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A solderable layer concurrently containing Cu-rich and Ni-rich phases (mixed-phase layer, MPL) was fabricated
by direct current electroplating under varying process conditions. Current density was considered as the main
parameter to adjust the microstructure and composition of MPL during the electroplating process, and deposit
thickness were evaluated as functions of plating time. As a result, it was observed that the coral-like structure that
consisted of Cu-rich and Ni-rich phases grew in the thickness direction. The most desirable microstructure was
obtained at a relatively low current density of 0.4 mA/cm2. In other words, the surface was the smoothest and
defect-free at this current density. The electroplating rate was slightly enhanced with an increase in current density. Investigations of its solid-state reaction properties, including the formation of Kirkendall voids, were also
carried out after reflow soldering with Sn-3.0 Ag-0.5 Cu solder balls. In the solid-state aging experiment at
125°C, Kirkendall voids at the normal Sn-3.0 Ag-0.5 Cu solder/Cu interface were easily formed after just 240 h.
Meanwhile, the presence of an intermetallic compound (IMC) layer created in the solder/MPL interface indicated a slightly lower growth rate, and no Kirkendall voids were observed in the IMC layer even after 720 h.
Keywords: Cu-Ni mixed-phase layer (MPL), direct current (DC) electroplating, solder joint, intermetallic compound (IMC) layer, Kirkendall voids

1. INTRODUCTION
Although soldering on Cu pads is the most popular
technique in surface mount technology (SMT), it has been
reported that the occurrence of Kirkendall voids, observed in
an ε-phase (Cu3Sn) intermetallic compound (IMC) layer
near the Cu after enough solid-state aging, are inevitable
when an electroplated Cu layer is used.[1-14] Because
Kirkendall voids grow and are connected to one another, the
voids exert an extremely detrimental influence on the
reliability and characteristics, such as mechanical shock
properties, of solder joints.[15-20] The degradation in reliability
by Kirkendall voids becomes increasingly severe because a
semi-additive process, introduced to fabricate high density
substrates and PCBs (printed circuit boards), follows Cu
electroplating.[21,22] Hence, a study on a novel electroplated
layer for suppressing Kirkendall voids was conducted
recently.[23,24]
In previous research performed to suppress the growth of
IMC layer(s) formed at Pb-free solder/pad interfaces and
Kirkendall voids in the IMC, a Cu-Zn alloy layer proved
successful.[23,24] However, an outstanding decline in wettability
and a galvanic corrosion issue remains a continuing
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problem. Moreover, Zn is a very unusual pad metal in the
substrate and PCB industry.
In this study, a solderablee layer containing both Cu and
Ni phases was fabricated by electroplating under varying
process conditions. Also investigated were the solid-state
reaction properties at high temperature after reflow soldering
with the layer and the formation of Kirkendall voids. The
selection of Ni as an added element into a Cu solderable
layer was primarily based on reports that no voids were
observed in IMC layers formed at Pb-free Sn-Ag(-Cu)
solder/electroplated Ni or evaporated Cu-Ni alloy interfaces,
even after solid-state aging at high temperature.[25-28] Moreover,
Ni is a very common pad metal, considering its use as a
diffusion barrier layer in under bump metallurgy (UBM). To
realize high productivity through a high deposition rate, the
solderable layer containing Cu and Ni was fabricated by
direct current (DC) electroplating.

2. EXPERIMENTAL PROCEDURE
The plating bath was prepared using nickel(II) sulfate
hexahydrate (0.475 M, NiSO4·6H2O, >98.5%, DC Chemicals),
copper(II) sulfate pentahydrate (0.125 M, CuSO4·5H2O,
Duksan Pure Chemicals), and sodium citrate tribasic dihydrate
(0.20 M, Na3C6H5O7·2H2O, 99%, Duksan Pure Chemicals).
The pH of the bath was adjusted to 9.0 using ammonia
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solution (28% - 30%, Samchun Chemicals). DC electroplating
was performed at room temperature. The substrate used as
the cathode was 3N Cu plate having no masked area of
20 mm × 20 mm, and the Ni mesh was used as the anode. A
constant distance between the electrodes was maintained at
30 mm while the electroplating was conducted, with the
current density varied between 0.4 and 0.7 mA/cm2 at
intervals of 0.1 mA/cm2. To measure the deposit thickness as
a function of plating time, electroplated samples were
removed at 15-min time intervals. The microstructures and
thicknesses of the electroplated Cu-Ni layers were observed
using optical and scanning electron microscopies (SEM).
The composition variation in the electroplated layers was
assessed using energy dispersive spectroscopy (EDS).
The prepared electroplated layers were converted into
pads of 1.5 mm diameter by printing with solder resist (SR).
Finally, fourteen Sn-3.0 wt. % Ag-0.5 Cu solder balls,
450 µm in diameter, mixed with a water-soluble (WS)-type
flux (WF6063M, Senju Metal) were reflow-soldered on the
Cu-Ni pad using a typical temperature profile with a peak
temperature of 248°C. Schematic diagrams showing the
sample preparation procedure are shown in Fig. 1. After the
soldering process, an in-depth study of the interfacial reaction

Fig. 1. Schematic diagrams showing the sample preparation procedure.

with respect to aging time at 125°C was performed. The
cross-sections of the solder joints, including the solder/pad
interface, were analyzed via SEM. In order to obtain clear
SEM images at the interfaces, the solder joints were etched
with a CH3OH-4 vol. % HNO3-1 HCl solution. To clearly
identify the distribution of Cu and Ni in the IMC layer as
well as in the Cu-Ni layer with respect to the aging time,
electron probe microanalysis (EPMA) with a non-etched
cross-section of the solder joints was conducted.

3. RESULTS AND DISCUSSION
3.1 DC electroplating of Cu-Ni mixed-phase layer
Figure 2 shows optical micrograph images at the surface
of Cu-Ni layers with respect to current density after
electroplating for 1 h. While comparatively flat surface
morphologies were observed at a current density of 0.4 mA/
cm2, the surface became partially rough as the current density
increased to 0.5 mA/cm2. Upon increasing to 0.6 mA/cm2,
irregular bumpy nodules at the surface increased rapidly.
Finally, at a current density of 0.7 mA/cm2, the nodule sizes
decreased but increased in quantity. In summary, the
codeposition of Cu and Ni atoms proceeded to afford globular
shape nodules as the current density increased, resulting in
rough surface morphologies. This roughness may induce
micro voids during the subsequent soldering process, because
it disturbs close wetting by molten solder. Hence, the current
densities of 0.6 and 0.7 mA/cm2 were considered as inappropriate process conditions.
Scanning electron micrograph images at the surface of CuNi layers with respect to current density after electroplating
for 1 h are presented in Fig. 3. Even in the high-magnification
images, surfaces of the layer deposited at a current density of
0.4 mA/cm2 still indicated comparatively flat morphologies.
However, the layer processed at 0.5 mA/cm2 exhibited surface
defects, such as pin holes. Nodules below 10 nanometers in
size were formed abundantly under conditions of 0.7 mA/
cm2, resulting in a highly porous surface as an inevitable
consequence. From the results shown in Figs. 2 and 3, it was
judged that the surface morphologies of Cu-Ni layers
deposited at a current density of 0.4 mA/cm2 were the most
suitable as a solderable layer for subsequent soldering
processes.
Figure 4 displays optical micrograph images of the crosssections of Cu-Ni layers with respect to current density after
electroplating for 1 h. Tapered columnar (or coral-like)
structures were observed under all current density conditions
(0.4 - 0.7 mA/cm2), and the structure became slightly more
clear broadly with increases in current density. The coral-like
structures, consisting of orange and grey tapered columns,
were repetitively arranged in the optical images. This implied
that the codeposition of Cu and Ni atoms proceeded not with
homogeneous mixing of the alloy, but rather, in a locally
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Fig. 2. Optical micrographs at surfaces of Cu-Ni layers observed as a function of current density after electroplating for 1 h: (a) 0.4 mA/cm2,
(b) 0.5 mA/cm2, (c) 0.6 mA/cm2, and (d) 0.7 mA/cm2.

Fig. 3. Scanning electron micrographs at surfaces of Cu-Ni layers observed as a function of current density after electroplating for 1 h: (a) 0.4
mA/cm2, (b) 0.5 mA/cm2, (c) 0.6 mA/cm2 (flat surface region), and (d) 0.7 mA/cm2.
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Fig. 4. Optical micrographs at cross-sections of Cu-Ni mixed-phase layers (MPLs) observed as a function of current density after electroplating
for 1 h: (a) 0.4 mA/cm2, (b) 0.5 mA/cm2, (c) 0.6 mA/cm2, and (d) 0.7 mA/cm2.

Fig. 5. Thickness of Cu-Ni MPLs measured as a function of current
density and plating time.

Fig. 6. Average compositions of Cu-Ni MPLs measured under
varying current densities after DC electroplating for 1 h.

concentrated manner—a deposition mechanism somewhat
consistent with the formation of the above-mentioned
bumpy nodules. Thus, the Cu-Ni layers could be named as
mixed-phase layers (MPLs).
Figure 5 summarizes the thickness of Cu-Ni MPLs with
respect to the current density and plating time. In general, the
thickness increased linearly as the plating time increased. In
addition, as the current density rose, the thickness increased
slightly.

Figure 6 depicts the average compositions of Cu-Ni MPLs
at varying current densities after DC electroplating for 1 h.
When the current density increased, the average content of
Ni in the electroplated layer increased linearly. At a current
density of 0.4 mA/cm2, at which the surface morphology
was relatively excellent, the average composition of the
deposited layers was Cu-34.38 wt. % Ni.
An example of the local composition of the Cu-Ni MPL
after DC electroplating at a current density of 0.6 mA/cm2
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Fig. 7. Local compositions of the Cu-Ni MPLs deposited at a current density of 0.6 mA/cm2 after DC electroplating for 1 h: (a) measured points
and (b) EDS results.

for 1 h is shown in Fig. 7. The composition determined by
EDS at point A was evidently Ni-rich (84 wt. %), while
point B indicated a Cu-rich (93 wt. %) phase. This suggests
that all the microstructures presented in Fig. 4 consisted of
Cu-rich and Ni-rich phases, despite compositional variation.
3.2 Growth characteristics of IMC layers at Pb-free solder/Cu-Ni MPL interfaces during solid-state aging after
reflow soldering
The total average thickness of the IMC layers with respect
to aging time at 125°C was compared with the pad
composition (electroplated pure Cu layer or Cu-Ni MPL).
The Cu-Ni MPL was fabricated at the current density of
0.4 mA/cm2. The total thickness of the IMC layers increased
with an increase in aging time; as the result shown in Fig.
8(b)-(d), the IMC layers grown on the Cu-Ni MPL was
thinner than the IMC layers grown on electroplated pure Cu
under all conditions examined. This was reasonable, because
it was reported that the thickness of IMC layers grown on a
Ni solderable layer was lower than IMC layers grown on a
Cu layer.[26,29-33]
Figure 8 shows the cross-sectional SEM micrograph
images of IMC layers grown at the Sn-3.0 Ag-0.5 Cu solder/
pad interface after solid-state aging at 125°C. The IMC
images of DC electroplated pure Cu pads after 240 h aging
displayed typical morphology. Moreover, Kirkendall voids,

Fig. 8. Cross-sectional SEM micrographs showing IMC layers grown
at Sn-3.0Ag-0.5Cu solder/pad interface after aging at 125°C: on (a) a
electroplated Cu pad after 240 h (arrows indicate Kirkendall voids),
(b) a Cu-Ni MPL pad after 240 h, (c) a Cu-Ni MPL pad after 480 h,
and (d) a Cu-Ni MPL pad after 720 h. While Kirkendall voids were
observed in (a), note that no Kirkendall voids were observed in (c)
and (d) even after longer aging time.
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created as a result of the disparity in the inter-diffusivity of
Sn and Cu, were also observed within the Cu3Sn layer just
after an aging time of 10 day (Fig. 8(a)). Meanwhile, asreflowed IMCs observed at the Sn-3.0 Ag-0.5 Cu solder/CuNi MPL pad interfaces manifested a needle-like surface
morphology, which was maintained until 480 h aging time.
As the aging time approached 720 h, the surface morphology
of the IMC became slightly smoother. The most astonishing
finding, however, was that no Kirkendall voids were observed
at the Sn-3.0 Ag-0.5 Cu solder/Cu-Ni MPL pad interface
even after 720 h aging, although the Kirkendall voids were
formed after just 240 h in the case of pure Cu pads.
In order to elucidate the mechanism for suppression of the
Kirkendall voids in the Cu-Ni MPL pads, cross-sectional
EPMA mapping at the Sn-3.0 Ag-0.5 Cu solder/Cu-Ni MPL

interface was performed with respect to aging time. The
cross-sectional EPMA mapping images after 480 h aging at
125°C are shown in Fig. 9. In the Cu-Ni MPL, the distributions
of Cu and Ni elements were relatively even in comparison
with the microstructure observed in Fig. 4, indicating the
formation of an equilibrium solid-solution alloy phase by
diffusion during aging. Sn, Cu, and Ni elements were
measured in the IMC layer, and the mapping images for Cu
and Ni in the IMC indicated even distribution. However, it
was observed that the thickness of the mapped Cu was
slightly thicker than that of Ni, and the concentration of Sn in
the IMC layer slightly decreased toward the bottom direction.
Figure 10 presents the cross-sectional EPMA mapping
images at the Sn-3.0 Ag-0.5 Cu solder/Cu-Ni MPL pad
interface after 720 h aging at 125°C. In an extension of the

Fig. 9. Cross-sectional EPMA mapping images observed at Sn-3.0 Ag-0.5 Cu solder/MPL pad interface after aging 480 h at 125°C.

Fig. 10. Cross-sectional EPMA mapping images observed at Sn-3.0 Ag-0.5 Cu solder/MPL pad interface after aging 720 h at 125°C.
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Fig. 11. Schematics displaying the difference in interfacial reaction of (a) Sn-3.0 Ag-0.5 Cu/Cu and (b) Sn-3.0 Ag-0.5 Cu/Cu-Ni MPL at the asreflow and during solid-state aging at 125°C.

results observed in Fig. 9, the Cu-Ni MPL exhibited a more
homogeneously mixed solid-solution alloy phase, and the
thickness of the mapped Cu was clearly greater than that of
Ni. The concentration of Sn in the IMC layer still decreased
along the direction of the Cu-Ni layer. These results implied
that the surface region in the IMC layer was gradually
changed to a Cu-rich IMC, while the bottom region in the
IMC layer was changed to a Ni-rich IMC during aging,
mainly due to the higher diffusivity of Cu compared to Ni.
As a result, it was anticipated that surface and bottom regions
would consist of (Cux, Ni1-x)6Sn5 and (Niy, Cu1-y)3Sn4 phases,
respectively, as the aging time was prolonged.[26,28,32-35]
In normal solder joints consisting of Sn-based solder/
Cu6Sn5/Cu3Sn/Cu, after solid-state aging, the higher diffusivity
of Cu into the solder (considering the diffusivity of Sn into
Cu) creates Kirkendall voids within a thin Cu3Sn layer near
to the Cu3Sn/Cu interface. However, it is possible that Ni
atoms, having lower diffusivity compared to Cu, still exist in
the bottom region of a Cu-Ni-Sn IMC layer, i.e., within an
IMC layer near the Cu-Ni layer, at the Sn-3.0 Ag-0.5 Cu
solder/Cu-Ni interface during aging. This phenomenon may
be considered a main reason for the suppression of
Kirkendall voids as schematically depicted in Fig. 11. The
IMC observed in a bottom region of the Cu-Ni-Sn IMC layer
would be a Ni-Sn-based phase, i.e., (Niy, Cu1-y)3Sn4. It was
reported that the creation of Ni-Sn based IMC phases
resulted in less volume shrinkage than those of Cu-Sn based
IMCs,[36] reducing the possibility of stress-induced interface
cracking in the solder joints. Therefore, it was expected that
solder joints formed with the Cu-Ni MPL pads may represent
superior drop or thermal shock reliability to those by normal
Cu pads.

4. CONCLUSIONS
With the aim of suppressing the formation of Kirkendall
voids at solder joint interfaces during solid-state aging at
high temperature, a solderable Cu-Ni MPL was fabricated
by DC electroplating under varying current densities. In
addition, the solid-state reaction properties at 125°C after
reflow soldering with Sn-3.0 Ag-0.5 Cu solder balls were
investigated and compared with the corresponding data for
electroplated pure Cu. The obtained results are as follows:
1. From the observation of surface morphology performed
with Cu-Ni layers, the codeposition of Cu and Ni atoms
produced globular-shaped nodules as the current density
increased, resulting in rough surface morphologies. Also, the
coral-like structures, i.e., orange (Cu-rich phase) and grey
(Ni-rich phase) tapered columns, were repetitively arranged
and observable in the cross-sectional images. Thus, the CuNi layers could be named as mixed-phase layers (MPLs).
2. As the current density increased, the thickness of the
Cu-Ni MPLs slightly increased. When the current density
increased, the average Ni content in the electroplated layers
was also observed to increase linearly. The most desirable
microstructure was obtained at a relatively low current
density of 0.4 mA/cm2, at which the average composition of
the deposited layers was Cu-34.38 wt. % Ni.
3. Kirkendall voids were never observed at the IMC layers
formed on Cu-34.38 Ni MPL pads even after 720 h, while
the solder joints made with DC electroplated pure Cu pads
created Kirkendall voids after just 240 h.
4. The suppressed formation of Kirkendall voids is likely
due to Ni atoms, which have lower diffusivity compared to
Cu, and thus, remain present in the bottom region of the IMC
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layer, i.e., the main region for the formation of Kirkendall
voids.
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