EXPERIMENTAL PROCEDURES

The test substrate was a custom-made FR4 PCB
in which electroless Ni-P was deposited on a Cu pad.
Immersion Au was immediately plated on top of the
electroless Ni-P to avoid oxidation of the Ni surface.
In order to maintain close to the optimum concentra-
tion of the plating solution and to ensure the opti-
mum deposit quality, a complete automatic titration
setup was used to monitor the content, the pH value,
and the plating temperature, in the plating tanks.
The P content in the electroless Ni substrate was
controlled by the pH value of the plating solution.
The thickness of the deposit layers was measured by
using x-ray fluorescence (XRF) equipment or a
Rutherford backscattering spectrometer (RBS), and
the surface oxide or interface oxide in the substrates
was detected by using oxygen resonance with a 3.04
MeV He11 ion beam. Eutectic 63Pb-37Sn solder
balls and eutectic 96.5Sn-3.5Ag solder balls with a
diameter of 0.75 mm were placed on the prefluxed
Au/Ni-P/Cu pad substrates and reflowed at a tem-
perature of 240°C for different reflow times from 0.5
min to 180 min. The flux was a no-clean flux.

For interfacial microstructure examination, the
samples were mounted in epoxy and then sectioned
using a slow speed diamond saw. The cross-sec-
tioned samples were ground and polished carefully
for scanning electron microscopy (SEM) study. The
chemical and microstructural analyses of the cross-
sectioned samples were obtained by using a scan-
ning electron microscope with energy-dispersive x-
ray analysis (EDX). The IMCs were identified by
x-ray diffraction (XRD). The XRD analysis was con-
ducted with a Cu target and a Ni filter at a scanning
speed of 2°/min.

RESULTS

The cross section of Au/electroless Ni-P/Cu before
reflow is shown in Fig. 1. The surface and interfaces
of Au and electroless Ni-P are more or less smooth.
Gold thickness of the Au/Ni-P/Cu pad is found to be
around as 0.5 mm. The RBS result shows that there
is no surface oxide and interface oxide in this raw
Au/Ni-P/Cu substrate. The thickness of the Ni-P
layer is around 3 mm, and the chemical composition
of this layer, studied by EDX analysis, is found to be
80at.%Ni and 20at.%P. The thickness of the Cu
layer is 15 mm. The XRD diffraction spectrum on the
Au/electroless Ni-P/Cu before reflow shows only Cu
and Au peaks—neither a peak of Ni nor Ni com-
pound has been found. This finding proves that the
electroless Ni-P was amorphous before reflow.

The reflow time in industrial applications rarely
goes longer than 5 min. However, in this study, we
used reflow time as long as 180 min. The sole pur-
pose of using this prolong reflow time is to establish
a kinetic database for Pb-free soldering on the elec-
troless Ni-P deposit and to compare that with the

conventional Pb-Sn solder. Figure 2 represents
backscattered electron micrographs for the inter-
faces of Pb-Sn and Sn-Ag solder ball on electroless
Ni-P after reflow at 240°C with different reflow
times. These are cross-sectional micrographs with
the section plane perpendicular to the faces of the
substrates. From the micrographs of short reflow
time, there are four layers from top to bottom—the
solidified solder, reaction zone, Ni-P original layer,
and Cu pad. The Au layer disappeared quickly; it
dissolved in the molten solder within 30 sec. The
EDX results at the interface confirmed that neither
Au nor Au-Sn IMC layers were found at the inter-
face. For 0.5 min reflow time, EDX analysis of the re-
action zone revealed that the IMC is Ni3Sn4, which
is also confirmed by other investigators.12–18 A dark
layer was observed between the Ni3Sn4 IMC and Ni-
P layer from all SEM images. The EDX analysis
showed that the P percentage of this dark layer at
0.5 min reflow is about 25 at.%. This finding implies
that this dark layer at 0.5 min reflow time is com-
posed of Ni3P compound. The thicknesses of the Ni-
Sn IMC layer and the P-enriched dark Ni-P layer in-
crease with reflow time, whereas the thickness of
the original Ni-P layer decreases. For Sn-Ag solder,
the growth rates of Ni-Sn IMC and dark Ni-P layer
are much faster.

From Fig. 2ia, the Pb-Sn solder interface contains
needle and fine chunky Ni3Sn4 IMC at 0.5 min re-
flow. A very thin P-rich dark Ni-P layer (0.34 mm)
formed adjacent to this Ni3Sn4 IMC. For the Sn-Ag
solder interface at 0.5 min reflow (Fig. 2ib), the ex-
tent of Ni3Sn4 IMC formation is greater and hence
the P-rich dark Ni-P layer is also thicker (0.93 mm).
The thick Ni-Sn IMC layer is clear in Pb-Sn solder
reflowed at 30 min (Fig 2iia). However, for the Sn-Ag
solder interface (Fig. 2iib), some IMC grains de-
tached from the interface after 30 min reflow. A thin
continuous Ni-Sn IMC layer still adheres to the P-
rich dark Ni-P layer. The P-rich dark layer is frac-
tured and the original Ni-P layer is not visible (i.e.,
more Ni is consumed to form Ni-Sn IMC and the P is
concentrated in the dark Ni-P layer). The EDX
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Fig. 1. Backscattered electron micrograph showing the cross sec-
tion of a Au/electroless Ni-P/Cu pad before reflow.



only a thin continuous layer with the P-rich Ni-P
fractured layer. No traces of original Ni-P were de-
tected for a 60 min reflow in Sn-Ag solder. The P-rich
Ni-P layer opened numerous channels for Sn to dif-
fuse into the Cu layer. From the figure, patches of
two successive layers are clear beneath the P-rich
fractured layer on top of the Cu pad. From the EDX
analysis, Cu5Sn6 and Cu3Sn compounds were de-
tected in these regions. Choi et al. and Kang et al.
also found such Sn diffusion underneath the Ni-Sn
IMC into the Cu pad.19,20

At the longest reflow time (e.g., 180 min), no Ni-P
layer or even Cu pad was observed for the Sn-Ag sol-
der interface (Fig. 2ivb). The Cu pad was consumed
by Sn to form Cu5Sn6 and Cu3Sn IMCs, whereas in
the Pb-Sn solder, there was still a P-rich dark Ni-P
layer with some Cu5Sn6 and Cu3Sn IMCs on top of
the Cu pad (Fig. 2iva).

Figure 3 shows the variation of the Ni-P original
layer and P-rich dark Ni-P layer with reflow time for
both types of solder. The original Ni-P layer de-
creases and the new P-rich Ni-P layer increases
with reflow time; however, the rate of changes is
faster for the Sn-Ag solder. The P-rich Ni-P layer di-
minishes after a 30 min reflow due to the successive
consumption of the Ni to form Ni-Sn IMC. Thickness
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Fig. 2. Backscattered electron micrographs of the solder joint re-
flowed at (i) 0.5 min, (ii) 30 min, (iii) 60 min, and (iv) 180 min.

analysis of IMC layer/grains reflowed for longer
times revealed higher Sn content than the stoichio-
metric ratio for Ni3Sn4. For a 60 min reflow, the IMC
layer in the Pb-Sn solder interface (Fig. 2iiia) has
started to diffuse out and mix with the liquid solder.
The P-rich dark Ni-P layer also becomes thicker
with the thinning of the original Ni-P layer. For the
Sn-Ag solder (Fig. 2iiib), the Ni-Sn IMC grains
spread over a large area of the liquid solder, leaving

Fig. 3. Growth of the P-rich Ni layer and consequent consumption of
the original electroless Ni-P layer. (a) Pb-Sn solder joint, and (b) Sn-
Ag solder joint.



of the Ni-Sn IMC layer was not considered for com-
parison because of the nonadhering characteristics
as well as the varying composition of the Ni-Sn IMC
layer in the Sn-Ag solder interface. Ni-Sn IMC in
the Sn-Ag solder interface was also incorporated
with huge P, which might be present as a compound
with Ni.

The XRD spectra of the interface layer between
electroless Ni-P and the solder joints were collected
for both Pb-Sn and Sn-Ag alloys. These interfaces
were prepared by reflowing for 60 min at 240°C and
etching off the unreacted Sn and Pb to determine
the possible compounds formed at the interface.

DISCUSSION

The melting points of eutectic 67Pb-37Sn solder
and 96.5Sn-3.5Ag solder are 183°C and 221°C, re-
spectively. The reflow temperature was 240°C. When
molten solder comes in contact with the Ni-P layer,
the possibility exists of forming intermetallics be-
tween Sn and Ni, Sn and P, Pb and Ni, and Pb and P,
for Pb-Sn solder, and Sn and Ni, Sn and P, Ag and
Ni, and Ag and P, for Sn-Ag solder. However, only Ni-
Sn IMCs were observed for both cases. As a result,
due to the consumption of Ni to form Ni-Sn IMC, P
is expelled to the remaining Ni-P layer and forms a
P-rich dark Ni-P layer. The solubility of P in molten
Pb/Sn is 0 and no Pb-P/Sn-P compounds are found to
form.21 It was reported previously that after reflow,
Ni3Sn4 and Ni3P were formed at the interface of the
electroless Ni-P and the eutectic Pb-Sn solder due to
solder reaction-assisted crystallization.12,13

From the XRD studies, two Ni-Sn compounds
(Ni3Sn4 and NiSn2) as well as some Ni-P compounds
such as Ni3P, Ni2P, Ni5P4, and NiP2 were identi-
fied.22 The concentration of P found in the dark P-
rich Ni-P layer by EDX varied over a wide range,
which agrees with these XRD results that there
might be a mixture of the tiny crystals of Ni3P, Ni2P,
Ni5P4, and NiP2.

The mechanism of the IMC formation is summa-
rized in Fig. 4. During reflow, Sn in the solder reacts
very quickly with Au layer. This thin Au layer (0.5
mm) is consumed within 30 sec. Then, a thin layer of
Ni3Sn4 forms at the solder-electroless Ni-P inter-
face. This Ni3Sn4 layer grows with time but at differ-
ent rates for Pb-Sn solder and Sn-Ag solder—a
higher rate for Sn-Ag and a lower rate for Pb-Sn.
This is clearly due to the high Sn content in the Sn-
Ag solder. A high proportion of liquid Sn in molten
Sn-Ag solder can react with the Ni-P layer without
any barrier. After a certain thickness is achieved,
this Ni-Sn IMC starts to break and particles of
Ni3Sn4/NiSn2 spall out from the layer to the molten
solder. As Ni is being consumed, the thickness of the
P-rich crystalline Ni-P layer increases in the upper
region of the Ni-P layer. At the same time, the thick-
ness of the original Ni-P layer is reduced. After
reaching a certain thickness, the dark Ni-P layer
breaks and numerous channels are opened. These
channels are the result of the coalescence of the

Kirkindall voids formed during the diffusion proc-
ess.12,16 The Sn comes at a faster rate through these
channels to the Cu pad and reacts with Cu to form
Cu-Sn IMCs. Two types of Cu-Sn IMCs are found
(Cu5Sn6 and Cu3Sn). Cu3Sn was found adjacent to
the Cu pad. The reason for this variation is due to
the concentration gradient of Sn to the Cu layer. The
Sn diffuses through the channel of the fractured P-
rich crystalline Ni-P layer, leaving unreacted Ni.
This Ni forms the Ni-P compound, which makes it
stable.

The EDX analysis of the dark P-rich crystalline
Ni-P layer for Pb-Sn solder revealed 33at.%P and
67at.%Ni. A high content of P was also found in the
dark layer by several other authors.15,23 Zeng et al.23

claimed the existence of Ni5P4 and NiP3 in the dark
layer. Inaba et al.15 found Ni2P and NiP2 at the sol-
der/electroless Ni-P layer. In our previous results,13

only the Ni3P layer was detected at a relatively
lower reflow temperature (220°C), and it was shown
that the Ni3P layer formed due to the solder reac-
tion-assisted crystallization of electroless Ni-P met-
allization. Jang et al.12 found a similar result. We
also found Ni3P compound at the early stages of re-
flow (0.5 min) at 240°C temperature. After pro-
longed reflow, different Ni-P compounds formed due
to the increase in P percentage in the dark P-rich
layer. From our study by XRD, on the sample re-
flowed at 240°C for 1 h, other NiP compounds such
as Ni5P4, Ni2P, and NiP2 were found along with the

1120 Alam, Chan, and Hung

Fig. 4. Schematic diagram showing the changes in the interface re-
gion of the Pb-Sn and the Sn-Ag solder with the electroless Ni-P due
to longer time reflowing.



Ni3P compound. The existence of this Ni2P com-
pound is also detected by Haseeb et al.24 by XPS
analysis for the 10.2wt.%P content Ni-P layer. Be-
cause Ni from the original Ni-P layer was consumed
by the Sn of the liquid solder, most of the remaining
P diffused to the deeper Ni-P region, and this
formed P reached Ni3P, Ni2P, Ni5P4, and NiP2 com-
pounds in the dark Ni-P layer. For the Sn-Ag solder,
due to the high concentration of Sn, the reaction
rate is higher, i.e., Ni3Sn4/NiSn2 is formed quickly.
All of the P does not get the chance to recede in the
deeper Ni-P layer; rather, some rejected P gets en-
trapped into the Ni3Sn4/NiSn2 layer or grains. The
rejected P is highly unlikely to be pure P because of
the excess of Ni. Extensive EDX studies from this
IMC layer near the P-rich Ni-P have been performed
to determine the variation of P content and the pos-
sible Ni-P compounds. In every case, some P exists
in the Ni-Sn IMCs for the Sn-Ag solder.

In the case of the Sn-Ag solder interface, the
Ni3Sn4/NiSn2 IMCs were found to spread over the
solder region in greater extent. This was due to the
quicker reaction rate to form Ni3Sn4/NiSn2 at mass
scale and the entrapment of the P as Ni-P com-
pound—more brittleness was developed than the
Ni3Sn4/NiSn2 IMCs formed in the Pb-Sn solder in-
terface.

CONCLUSIONS

The original electroless Ni-P layer in this study
was found to be amorphous and has a composition of
Ni80P20. Interfacial kinetics between this electroless
Ni-P layer and two different solder materials (Pb-Sn
and Sn-Ag) were investigated in terms of dissolution
reaction, intermetallic compound growth, and the
morphology of the interfacial IMCs. The following
conclusions are drawn.

1. The amorphous electroless Ni-P layer crystal-
lized during the reflow process at 240°C in
contact with Pb-Sn and also Sn-Ag solder. Dif-
ferent Ni-P compounds such as Ni3P, Ni2P,
Ni5P4, and NiP2 were identified by EDX and
XRD.

2. At the same reflow temperature, the growth
rate of Ni-Sn IMC is faster in the Sn-Ag solder
than in the Sn-Pb solder. In both cases, two
kinds of Ni-Sn IMCs were detected—Ni3Sn4
and NiSn2. For the Sn-Ag solder, Ni-Sn IMC
was incorporated with P, which is thought to
be entrapped due to the rapid reaction of elec-
troless Ni-P layer with Sn-Ag solder.

3. Electroless Ni-P is found to be consumed more
rapidly in contact with the Sn-Ag solder. So,
the resistance of electroless Ni-P layer as a dif-
fusion barrier of Sn to form Cu-Sn IMCs is
lower for the Sn-Ag solder than for the Pb-Sn
solder.

This study shows that tiny crystals of Ni3P, Ni2P,
Ni5P4, and NiP2 are formed from the amorphous
electroless Ni-P (20 at.%) due to the successive Ni

dissolution during the reflow process. The electro-
less Ni-P layer is found to have less resistant capac-
ity against the 96.5Sn-3.5Ag solder than against the
37Pb-63Sn solder.
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