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The interfacial microstructures of Sn-3.0Ag-0.5Cu (SAC305) solder systems with thin Ni(P)
mono-coatings and Cu-Ni(P) dual-coatings were investigated after reflowing and isothermal
aging. The ultrathin mono-Ni(P) plating of the SAC305/Ni(P) solder joint was found to rapidly
decompose and then transform into a Ni2SnP phase. An intermetallic compound (IMC) formed
at the plating/substrate interface, indicating that the ultrathin mono-Ni(P) plating was not an
effective diffusion barrier. However, only a single IMC layer ((Cu,Ni)6Sn5) formed at the
solder/plating interface in the SAC305/Cu/Ni(P)/Cu system. The (Cu,Ni)6Sn5 IMC effectively
suppressed atomic diffusion, protecting the Ni(P) plating and Cu substrate. Although P-Sn-O
pores formed in the root of the (Cu,Ni)6Sn5 IMC layer, the dual-Cu/Ni(P) plating protected the
solder system for an extended period. The IMC growth rate constants of the SAC305/Cu,
SAC305/Ni(P), and SAC305/Cu/Ni(P)/Cu solder joint systems were 0.180, 0.342, and 0.068 lm/
h1/2, respectively. These results indicate that the application of dual-Cu/Ni(P) plating can
effectively hinder the growth of IMC.
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I. INTRODUCTION

THE miniaturization of electronic equipment has led
to the scale of solder joints decreasing accordingly.
Solder/substrate interactions are important to the reli-
ability of solder joints. Therefore, it is important to
investigate the interfacial reactions between the solder
and substrate.

Sn-Pb solders have been commonly used due to their
excellent wetting properties, low melting points, and
excellent mechanical properties.[1,2] However, the use of
lead-free solders, such as those based on Sn-Bi and
Sn-Ag, is increasing in response to environmental and
health concerns.[3,4] Among these new solders,
Sn-3.0Ag-0.5Cu (SAC305) alloy solder has become a
very attractive choice for reflow soldering because of its
excellent mechanical properties and solderability.[5–7]

The thickness of the intermetallic compound (IMC) is
important to the solderability of a solder joint. The IMC
must be thick enough to ensure strong, reliable bonding.

However, an excessive thickness would adversely affect
the reliability of the solder joint because of the brittle-
ness of the IMC.[5,8–10]

Cu is the most common metal used in printed circuit
boards (PCBs) because of its excellent conductivity.
However, Cu oxidizes easily, and the resulting copper
oxide reduces the solderability.[6] The electroless depo-
sition of Ni(P) is commonly used to protect the Cu
because of its good solder wettability and the low
reaction rate between the Ni and Sn.[11–14] As a result of
taking this approach, the interfacial reaction between
the solder and the Ni(P) plating replaces the reaction
between the solder and the substrate. Several Ni-con-
taining IMCs, such as Ni3P, (Ni,Cu)3Sn4, and
(Cu,Ni)6Sn5 may form at the interface of a solder
joint.[15–19] However, a Ni(P) coating, which is less than
5 lm thick, cannot act as an effective diffusion barrier
between the solder and the Cu substrate.[20] Further-
more, the cost and signal stability limit the range of
appropriate Ni(P) plating thicknesses.[6,21]

Liu and Wang reported that Cu–Sn IMCs can
effectively suppress the diffusion of Ni atoms.[22,23]

Thus, in the present study, an ultrathin Ni(P) film
coated with a monolayer of Cu was used to replace the
traditional Ni(P) coating. Unlike the Ni(P), the new
dual-coating reduces the rate of the chemical reaction
between the solder and the Ni(P) coating, thus prolong-
ing the service life of the solder joint and improving the
surface wettability. Lee et al. [24] reported that this Cu/
Ni(P) dual-coating can prevent full-scale interaction
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even at reaction temperatures exceeding 300 �C. In
addition, the bonding strength of the Cu/Ni(P)/Sn
three-dimensional solder joint was enhanced by the
formation of a unique microstructure. However, the
performance of this Cu/Ni(P) dual-coating during
long-term thermal aging remains unknown.

There is, therefore, an urgent need to investigate the
effect of this new dual-coating on the formation and
growth behavior of IMC at the solder joint interface
during thermal aging. Therefore, the present study set
out to investigate the growth of the IMCs, the evolution
of the interfacial microstructures, and the growth
kinetics of the IMC layer in SAC305/Cu, SAC305/
Ni(P)/Cu, and SAC305/Cu/Ni(P)/Cu systems.

II. EXPERIMENTAL

In the present study, Cu pads were randomly divided
into three groups, which were then used to explore the
roles that different coatings play in the interfacial reac-
tions between the Sn3.0Ag0.5Cu (SAC305) solder and the
substrate. The groups were designated A (solder/Cu
system), B (solder/Ni(P)/Cu system), and C (solder/Cu/
Ni(P)/Cu system). One sample from each group was
subjected to atomic force microscopy (AFM) to observe
the surface of the coating. The AFM scanning area was
20 9 20 lm2. All the Cu plates were ground with SiC
sandpaper and polished with 0.25-lm diamond paste to
ensure that theCu substrates were as similar as possible to
the PCBs used in actual production. Samples from groups
B and C were first dried in alcohol and then placed in an
Ni(P) plating solution at 80 �C for 1 hour to prepare the
electroless Ni(P) coating. The concentration of P was
approximately 15 at. pct and the resulting layer thickness
was 0.8 lm.Then, the groupC samples were put into aCu
plating solution at 40 �C for 5 minutes to produce a
2.7-lm Cu layer. The cross-sectional microstructure of
the dual-coated Cu plate is shown in Figure 1. The
chemical compositions of the plating baths used in the
present study are listed in Tables I and II, respectively.

Lead-free SAC305 solder was used in the present
study. The solder was placed on the center of each Cu
plate. During the soldering process, the samples were
passed through an infrared-enhanced conventional
reflow oven. Although the melting point of SAC305
solder is 217 �C and reflow is typically performed at a
temperature 30 �C higher than the melting point, the
reflow temperature and time used in the present study
were set to 280 �C and 10 minutes. As such, it was
possible to form an appropriately thick IMC layer in
very little time.[25–27] After cooling in air, the solder
joints were isothermally aged at 150 �C for 24, 120, 240,
and 360 hours in a box-type oven to observe the
interfacial solid-state reactions of the solder joint during
practical applications. Each specimen was divided into
two parts by using an electrical discharge machine
(EDM). One part was mounted in epoxy and polished to
remove the surface layer and expose the cross-sectional
microstructure, while the other part was immersed in a
corrosive liquid and ultrasonicated to dissolve the
residual solder and enable the observation of the grains.
Scanning electron microscopy (SEM) was used to

examine the grain morphology. Energy dispersive spec-
troscopy (EDS) was used to examine the compositions
of the IMCs. X-ray diffraction (XRD) was used to
confirm the phases at the interface between the solder
and substrate. A field-emission transmission electron
microscope (FE-TEM) was employed to examine the
microstructures of the IMC layer next to the substrate.
The specimen for the TEM observation was prepared by
using a focused ion beam (FIB) apparatus. The inter-
facial phases were identified by EDS combined with
selected-area diffraction patterns (SADPs).
Adobe Photoshop was used to measure the thickness

of the interfacial IMC, as follows: (a) the SEM image
widths were gauged relative to the scale bar; (b) the total
number of image pixels was recorded; (c) the number of
pixels in the IMC was counted; (d) the IMC thickness
was calculated using the following equation:

I ¼ A=B� C; ½1�

Fig. 1—SEM image of solder interface of dual-coated plate.

Table II. Composition of Plating Bath for Electroplate Cu

Components of Plating Bath Concentration

Cu2P2O7Æ3H2O 100 (g/L)
CuSO4Æ5H2O 50–75 (g/L)
K4P2O7Æ3H2O 350 (g/L)
K2HPO4Æ3H2O 40–60 (g/L)
H2SO4 2–4 (g/L)

Table I. Composition of Plating Bath for Electroless Ni(P)

Components of Plating Bath Concentration

NiSO4Æ6H2O 30 (g/L)
NaH2PO2ÆH2O 35 (g/L)
Na3C6H5O7Æ2H2O 30 (g/L)
NH4Cl 50 (g/L)
CH3CH(OH)COOH 15 (ml/L)
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Fig. 2—AFM images of each system: (a) Cu, (b) Ni(P)/Cu, and (c) Cu/Ni(P)/Cu substrates.
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where I is the thickness of the IMC, A is the number of
pixels in the IMC, B is the number of pixels in the image,
and C is the real height of the image.

III. RESULTS AND DISCUSSION

Figure 2 shows AFM images of three types of
substrates used in the present study. The surface
roughness was indicated by the Rz value. The Rz values

of the Cu, Ni(P)/Cu, and Cu/Ni(P)/Cu substrates were
625, 193, and 284 nm, respectively. The images show
that most of the Cu and Ni(P)/Cu substrate surfaces are
smooth, unlike that of the Cu/Ni(P)/Cu substrate. The
Cu substrate exhibits a sparse, hilly shape, which might
be the result of surface defects. During the formation of
the Ni(P) coating, some of the grains crystallize via
terrace-ledge-kink growth and form cones with a
depth-to-width ratio of about 1.5:1 across the Ni(P)/
Cu substrate. Instability in the electroplating current
density causes the surface of the Cu/Ni(P)/Cu substrate
to acquire irregular, dense humps. The depth-to-width
ratio of these humps varies from 1:1 to 1:3. According to
previous studies,[28,29] the current provides the energy
required for nucleation. Thus, the deposition rate of Cu
increases with the current density. This produces a
compact, uniform and continuous surface. In addition,
the sizes of the humps decrease as the current density
increases. As pointed out by Quéré[30] and Liu et al.,[31]

the solder wettability on the substrate is improved
because the nanoscale substrate surface roughness
reduces its equilibrium contact angle.
Figure 3 shows SEM images of the interfaces of the

as-reflowed and isothermally aged solder/Cu systems.
The phases in the solder joint were confirmed via XRD,
as shown in Figure 4. Only a single layer of scalloped
Cu6Sn5 IMC formed at the interface of the as-reflowed
joint, as shown in Figure 3(a). As the isothermal aging
time increased, the number of Cu6Sn5 scallops decreased
but the thickness of the Cu6Sn5 IMC increased, as
shown in Figures 3(b) through (e). Because the Cu6Sn5
IMC could prevent atoms from diffusing into the

Fig. 3—Interfacial microstructures of SAC305/Cu system after aging for (a) 0 h, (b) 24 h, (c) 120 h, (d) 240 h, and (e) 360 h.

Fig. 4—XRD result for SAC305/Cu system after aging for 120 h.
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Fig. 5—Micrographs of SAC305/Cu system grains after aging for (a) 0 h and (b) 240 h.

Fig. 6—EDS results for Ag3Sn grains in Fig. 5.

Fig. 7—Interfacial microstructure of SAC305/Ni(P) system after aging for (a) 0 h, (b) 24 h, (c) 120 h, (d) 240 h, and (e) 360 h.
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IMC/substrate interface, the Cu3Sn IMC formed and
grew between the Cu6Sn5 and Cu after isothermal
storage for 24 hours. Furthermore, particle like Ag3Sn
was observed after aging for 120 hours because of the
chemical reaction between the Sn and Ag atoms from
the solder, as shown in Figures 3(c) through (e). The
dispersion of the Ag3Sn particles at the grain boundaries
might enhance the solder joint strength due to dispersion
strengthening.

It is well known that the process whereby interfacial
IMC layers are formed can be described by the
following equations:

6Cuþ 5Sn ! Cu6Sn5 ½2�

3Cuþ Sn ! Cu3Sn ½3�

9Cuþ Cu6Sn5 ! 5Cu3Sn ½4�

When reflow begins, Cu atoms from both the substrate
and the solder react with the Sn atoms to form the
Cu6Sn5 IMC. Some Cu6Sn5 grains grow quickly and
exhibit scalloped patterns in their cross sections, as
shown in Figures 3(a) through (c). After long-term

aging, the Cu6Sn5 IMC gradually becomes thick and
dense, and thus can block atomic transport. As a result,
fewer Cu and Sn atoms diffuse through this IMC layer.
At the same time, Cu atoms from the solder react almost
completely with the Sn atoms. Thus, the thickness of the
Cu6Sn5 IMC grows slowly after aging for 120 hours, as
shown in Figures 3(c) through (e). However, the growth
of the as-formed Cu3Sn layer can take place at both the
Cu6Sn5/Cu3Sn and Cu3Sn/Cu interfaces. Therefore, the
Cu3Sn IMC continues to thicken after aging for
120 hours, as shown in Figures 3(c) through (e).
Figures 5(a) and (b) show SEM images of the

interfacial Cu6Sn5 IMC grains in a solder/Cu system
after reflowing and aging for 240 hours, respectively.
During reflow, only a few Cu6Sn5 grains formed
between the molten solder and Cu substrate. The
Cu6Sn5 grains were observed to be pebble shaped with
smooth surfaces. Spaces were observed between the
grains, as shown in Figure 5(a). After aging, the
pebble-shaped Cu6Sn5 grains grew by engulfing the
other grains, to produce polygonal grains. The intersti-
tial spaces between the grains disappeared. In addition,
visibly dispersed Ag3Sn grains formed at the grain
boundary, as shown in Figure 5(b). The Ag3Sn was

Fig. 8—EDS images of Spectrum 1 in Fig. 7(a).

Fig. 9—EDS images of Spectrum 2 in Fig. 7(a).
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confirmed by EDS, as shown in Figure 6. These Ag3Sn
grains may play a role in strengthening a solder joint.
These results are all in good agreement with those of
previous studies.[32,33]

Figure 7 shows SEM images of the interfaces of the
as-reflowed and isothermally aged solder/Ni(P)/Cu sys-
tems. It was found that only a (Cu,Ni)6Sn5 IMC phase
formed at the interface. At the initiation of reflow, the
Ni(P) film coating limited the reaction rate between the
solder and Cu substrate, as shown in Figure 7(a). The
interaction between the solder and the Ni(P) coating is
the first reaction in this system. The composition of the
reaction product was 14.74 at. pct Ni, 38.44 at. pct Cu,
and 46.82 at. pct Sn, as shown in Figure 8, suggesting
that the IMC was (Cu,Ni)6Sn5. Between the (Cu,Ni)6Sn5
IMC layer and the Cu substrate, the Ni(P) plating
transformed into Ni3P binary and a special Ni-Sn-P(Cu)
layer, as shown in Figure 7(b). Park et al.[34] reported

that, in a Sn-Ag/Au/Ni/Cu/Ti solder joint, the primary
phase formed during the initial reaction stage is Ni3Sn4,
containing a small amount of Cu. However, the
mono-Ni(P) coating used in the present study was so
thin that the (Ni,Cu)3Sn4 IMC did not form at the
interface and therefore was not observed.
EDS was used to identify the composition of the

Ni-Sn-P(Cu) layer. The EDS results show that the
composition of the Ni-Sn-P(Cu) layer is 41.43 at. pct Ni,
28.82 at. pct Sn, 20.77 at. pct P, and 8.98 at. pct Cu, as
shown in Figure 9. Numerous studies have revealed that
several Ni-P compounds form at the solder/Ni(P)
interface, such as Ni2P, Ni2SnP, Ni3P, and
Ni12P5.

[15,16,19,35,36] Ho et al. used FE-EPMA to analyze
the layer-type IMC in the SAC305/ultrathin-ENEPIG
solder joint with a 0.31-lm Ni(P) layer and found that it
contains 34.67 at. pct Sn, 6.71 at. pct Cu, 41.54 at. pct
Ni, and 16.9 at. pct P. They confirmed that the phase
was Ni2Sn1+xP1�x.

[37] Thus, it can be stated that the
Ni-Sn-P(Cu) layer contains the Ni2SnP phase. The XRD
results also demonstrate the presence of the Ni2SnP
phase, as shown in Figure 10.
However, the high Cu content indicates that there

may be another phase in the Ni-Sn-P(Cu) layer. An EDS
line scan was acquired for the cross section of the solder/
Ni(P)/Cu sample after aging for 24 hours to investigate
the elemental depth profiles. The result is shown in
Figure 11. It can be seen that the content of the Sn and
Cu remains high in the (Cu,Ni)6Sn5 IMC layer. How-
ever, the Cu content in the Ni-Sn-P(Cu) layer decreases
to a fixed value. Ho et al. also found the Ni-Sn-P(Cu)
phase while also confirming that the Ni-Sn-P(Cu) layer
was Ni2SnP with a certain amount of (Cu,Ni)6Sn5 at the
grain boundaries.[20] Thus, it can be concluded that the
high Cu content in the Ni-Sn-P(Cu) layer originates
from the (Cu,Ni)6Sn5.
When the temperature rose to the melting point of the

SAC305 solder, the Cu atoms in the solder reacted with
the Sn atoms to form the Cu6Sn5 IMC at the solder/
Ni(P) plating interface. Meanwhile, Ni atoms from the
Ni(P) plating replaced some of the Cu atoms in the

Fig. 10—XRD results of SAC305/Ni(P)/Cu system after aging for
120 h.

Fig. 11—(a) Sample of SAC305/Ni(P)/Cu solder system after aging for 24 h, (b) EDS line profiles showing element content across the line in (a).
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Cu6Sn5 sublattice to form a (Cu,Ni)6Sn5 phase. In
addition, the Ni(P) plating was so thin that it dissolved
completely into the Sn-rich liquid to form a new liquid.
This liquid contained large numbers of Ni and Sn atoms
and became unstable at lower temperatures. During
cooling, some regions of this liquid layer with high Ni
atom concentrations transformed into a Ni3P layer,
while the majority of this liquid layer formed a Ni-Sn-P
layer containing a small amount of Cu.[38] This
Ni-Sn-P(Cu) layer not only provided a solid substrate
for (Cu,Ni)6Sn5 nucleation and growth, but also opened
channels such that the molten solder could penetrate
through to the Cu substrate.[21] The Sn atoms diffused to

the Cu substrate alongside the Ni atoms to form a
(Cu,Ni)6Sn5 IMC during isothermal aging. After aging
for an extended period, the Ni atoms in the Ni-Sn-P(Cu)
and Ni3P layers had completely diffused. Thus, the
decomposition of the Ni-Sn-P(Cu) layer would result in
the (Cu,Ni)6Sn5 IMC layer, which nucleated at the
Ni-Sn-P(Cu) layer, separating from the existed
(Cu,Ni)6Sn5 IMC layer close to the Cu substrate, as
shown in Figure 7(e).
The Sn atoms diffused through the Ni-Sn-P(Cu)

region and reacted with the Cu substrate to form a
Cu6Sn5 IMC layer. In addition, a thin Cu3Sn IMC layer
formed at the Cu6Sn5/Cu interface after aging for

Fig. 13—Interfacial microstructure of SAC305/Cu/Ni(P)/Cu system after aging for (a) 0 h, (b) 24 h, (c) 120 h, (d) 240 h, and (e) 360 h.

Fig. 12—Micrographs of grains in the SAC305/Ni(P) system after aging for (a) 0 h and (b) 120 h.
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24 hours, as shown in Figure 7(b). However, more Sn
atoms diffused through the Ni-Sn-P(Cu) layer as the
Ni3P fully transformed into Ni-Sn-P(Cu). This thin
Cu3Sn IMC layer then transformed into a Cu6Sn5 IMC

layer, as shown in Figure 7(c). This process can be
expressed by the following equation:

2Cu3Snþ 3Sn ! Cu6Sn5: ½5�

Furthermore, the Cu substrate was well protected even
before the complete transformation of the Ni3P layer
into the Ni-Sn-P(Cu) layer. Thus, it can be concluded
that a Ni3P layer would act as a superior diffusion
barrier, relative to the Ni-Sn-P(Cu) layer.
After aging for 240 hours, the (Cu,Ni)3Sn IMC

formed again at the Cu6Sn5/Cu interface because the
thick (Cu,Ni)6Sn5 IMC prevented the Sn atoms from
diffusing towards the Cu substrate. Thus, it can be
concluded that both the Ni3P and Cu6Sn5 layers better
prevent Sn diffusion than the Ni-Sn-P(Cu) layer. The
Ni-Sn-P(Cu) layer dissolved after a long period of aging.
The IMC layer that nucleated over the Ni-Sn-P(Cu)
layer spalled from the IMC layer close to the Cu
substrate, as shown in Figure 7(e). Meanwhile, the
Cu3Sn compound dissolved again because the porous
(Cu,Ni)6Sn5 layer cannot prevent Sn atoms from diffus-
ing and reacting with the (Cu,Ni)3Sn.
Figures 12(a) and (b) show the morphologies of the

interfacial IMC grains in the solder/Ni(P)/Cu system
after aging for 0 and 120 hours, respectively. The
(Cu,Ni)6Sn5 grains formed first at the solder/Ni(P)
interface, which presented irregular columns with a
diameter of around 0.63 lm. The (Cu,Ni)6Sn5 grains

Fig. 14—(a) BF-TEM micrograph of IMC in Fig. 13(d), together with SADP of (Cu,Ni)6Sn5 (b) and (c).

Table III. EDS Analysis Results of Phases Formed at
SAC305/Cu/Ni(P)/Cu Interface, Shown in Fig. 14(a)

Ni (At. Pct) Cu Sn P O

Spectrum 1 5.43 41.85 52.72 — —
Spectrum 2 2.90 49.85 47.25 — —
Spectrum 3 — 32.31 40.84 10.41 16.44

Fig. 15—Phase transformation in SAC/Cu/Ni(P) solder joint.
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were arranged both randomly and close together.
However, after aging for 120 hours, those grains for
which the growth direction was perpendicular to the
substrate grew faster than the others, resulting in the
small grains being engulfed by the large grains. The
vertically grown grains caused the surfaces in the cross
sections shown in Figures 7(c) and (d) to exhibit rough
interfaces. In addition, the reliability of the solder joint
may be compromised by the voids between the inter-
secting grains.

Figure 13 shows SEM images of the solder/Cu/Ni(P)/
Cu system interface after reflowing and aging for
different durations. By means of EDS, the composition
of Spectrum 1 in Figure 13(a) was determined to be
8.16 at. pct Ni, 43.22 at. pct Cu, and 48.62 at. pct Sn,
corresponding to (Cu,Ni)6Sn5. The (Cu,Ni)6Sn5 had a
plate shape prior to the thermal aging for 120 h. After
aging for 120 hours, however, the Cu plating was found
to have been completely consumed, while the plate-
shaped (Cu,Ni)6Sn5 being transformed into a scallop
shape. In addition, it was observed that two IMC layers
formed between the solder and the Ni(P) plating, as
shown in Figures 13(a) and (d). TEM was used to
investigate the phase formed next to the Ni(P) plating.
This is discussed in detail in the following section.
Figure 14 shows a bright-field TEM image, together

with an enlarged view of the (Cu,Ni)6Sn5/Ni(P) inter-
face, indicated by the rectangle in Figure 13(d). The
elemental compositions of Spectrums 1 and 2 in
Figure 14(a) were confirmed via TEM-EDS, as listed
in Table III. Thus, it could be concluded that only
(Cu,Ni)6Sn5 IMC formed between the solder and the
Ni(P) plating. The electron diffraction pattern confirmed
that the (Cu,Ni)6Sn5 exhibited a Cu6Sn5 crystal struc-
ture, as indicated by SADP1 and SADP2 in
Figures 14(b) and (c).
Figure 15 is a schematic diagram illustrating the

phase formation and atomic fluxes of Ni, Cu, and Sn
through the reaction zone of the solder/Ni(P), explain-
ing the formation of the two (Cu,Ni)6Sn5 layers. As the
temperature rose to the melting point of the SAC305
solder, the Sn atoms reacted with the Cu atoms from the

Fig. 16—Micrographs of grains in SAC305/Cu/Ni(P)/Cu system after aging for (a) 24 h and (b) 240 h.

Table IV. Mean IMC Thickness of SAC305/Cu System
During Aging

Aging Time (h) 0 24 120 240 360

IMC thickness (lm)
Cu6Sn5 3.73 5.03 5.24 5.36 5.41
Cu3Sn — 0.36 0.86 1.08 1.68

Fig. 17—Thicknesses of IMC in SAC305/Cu system after aging for
different durations.

Table V. Mean IMC Thicknesses of Three Systems
Addressed in This Study During Aging

Aging Time (h) 0 24 120 240 360

Total IMC thickness (lm)
SAC305/Cu system 3.73 5.39 6.1 6.44 7.09
SAC305/Ni(P) system 4.26 6.55 7.65 9.55 11.08
SAC305/Cu/Ni(P) system 2.82 3.37 3.52 3.97 4.16
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Cu coating to form the Cu6Sn5 IMC. Meanwhile, Ni
atoms from the Ni(P) plating diffused into the Cu6Sn5
IMC and replaced some of the Cu atoms in the Cu6Sn5
sublattice to form (Cu,Ni)6Sn5. In addition, Cu and Sn
atoms from the solder diffused through the grain
boundaries of the (Cu,Ni)6Sn5 and reacted with Ni
from the Ni(P) plating to form another (Cu,Ni)6Sn5
IMC. This (Cu,Ni)6Sn5 nucleated on the Ni(P) plating
where it exhibited poor wettability relative to the upper
(Cu,Ni)6Sn5.

Numerous pore-like defects formed in the root of the
(Cu,Ni)6Sn5 layer, as shown in Figure 14(a). The ele-
mental composition of the pore was confirmed to be
10.41 at. pct P, 16.44 at. pct O, 32.31 at. pct Cu, and
40.84 at. pct Sn, as listed in Table III. These pores had
been identified in previous studies.[39,40] Ho et al.
reported that the pores exhibit an amorphous structure
and may result in the (Cu0.6Ni0.4)6Sn5 spalling from the
second Cu6Sn5 layer.

[40]

It is clear that the upper (Cu,Ni)6Sn5 IMC layer spalls
from the lower (Cu,Ni)6Sn5 IMC layer after aging for
360 h, as shown in Figure 13(e). There are two possible
explanations for this spalling. The first is the low
concentration of Cu in the solder. Chen et al. found
that, when the Cu concentration in Sn-Cu based solder
fell to a critical threshold, the (Cu,Ni)6Sn5 next to the
solder was thermodynamically unstable, which resulted
in the (Cu,Ni)6Sn5 spalling from the interface and thus
making room for the nucleation and growth of another
stable phase.[41] Another possible explanation is the
poor wetting between the two (Cu,Ni)6Sn5 layers. Tu
et al. reported that the poor wetting between the Cu6Sn5
and Cr-O in the solder/Cu/Cu-Cr solder joint caused
spalling of the Cu6Sn5 grains into the molten solder.[42]

The Ni(P) coating of the SAC305/Cu/Ni(P)/Cu solder
system was barely consumed during the present study.
When the solder/Cu/Ni(P)/Cu system operates at a
relatively low temperature over an extended duration,
the solder joint interface can be regarded as being
similar to that shown in Figure 13(d). Therefore, it can
be confirmed that a Cu/Ni(P) dual-coating can

effectively protect the substrate even when the Ni(P)
coating is thin.
Figures 16(a) and (b) show the morphologies of the

interfacial IMC grains in the solder/Cu/Ni(P)/Cu system
after aging for 24 and 120 hours, respectively. Columnar
(Cu,Ni)6Sn5 and Ag3Sn grains can be clearly observed.
The average diameter of the resulting (Cu,Ni)6Sn5 grains
is approximately 1 lm and the underlying Ni(P) plating
is smooth. The size and diameter of the grains increased
from 1 to 2.95 lm with the aging time. These grains
grew by engulfing neighboring grains, as confirmed by
the disappearance of the grain boundaries indicated by
the circles in Figure 16(b). After aging for 240 hours,
the (Cu,Ni)6Sn5 grains grew dense such that the under-
lying Ni(P) plating could not be observed. This dense
distribution of grains could suppress the continued
diffusion of the Ni atoms from the Ni(P) plating and
their reaction with the solder.
To investigate the IMC growth kinetics, the thick-

nesses of the Cu6Sn5 and Cu3Sn IMCs in the SAC305/
Cu system were measured by applying Eq. [1]. The
results are listed in Table IV and shown in Figure 17. It
can be seen that the Cu6Sn5 IMC is at least three times
thicker than the Cu3Sn IMC. After aging for 24 hours,
the Cu6Sn5 IMC is so thick that it prevents the diffusion
of Sn atoms. Thus, the Cu3Sn IMC forms at the Cu6Sn5/
Cu interface. As seen from the figure, the Cu6Sn5 IMC
layer grows more slowly than the Cu3Sn IMC layer.
This may be a result of the following: the thick Cu6Sn5
IMC layer may prevent the Cu atoms from diffusing
into the solder/Cu6Sn5 interface such that the Cu3Sn
phase is formed both at the solder/Cu6Sn5 and the
Cu6Sn5/Cu interfaces. In other words, the Cu3Sn layer
grows in two directions, while the Cu6Sn5 layer grows
only in one. These results are similar to those presented
by Peng et al.[43]

The thickness of the IMC layer that grows during
aging can be expressed by the following equation[44]:

Y ¼ Atn þ B; ½6�

where Y is the thickness of the IMC layer at time t, B is
the initial thickness of the IMC layer after soldering, A
is the IMC growth rate constant, and n is the time
exponent.
The IMC growth of these three solder systems follows

a parabolic pattern. According to Kim et al., the growth
of IMCs generally follows a linear or parabolic pattern
during solid-state aging. The growth rate is governed by
the reaction rate at the growth site when the intermetal-
lic growth conforms to linear kinetics, whereas parabolic
growth kinetics imply that intermetallic growth is
controlled by volume diffusion.[45] Although Liang
et al. reported that the IMC growth method conforms
to the power law equation when aged at a temperature
near the melting point for an extended duration,[25] the
IMC growth in this study follows a parabolic curve,
implying that the value of n is 0.5.
Because of the complexity of the interfacial reaction

layers in the SAC305/Ni(P)/Cu and SAC305/Cu/Ni(P)/
Cu systems during aging, only the total thicknesses of
the IMC layers in these systems were recorded. The

Fig. 18—Relationship between square root of aging time and IMC
layer thickness in the solder systems in this study.

490—VOLUME 50A, JANUARY 2019 METALLURGICAL AND MATERIALS TRANSACTIONS A



results are listed in Table V. The total thickness of the
SAC305/Ni(P)/Cu system IMC layer is 1.5 times greater
than that observed for the SAC305/Cu system and three
times greater than that of the SAC305/Cu/Ni(P)/Cu
system. The total thickness of the SAC305/Cu system
IMC layer is greater than that observed in the SAC305/
Cu/Ni(P)/Cu system. The thinnest IMC in the SAC305/
Cu/Ni(P)/Cu system shows that the Cu/Ni(P) coating
effectively prevents IMC growth even when the Ni(P)
coating is thin.

Figure 18 shows the IMC thickness as a function of
the square root of the aging time. The slopes of the
curves represent the values of A. The A values of the
SAC305/Cu, SAC305/Ni(P)/Cu, and SAC305/Cu/
Ni(P)/Cu solder systems are 0.180, 0.342, and 0.068
lm/h1/2, respectively. This indicates that the dual-Cu/
Ni(P) coating can prevent IMC growth when the plating
is quite thin. It can thus be concluded that the dense
(Cu,Ni)6Sn5 of the SAC305/Cu/Ni(P)/Cu solder system
is an excellent diffusion barrier. Growth occurs in only
one direction in the SAC305/Cu/Ni(P)/Cu system.

The rapid IMC growth in the SAC305/Ni(P)/Cu
solder system may have several causes. One possibility is
that the Ni-Sn-P(Cu) layer is not an efficient diffusion
barrier. If this was the case, Sn atoms from the solder
would diffuse into the Ni(P)/Cu interface and react with
the Cu substrate to form Cu–Sn compounds. Another
possibility is supported by the EDS image of the
Ni-Sn-P(Cu), shown in Figure 9. The Ni-Sn-P(Cu) layer
has a high Sn atom content, and thus could be regarded
as being another source of Sn atom diffusion. Thus, the
Cu-Sn alloy IMC forms simultaneously at the solder/
Ni(P) and Ni(P)/Cu interfaces.

The second data point of the SAC305/Cu and
SAC305/Ni(P) systems, shown in Figure 18, clearly
deviates from the fitted line. In other words, the IMC
thicknesses observed in the SAC305/Cu and SAC305/
Ni(P)/Cu systems after aging for 24 hours are clearly
higher than expected. This phenomenon might be a
result of the rapid reaction that occurs between the
solder and substrate when there is no protective layer
such as the dense Cu6Sn5 IMC layer.

IV. CONCLUSIONS

Intermetallic compound formation in SAC305/Cu,
SAC305/Ni(P)/Cu, and SAC305/Cu/Ni(P)/Cu solder
systems was investigated during reflowing at 280 �C
and isothermal aging at 150 �C. The following conclu-
sions could be drawn:

(a) The IMC growth observed in the present study
conforms to parabolic growth kinetics, indicating
that the IMC growth is controlled by volume
diffusion. However, a thick Cu6Sn5 IMC would
prevent Sn atoms from diffusing through it to
form a Cu3Sn layer. The Cu6Sn5 layer grew more
slowly than the Cu3Sn layer because part of the
Cu6Sn5 IMC was transformed to a Cu3Sn IMC
through the reaction between the Cu6Sn5 and Cu.

(b) A thin Ni(P) coating was not an effective diffu-
sion barrier. Both Cu and Sn atoms could diffuse
through the thin Ni(P) coating, and thus Cu-Sn
IMCs were detected at the both the solder/Ni(P)
and Ni(P)/Cu interfaces. In contrast, the Ni3P
phase and Cu6Sn5 IMC were better barriers than
the Ni-Sn-P(Cu) layer. In addition, the Cu3Sn
IMC could transform into a Cu6Sn5 IMC when
the Sn atomic content was sufficient. In addition,
the Ni(P) coating dissolved completely after an
extended aging period, causing the IMC layer to
detach from the underlying IMC layer.

(c) The Cu/Ni(P) dual-coating more effectively pre-
vented atomic diffusion than the Ni(P)
mono-coating. Thus, Cu–Sn IMCs grew only at
the solder/plating interface. Two (Cu,Ni)6Sn5
IMC layers formed between the solder and the
Ni(P) plating. The (Cu,Ni)6Sn5 layer next to the
substrate resulted from the interaction between
the Cu and Sn originating from the solder and
Ni(P) plating. In addition, the low Cu concentra-
tion in the solder and the poor wetting between
the two (Cu,Ni)6Sn5 layers resulted in the upper
(Cu,Ni)6Sn5 layer detaching from the lower
(Cu,Ni)6Sn5 layer.

(d) After isothermal aging under the same conditions,
the growth rate constants of the SAC305/Cu,
SAC305/Ni(P), and SAC305/Cu/Ni(P)/Cu solder
systems were found to be 0.180, 0.342, and
0.068 lm/h1/2, respectively. It was confirmed that
the dual-Cu/Ni(P) plating is more effective than
the mono-Ni(P) plating at preventing Sn and Cu
atom diffusion during solid-state aging.
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