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ABSTRACT

To analyze the effects of Ni(P) layer thickness and Pd layer composition on

interfacial reactions and the mechanical reliabilities of Sn–58Bi solder joints, we

evaluated a phosphorous-contained Ni (Ni(P)) layer thicknesses ranging from

0.3 to 1.0 lm with Au/Pd/Ni(P) or a phosphorous-contained Pd [Au/Pd(P)/

Ni(P)] layer in thin-electroless-nickel electroless-palladium immersion gold

(ENEPIG) with Sn–58Bi solder joint after aging test. (Pd, Au)Sn4 and Ni3Sn4

intermetallic compounds (IMCs) were dominantly formed at the interfaces of

the 0.3 lm to 1.0 lm Ni(P) layers in the thin-Au/Pd/Ni(P) or thin-Au/Pd(P)/

Ni(P) joints after aging at 85 �C and 95 �C for 100 h. However, the Ni3Sn4 IMC

layer changed to the (Cu, Ni)6Sn5 IMC layer in the 0.3 lm Ni(P) layer contained

the Au/Pd/Ni(P) joint after aging at 85 �C for 300 h, because the Cu elements in

a Cu pad penetrated through the P-rich Ni layer. Otherwise, the Ni3Sn4 IMC of

the 0.3 lm Ni(P) layer in the Au/Pd(P)/Ni(P) joint changed to (Ni, Cu)3Sn4 IMC

after aging at 105 �C and 115 �C for 1000 h, due to the P in the Pd layer, which

affects the IMC growth rate. The 0.7 lm and 1.0 lm Ni(P) layers in the Au/Pd/

Ni(P) or Au/Pd(P)/Ni(P) joints were attributed to the Ni3Sn4 IMC layer for

whole aging conditions because the thick P-rich Ni layer suppress Sn and Cu

diffusion during aging. In a high-speed shear tests, the shear strength of the

0.3 lm Ni(P) layer in the Au/Pd/Ni(P) joints was relatively low than that of the

Au/Pd(P)/Ni(P) joints after aging at 105 �C and 115 �C for 100 h. Ni3Sn4 IMC

was observed at the fracture surfaces of the 0.3 lm Ni(P) layer in the Au/Pd(P)/

Ni(P) joints after aging at 115 �C for 1000 h, whereas the fracture surface of the
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Au/Pd/Ni(P) joint was Cu substrate. Therefore, Ni(P) layer thicknesses in

excess of 0.7 lm and the P-contain Pd layer in the thin-ENEPIG surface finish

with Sn–58Bi solder joints are expected to be highly reliable after long-term

aging treatment.

1 Introduction

Recent 2010s, the trends in electronic packaging

technologies have evolved to include high-perfor-

mance, multi-functionality, large input/output (I/O)

density, high-capability, and 3-D integration with

downsizing packages [1–4]. In addition, these per-

formances should ensure high mechanical and elec-

trical reliabilities. To achieve these performance

requirements, the selection of the solder alloy is one

of the most critical factors of reliable interconnection

between electronic components and substrates [5].

Not only composition of solder alloy, but also the

metallization layer selection is an important aspect of

joint reliability under harsh conditions to improve

and ensure reliability. The microstructure and inter-

metallic compounds (IMCs) composition at the

interface of solder joint significantly affects joint

characteristic and reliability [6, 7]. In general, an

excessive Cu-Sn IMCs can form between a bare Cu

substrate and Sn-based solder alloys after reflows or

aging treatment because of high diffusion rate of Cu

(diffusion coefficient of Cu towards Sn, 2.5 9 10–7

cm2/s at 160 �C) [8–10]. To reduce the IMC growth

rate and improve joint reliabilities, various surface

finishes have been developed as organic solderability

preservative (OSP), immersion Sn, immersion Ag,

electroless-nickel immersion gold (ENIG), and elec-

troless-nickel electroless-palladium immersion gold

(ENEPIG) [10–15]. Among these surface finishes

including metallization layers, an ENIG has been

widely used over the past few years because of the

excellent characteristics of the Ni layer suppress

rapid reaction of Cu and Sn elements in each Cu

substrate and the Sn-based solder [8, 16–18]. The

diffusion coefficient of Ni towards Sn is 5.4 9 10–9

cm2/s is slower than that of Cu [19]. However, the Ni

layer can give rise to galvanic hyper-corrosion during

the Au layer plating process, called the ‘black pad’

phenomenon [20]. The ‘black pad’ phenomenon

results in significantly degraded wettability and joint

reliabilities [20–23].

To improve the characteristics of the ENIG, the

ENEPIG surface finish which including a Pd layer

plating between Ni(P) and Au layer has been devel-

oped for the past few years. The Pd layer that is

plated on the Ni(P) layer plays an prime role of

determining the joint characteristics by acting as a

diffusion barrier at the interface between the Cu

substrate and the solder, with a Ni(P) layer and a

wetting layer with an Au layer [24, 25]. However, a

thick Ni(P) layer in the ENEPIG surface finish rapidly

increases the electrical resistance of the package

interconnection and induces gradual electrical noise

that degrades the overall reliability, especially in

high-frequency applications [19]. Furthermore, a rel-

atively thick Ni(P) layer with the ENEPIG surface

finish compared to other metallization layers has

several disadvantages including the difficulty of

application to fine-pitch manufacturing and high-cost

problems.

To solve these problems associated with the ENE-

PIG surface finish, an ultra-thin Ni(P) layer thickness

(less than 0.5 lm) in the ENEPIG surface finish has

been investigated to improve the electrical charac-

teristics and reliabilities of a normal [average 4 lm to

6 lm thickness of Ni(P))] ENEPIG surface finish [26].

However, a few investigators have reported that less

than 0.1 lm thickness Ni(P) layer in ultra-thin-ENE-

PIG with a Sn–3.0Ag–0.5Cu (SAC305) solder joint has

a lower electrical impedance compared to a normal

Ni(P) layer thickness (4–6 lm) in the ENEPIG with

the SAC305 solder joint [19, 27]. Yoon reported that

the shear strength of solder joint with a less than

0.3 lm thick Ni(P) layer is similar to that of normal

ENEPIG with reflow times of 180 s [28]. Although

several studies on thin-ENEPIG surface finishes with

Sn-based solder joints have been performed, there are

limited reports on thin-ENEPIG surface finish with

low melting temperatures of Sn-based solder, espe-

cially Sn–Bi solder joints with aging treatment.

Therefore, we investigated two kinds of Pd layers

as the pure Pd [Au/Pd/Ni(P)] and phosphorous-

containing Pd [Au/Pd(P)/Ni(P)] with different

Ni(P) thickness contained the thin-ENEPIG surface
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finishes with a Sn–58Bi solder joint after aging treat-

ment. Thermal and mechanical stresses were inter-

related in the joint because different coefficient of

thermal expansion (CTE) value between the substrate

and solder can occur at mechanical fracture as cracks

propagate through the interface of solder joints

[29, 30]. Therefore, we investigated different

Ni(P) layers thicknesses as a range of 0.3 lm to

1.0 lm with Au/Pd/Ni(P) or Au/Pd(P)/Ni(P) sur-

face finish with Sn–58Bi solder joints under various

aging conditions.

2 Experimental

In this research, different Ni(P) layer thicknesses in a

range of 0.3 lm to 1.0 lm [denoted as 0.3 to 1.0 lm

Ni(P)] with Au/Pd/Ni(P) or Au/Pd(P)/Ni(P) layer

contained in thin-ENEPIG PCBs with Sn–58Bi solder

joints (hereafter referred to as a Au/Pd/Ni(P) joint or

Au/Pd(P)/Ni(P) joint) under different aging times

and temperatures were investigated. A schematic

diagram of two types of the ENEPIG surface-finished

PCB substrates is featured in Fig. 1. The thin-ENEPIG

surface finishes were composed of 0.3, 0.5, 0.7, and

1.0 lm thicknesses of Ni(P) layers with 0.1 lm

thickness of each Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) and 0.1 lm thickness of Au layers, plated on a

Cu substrate. Reducing agents such as formic acid

and hypophosphoric acid are used to form the Au/

Pd/Ni(P) and Au/Pd(P)/Ni(P) layers, respectively.

The Sn–58Bi solder paste (TLF-401-11; Tamura Co.,

Japan) was printed on the 350 lm diameter of the

ENEPIG-plated Cu pad in the PCB using screen-

printing method. Next, 450 lm diameter Sn–58Bi

solder balls (Duksan Hi-Metal Co., Ltd., Korea) were

placed on the printed Sn–58Bi solder paste and a

reflow was conducted for 400 s with a peak temper-

ature of 190 �C by using a reflow machine (Heller

Co., Ltd., USA). Figure 2a shows the reflow temper-

ature profile. After the reflow process, fluxes in a

samples were eliminated using de-flux solution. The

aging treatments were performed at different tem-

peratures of each 85, 95, 105, and 115 �C for 100 to

1000 h. The aging condition was based on the Joint

Electron Device and Engineering Council (JEDEC)

JESD-47 standard. The low- and high-speed shear

strengths of the Sn–58Bi/thin-ENEPIG joints were

conducted and evaluated after aging treatment by

using global bond testers (DAGE-4000HS and DAGE-

4000, Nordson, DAGE, UK). The high- and low-speed

shear conditions were 1 m/s and 200 lm/s shear

speed at a shear height of approximately 50 lm,

respectively. The shear conditions were based on the

JEDEC standard 22-B117A. Schematic diagrams of

the high- and low-speed shear tests and conditions

are shown in Fig. 2b.

The microstructures and IMC morphologies of the

Sn–58Bi/thin-ENEPIG solder joints were analyzed by

using scanning electron microscopy (SEM, INSPECT,

F, FEI, USA) and field-emission transmission electron

microscopy (FE-TEM, JEM-F200, JEOL Ltd., Japan).

The IMCs composition and the fracture surfaces after

high- and low-speed shear tests of the Sn–58Bi/thin-

ENEPIG solder joints were defined by using energy-

dispersive x-ray spectroscopy (EDS). We investigated

the microstructure behavior and mechanical strength

of Sn–58Bi/thin-ENEPIG joints with. The results [31]

are used here only to provide a direct comparison of

the Ni(P) layer thickness which affects the interfacial

reaction and the mechanical reliabilities of thin-

ENEPIG surface-finished PCB with Sn–58Bi solder

joints under aging.

3 Results and discussion

3.1 Microstructure evolution during aging

Figure 3 shows cross-sectional SEM micrographs of

0.3 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints after

reflow. Flake- and layer-type (Pd, Au)Sn4 IMC were

formed at the interface between the Sn–Bi alloy and

Ni(P) layer of the joints. Bi-rich (white–gray color)

Fig. 1 Schematic diagrams of

a normal ENEPIG and b thin-

ENEPIG surface-finished PCB

substrates (Color figure online)
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and Sn-rich (dark-gray color) regions were observed

with parallel lamellar structures in the Sn–Bi alloy.

This is reason that the Sn elements have similar vol-

ume percentages with Bi elements. The interfaces

between Cu substrate and the Ni(P) layer are repre-

sented using yellow lines as shown in Fig. 3. The Au

and Pd layers in the ENEPIG were sequentially

reacted with Sn elements in the Sn–Bi solder alloy. As

a result, the formation of the (Pd, Au)Sn4 IMC layer

was formed at the interface during reflow. In general,

the Au and Pd metallization layers between Sn–Bi

solder and Ni(P) layer are affected by relatively low

thermal energies than that of Sn–Ag–Cu solder alloys

during reflow and aging. In addition, Bi in the Sn–Bi

solder alloy blocks Au and Pd elements dissolved

from each metallization layer region to Sn–Bi solder.

For these reasons, the Pd and Au elements are not

dissolved into the Sn–Bi solder after reflow, and

Fig. 2 a Reflow temperature

profile and b schematic

diagram of low- and high-

speed shear testing conditions

(Color figure online)

Fig. 3 Cross-sectional SEM

micrographs of various

Ni(P) layer thickness with Au/

Pd/Ni(P) layer in thin-

ENEPIG surface-finished PCB

with Sn–58Bi solder joints

after reflow: a 0.3 lm Ni(P),

b 0.5 lm Ni(P), c 0.7 lm
Ni(P), and d 1.0 lm
Ni(P) (Color figure online)
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mostly forming IMC with Sn in the Sn–Bi solder.

However, Ni elements in the Ni(P) layer did not

participate to form IMCs with Sn and existed as

plating Ni(P) in its initial state until the (Pd, Au)Sn4

IMC-forming period. For this reason, no significant

differences in microstructural evolution occurred at

the interfaces of the solder joints with various Ni

layer thicknesses, as shown in Fig. 3.

To analyze the effects of the different Ni(P) layer

thickness in the Au/Pd/Ni(P) joints on the

microstructure behavior during aging treatment,

various aging conditions were performed for differ-

ent temperatures and times. Figure 4 shows cross-

sectional SEM micrographs of the 0.3 lm to 1.0 lm

Ni(P)–Au/Pd/Ni(P) joints after aging at 85 �C for up

to 1000 h. The (Pd, Au)Sn4 and Ni3Sn4 IMCs were

dominantly formed at the interface between the

P-rich Ni layer and Sn–Bi alloy of all Ni(P)–Au/Pd/

Ni(P) joints after aging for 100 h. However, the Ni3-

Sn4 IMC layer composition was changed to (Cu,

Ni)6Sn5 IMC, which was formed between the (Pd,

Au)Sn4 IMC layer and the P-rich Ni layer of the

0.3 lm Ni(P)–Au/Pd/Ni(P) joints after aging for

300 h. In addition, part of the P-rich Ni layer was

destroyed after aging for 500 h. The white arrow in

the figure indicates the destroyed part of the P-rich

Fig. 4 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd/Ni(P) layer contained thin-ENEPIG surface-finished

PCB with Sn–58Bi solder joints after aging at 85 �C (Color figure online)
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Ni layer. The P-rich Ni layer of the 0.3 lm Ni(P)–Au/

Pd/Ni(P) joints was mostly consumed, and the Cu in

the underlying Cu substrate participated in the

interfacial reaction. For these reasons, IMC composi-

tion of the 0.3 lm Ni(P)–Au/Pd/Ni(P) joint was (Cu,

Ni)6Sn5. In contrast, the Ni3Sn4 IMC layers were still

positioned and coarsened at the interface of the

0.5 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints after

aging for 1000 h due to the Ni(P) plating layers and

the formed P-rich Ni layers of the 0.5 lm to 1.0 lm

Ni(P)–Au/Pd/Ni(P) joints were thicker than that of

the 0.3 lm Ni(P)–Au/Pd/Ni(P) joint. Therefore, the

P-rich Ni layers at the interfaces remained intact and

the Ni in the remaining Ni(P) layers are sufficient to

diffuse and grow, forming a Ni3Sn4 IMC layer with

Sn in the Sn–Bi alloy during aging at 85 �C for 1000 h.

Figure 5 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints

after aging at 95 �C for 1000 h. The (Pd, Au)Sn4 and

Ni3Sn4 IMCs of all the Ni(P) layers in the Au/Pd/

Ni(P) joints after aging at 95 �C were slightly coars-

ened compared to those obtained after aging at 85 �C.

The Ni3Sn4 IMC layer of the 0.3 lm Ni(P)–Au/Pd/

Ni(P) joint was changed to the (Cu, Ni)6Sn5 IMC after

aging at 95 �C for 300 h and part of the P-rich Ni

layer was destroyed after aging for 500 h. Although

the aging temperature increased from 85 to 95 �C, the

Ni3Sn4 IMC layers of the 0.5 lm to 1.0 lm Ni(P)–Au/

Pd/Ni(P) joints remained at the interface between

(Pd, Au)Sn4 IMC and the P-rich Ni layer after aging

for 1000 h, and observed similar morphologies com-

pared to those obtained after aging at 85 �C.

Figure 6 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints

after aging at 105 �C for 1000 h. The (Cu, Ni)6Sn5 IMC

was dominantly formed at the interface of the 0.3 lm

Ni(P)–Au/Pd/Ni(P) joints after aging for 100 h. In

addition, part of the P-rich Ni layer was destroyed

after aging for 300 h. In the case of the 0.5 lm Ni(P)–

Au/Pd/Ni(P) joints, the Ni3Sn4 IMC was changed to

(Ni, Cu)3Sn4 IMC after aging for 500 h. This is

because the Ni in the Ni(P) layer was almost com-

pletely consumed to form Ni3Sn4 IMC before chang-

ing to (Ni, Cu)3Sn4 IMC. Sequentially, the Cu element

in the underlying Cu layer participated in the inter-

facial reactions. However, the 0.7 and 1.0 lm Ni(P)–

Au/Pd/Ni(P) joints were still composed of the (Pd,

Au)Sn4 and Ni3Sn4 IMCs after aging for 1000 h.

Figure 7 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints

after aging at 115 �C for 1000 h. The IMC composi-

tions of these joints after aging at 115 �C were similar

to those obtained after aging at 105 �C, because the

Ni in the Ni(P) layer was completely consumed and

part of the P-rich Ni layer was destroyed after aging

at 105 �C. In contrast, the (Pd, Au)Sn4 and Ni3Sn4

IMCs of the 0.7 lm and 1.0 lm Ni(P)–Au/Pd/

Ni(P) joints did not change and gradually became

coarse with the increase in the aging time up to

115 �C for 1000 h. The P-rich Ni layers of the 0.7 lm

and 1.0 lm Ni(P)–Au/Pd/Ni(P) joints were hold up

to after aging at 115 �C for 1000 h.

Figure 8 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joint

after reflows. Unlike the flake- and layer-type (Pd,

Au)Sn4 IMCs formed at the interface of the Au/Pd/

Ni(P) joint after reflows (Fig. 3), most of the flake-

type (Pd, Au)Sn4 IMC was detached at the interface

of the Au/Pd(P)/Ni(P) joint and spalled toward the

Sn–Bi solder alloy.

Figure 9 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints

after aging at 85 �C for 1000 h. Partially remained

flake-type (Pd, Au)Sn4 IMCs were formed at the

interface of the Au/Pd(P)/Ni(P) joint after aging for

100 h. After aging for 300 h, layer-type Ni3Sn4 IMCs

were formed at the interfaces between the (Pd,

Au)Sn4 IMC and P-rich Ni layer of the 0.3 lm to

1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints. Under the

same conditions as aging at 85 �C for 100 h, differ-

ences in the IMC composition and morphology were

observed in the Au/Pd(P)/Ni(P) and Au/Pd/

Ni(P) joints. The (Pd, Au)Sn4 and Ni3Sn4 IMCs at the

interfaces of all Ni(P)–Au/Pd(P)/Ni(P) joints were

slightly coarsened with increased aging up to 1000 h,

regardless of Ni(P) layer thickness. The Ni3Sn4 IMC

and P-rich Ni layer of the 0.3 lm Ni(P)–Au/Pd(P)/

Ni(P) joint was completely intact after aging for

1000 h.

Figure 10 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints

after aging at 95 �C for 1000 h. Ni3Sn4 IMC layers

were dominantly formed at the interface between the

flake-type (Pd, Au)Sn4 IMC and the P-rich Ni layer

for all Ni(P)–Au/Pd(P)/Ni(P) joints after aging from

100 to 1000 h. The (Pd, Au)Sn4 and Ni3Sn4 IMCs of

Au/Pd(P)/Ni(P) joints were slightly coarsened after

aging at 95 �C compared to those aged at 85 �C.

Figure 11 shows cross-sectional SEM micrographs

of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints
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after aging at 105 �C for 1000 h. The Ni3Sn4 IMC

changed to (Ni, Cu)3Sn4 IMC at the interface of the

0.3 lm Ni(P)–Au/Pd(P)/Ni(P) joint after aging at

105 �C for 1000 h. In contrast, the Ni3Sn4 IMCs of the

0.5 lm to 1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints did

not change after aging for up to 1000 h. This was due

to the thinner Ni(P) layer thickness of the 0.3 lm

Ni(P)–Au/Pd(P)/Ni(P) joint.

Cross-sectional SEM micrographs of the 0.3 lm to

1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints after aging at

115 �C for 1000 h are shown in Fig. 12. Ni3Sn4 (100 h

to 300 h) or (Ni, Cu)3Sn4 (500 h to 1000 h) IMCs were

formed at the interfaces of the 0.3 lm Ni(P)–Au/

Pd(P)/Ni(P) joints, whereas (Cu, Ni)6Sn5 IMC was

dominantly formed at the interface of the 0.3 lm

Ni(P)–Au/Pd/Ni(P) joint after aging at 115 �C for

100 h to 1000 h (Fig. 7). Furthermore, the Ni3Sn4 IMC

was still formed at the interface of the 0.5 lm Ni(P)–

Au/Pd(P)/Ni(P) joint after aging at 115 �C for

1000 h, whereas (Ni, Cu)3Sn4 IMC was formed at the

interface of the 0.5 lm Ni(P)–Au/Pd/Ni(P) joint after

aging at 115 �C for 500 h. These results indicate that

the P in the Au/Pd(P)/Ni(P) layer and the

Ni(P) layer thickness significantly affects the reaction

rate between Au/Pd/Ni(P) and Au/Pd(P)/

Ni(P) joints during aging.

Fig. 5 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd/Ni(P) layer contained thin-ENEPIG surface-finished

PCB with Sn–58Bi solder joints after aging at 95 �C (Color figure online)
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To clarify the differences between the IMC com-

positions and reaction rates of the Au/Pd/Ni(P) and

Au/Pd(P)/Ni(P) joints during aging, EPMA analyses

of the 0.3 lm to 0.7 lm Ni(P)–Au/Pd/Ni(P) and

Ni(P)–Au/Pd(P)/Ni(P) joints after aging at 115 �C for

1000 h were performed, and the results are shown in

Fig. 13. In Fig. 13a, the top- and bottom-side (Cu,

Ni)6Sn5 IMC layers were formed at the interface

between the (Pd, Au)Sn4 IMC and Cu substrate of the

0.3 lm Ni(P)–Au/Pd/Ni(P) joint after aging at

115 �C for 1000 h. The content of Ni element in the

top-side (Cu, Ni)6Sn5 IMC was approximately 24.72

at.%, which is a relatively higher content compared to

the bottom-side (Cu, Ni)6Sn5 IMC at approximately

8.97 at.% of Ni. In contrast, the content of the Ni

element placed with the (Ni, Cu)3Sn4 IMC of the

0.3 lm Ni(P)–Au/Pd(P)/Ni(P) joint (Fig. 13b) was

approximately 37.26 at.%. In addition, a bottom-side

(Ni, Cu)3Sn4 IMC beneath the P-rich Ni layer in the

Ni(P)–Au/Pd(P)/Ni(P) joint was not observed. This

is because the P in the Au/Pd(P)/Ni(P) layer

restraint diffusion of Sn in the Sn–Bi solder, and a

higher content of Ni remained in the (Ni, Cu)3Sn4

IMC of the Au/Pd(P)/Ni(P) joint. For this reason, the

Ni content in the Au/Pd(P)/Ni(P) joint was higher

than that of the Au/Pd/Ni(P) joint due to same

Fig. 6 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd/Ni(P) layer contained thin-ENEPIG surface-finished

PCB with Sn–58Bi solder joints after aging at 105 �C (Color figure online)
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diffusion mechanism of the 0.3 lm Ni(P) layer in the

Au/Pd/Ni(P) and Au/Pd(P)/Ni(P) joints. As a

result, (Cu, Ni)6Sn5 and (Ni, Cu)3Sn4 IMCs are

formed beneath the (Pd, Au)Sn4 for the Au/Pd/

Ni(P) and Au/Pd(P)/Ni(P) joints, respectively.

The 0.5 lm Ni(P)–Au/Pd/Ni(P) and Pd((P) joints

after aging at 115 �C for 1000 h are shown in Fig. 13c

and d, respectively. Compared to the 0.3 lm Ni(P)–

Au/Pd/Ni(P) and Au/Pd(P)/Ni(P) joints, relatively

thick Ni(P) layers are observed. In particular, the Ni

element in the Ni(P) layer of the Au/Pd(P)/

Ni(P) joint (Fig. 13d) revealed the unreacted remain-

ing Ni(P) layer. A similar tendency was observed in

the thicker Ni(P) layer for the Au/Pd/Ni(P) and Au/

Pd(P)/Ni(P) joints, as shown in Fig. 13e, f. These

layers had a red color in the Ni mapping results. The

unreacted Ni(P) layer in the Au/Pd(P)/Ni(P) joint

was thicker than that of the 0.5 lm Ni(P)–Au/Pd/

Ni(P) joint, as shown in Fig. 13c and d. Furthermore,

the 0.7 lm Ni(P)–Au/Pd/Ni(P) joint also revealed

the thicker unreacted Ni(P) layer that was placed

below the Ni3Sn4 IMC. As a result, the Ni3Sn4 IMCs

did not change into other IMC phases, and the bot-

tom-side IMCs were not detected at the interfaces of

the 0.7 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints and

the 0.5 to 1.0 lm Ni(P) layer in the Au/Pd(P)/

Fig. 7 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd/Ni(P) layer contained thin-ENEPIG surface-finished

PCB with Sn–58Bi solder joints after aging at 115 �C (Color figure online)
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Ni(P) joints after aging at 115 �C for 1000 h. As a

whole, the consumption rates of the Ni layer for the

Au/Pd(P)/Ni(P) joints (Fig. 13b, d, and f) were much

slower than those obtained for the Au/Pd/

Ni(P) joints (Fig. 13a, c, and e). The remaining

Ni(P) layer acted as a good diffusion barrier layer for

the Cu from the underlying Cu layer and the Sn from

the Sn–Bi solder. Consequently, the underlying Cu

layer next to the remaining Ni(P) layer remained

intact, as shown in Fig. 13d–f. In contrast, in the thin

Ni layer samples, we confirmed the diffusion of Cu

into the interfacial IMC phases, as shown in Fig. 13a–

c).

Figure 14 shows TEM micrographs and the analy-

sis results of the 0.3 lm Ni(P)–Au/Pd/Ni(P) joint

after aging at 115 �C for 1000 h. The (Pd, Au)Sn4, top-

and bottom-side (Cu, Ni)6Sn5 IMCs, and P-rich Ni

layer were observed at the interface of the joint, as

shown in Fig. 13a, b. In Fig. 13b, the destroyed P-rich

Ni layer (Area A, bright-gray color) that was placed

between the top- and bottom-side (Cu, Ni)6Sn5 IMCs

and the non-destroyed P-rich Ni layer (Area B, dark-

gray color) were observed in the left-side and right-

side of the P-rich Ni layer, respectively. To confirm

the Ni and P content in the P-rich Ni layer at the

interface of the Au/Pd/Ni(P) joint, mapping results

based on TEM micrographs are shown in Fig. 14c.

The Ni (blue color) and P (orange color) elements in

the right side (Area B) of the P-rich Ni layer indicate a

relatively higher content compared to the left side

(Area A). In addition, the Sn element (green color)

was widely distributed in the Au/Pd/Ni(P) joint as

Sn–Bi alloy, (Pd, Au)Sn4, destroyed P-rich Ni layer,

and (Cu, Ni)6Sn5 IMCs regions, except for the high

content of Ni and P elements distributed in the P-rich

Ni layer. Based on these results, it is determined that

the Sn in the Sn–Bi alloy and the Cu in the Cu sub-

strate diffused and penetrated part of the P-rich Ni

layer. In the line-scan results (Fig. 14d), the Sn (green

line) and Cu (red line) elements were mostly

Fig. 8 Cross-sectional SEM

micrographs of various

Ni(P) layer thickness with Au/

Pd(P)/Ni(P) layer in thin-

ENEPIG surface-finished PCB

with Sn–58Bi solder joints

after reflow: a 0.3 lm Ni(P),

b 0.5 lm Ni(P), c 0.7 lm
Ni(P), and d 1.0 lm
Ni(P) (Color figure online)
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distributed in all regions of the detection area from

the Cu substrate (left side) to the (Cu, Ni)6Sn5 IMC

region. Based on these results, it can be inferred that

the Ni and P contents of the P-rich Ni layer are

reduced due to further diffusion of Sn and Cu.

Therefore, the (Cu, Ni)6Sn5 IMC was formed at the

top- and bottom-side of the interface and in the area

of destroyed P-rich Ni layer.

Figure 15 shows TEM micrographs and the analy-

sis results for the 0.3 lm Ni(P)–Au/Pd(P)/Ni(P) joint

after aging at 115 �C for 1000 h. Only the top-side

(Ni, Cu)3Sn4 IMC layer was formed at the interface

between (Pd, Au)Sn4 IMC and the P-rich Ni layer of

the Au/Pd(P)/Ni(P) joint, as shown in Fig. 15a and b.

The TEM mapping results are shown in Fig. 15c. In

the case of the Au/Pd/Ni(P) joint (Fig. 14c), Sn in the

Sn–Bi solder and Cu in the Cu substrate diffused

towards the opposite side of each other and

destroyed the P-rich Ni layer forming both top- and

bottom-side (Cu, Ni)6Sn5 IMCs of the Au/Pd/

Ni(P) joint after aging at 115 �C for 1000 h. In con-

trast, the Sn element was almost distributed from the

Sn–Bi alloy to (Pd, Au)Sn4 and the (Ni, Cu)3Sn4 IMC

region of the Au/Pd(P)/Ni(P) joint, as shown in

Fig. 15c. The Ni and P elements were featured con-

tinuously horizontal distribution in the P-rich Ni

Fig. 9 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd(P)/Ni(P) layer contained thin-ENEPIG surface-

finished PCB with Sn–58Bi solder joints after aging at 85 �C
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layer. These results differ from the Au/Pd/

Ni(P) joint, the high contents of P in the Pd layer

suppress the reaction rate at the interface. For this

reason, the P-rich Ni layer which acts as a diffusion

barrier continuously remained at the interface

between (Ni, Cu)3Sn4 IMC and Cu substrate. These

results are based on Ni3Sn4. (Ni, Cu)3Sn4 IMC was

dominantly formed at the 0.3 lm Ni(P)–Au/Pd(P)/

Ni(P) joint and (Cu, Ni)6Sn5 IMC was dominantly

formed at the Au/Pd(P)/Ni(P) joint during aging. In

the line-scan results for the Au/Pd(P)/Ni(P) joint

(Fig. 15d), most of the Cu elements (red line) were

distributed in the Cu substrate beneath the P-rich Ni

layer, and the Sn element (green line) presents the

right side of the P-rich Ni layer (blue-line). In addi-

tion, the content of the Ni and P elements in the Au/

Pd(P)/Ni(P) joint was higher than those of the Au/

Pd/Ni(P) joint. For these reasons, the P in the Au/

Pd(P)/Ni(P) joint affects different reaction rate and

the high content of Ni and P elements in the P-rich Ni

layer plays a role in suppressing the diffusion of Sn in

the Sn–Bi solder toward the Cu substrate and Cu in

the Cu substrate towards the Sn–Bi solder direction.

Fig. 10 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd(P)/Ni(P) layer contained thin-ENEPIG surface-

finished PCB with Sn–58Bi solder joints after aging at 95 �C
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3.2 Mechanical properties during aging

Figure 16 shows the Ni3Sn4 IMC thickness of the

0.3 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) joints after

aging treatments. The (Pd, Au)Sn4 IMC thickness

after reflow ranged from 1.6 to 1.8 lm, regardless of

the Ni(P) layer thickness of the Au/Pd/Ni(P) joints.

A (Cu, Ni)6Sn5 IMC layer thickness of 0.3 lm Ni(P)–

Au/Pd/Ni(P) joint converged after aging for 300 h at

85 �C to 115 �C (Fig. 16a). In addition, (Ni, Cu)3Sn4

IMCs that was formed at the 0.5 lm Ni(P)–Au/Pd/

Ni(P) joints converged after aging at 105 �C and

115 �C for 500 h and 1000 h (Fig. 16b). In contrast, the

Ni3Sn4 IMC thickness of the 0.7 lm and 1.0 lm

Ni(P)–Au/Pd/Ni(P) joints gradually increased with

the aging temperature and time, as shown in Fig. 16c

and d.

Figure 17 shows the Ni3Sn4 IMC thickness of the

0.3 lm to 1.0 lm Ni(P)–Au/Pd(P)/Ni(P) joints after

aging treatments. The (Pd, Au)Sn4 IMC thickness

ranged from 1.2 to 1.4 lm. Except for the 0.3 lm

Ni(P)–Au/Pd(P)/Ni(P) joints after aging at 105 �C for

1000 h and 115 �C for 500 h, the Ni3Sn4 IMC layers

were dominantly formed at the interfaces between

the (Pd, Au)Sn4 IMC and P-rich Ni layer. The

Fig. 11 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd(P)/Ni(P) layer contained thin-ENEPIG surface-

finished PCB with Sn–58Bi solder joints after aging at 105 �C (Color figure online)
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interfacial IMC layers gradually increased with an

increase in aging temperature and time.

Figure 18 shows the high-speed shear strength of

the 0.3 lm to 1.0 lm Ni(P)–Au/Pd/Ni(P) or Au/

Pd(P)/Ni(P) joints after aging. The shear strength of

these joints is plotted using solid and dashed lines,

respectively. High-speed shear strength values of

0.3 lm Ni(P)–Au/Pd/Ni(P) joints rapidly decreased

with an increase of the aging time, especially for the

high temperatures of 105 �C and 115 �C. Further-

more, the high-speed shear strengths of the 0.3 lm

Ni(P)–Au/Pd/Ni(P) joints after aging for 500 h and

1000 h converged at approximately 40 MPa. In

contrast, the high-speed shear strength values of the

Au/Pd(P)/Ni(P) joints decreased slightly with each

aging condition. The high-speed shear strength of the

0.5 lm Ni(P)–Au/Pd/Ni(P) joints was slightly higher

than that of the Au/Pd(P)/Ni(P) joints after aging at

85 �C and 95 �C for 1000 h, as shown in Fig. 18b.

Fig. 12 Cross-sectional SEM micrographs of various Ni(P) layer thickness with Au/Pd(P)/Ni(P) layer contained thin-ENEPIG surface-

finished PCB with Sn–58Bi solder joints after aging at 115 �C (Color figure online)

cFig. 13 Elemental mapping results of various Ni(P) layer

thickness with (a, c, e) Au/Pd/Ni(P) or (b, d, f) Au/Pd(P)/

Ni(P) layer contained thin-ENEPIG surface-finished PCB with

Sn–58Bi solder joints after aging at 115 �C for 1000 h: (a,

b) 0.3 lm Ni(P), (c, d) 0.5 lm Ni(P), and (e, f) 0.7 lm
Ni(P) (Color figure online)

J Mater Sci: Mater Electron (2020) 31:19852–19874 19865



19866 J Mater Sci: Mater Electron (2020) 31:19852–19874



Otherwise, the high-speed shear strengths of the

0.5 lm Ni(P)–Au/Pd/Ni(P) and Au/Pd(P)/

Ni(P) joints after aging at 105 �C and 115 �C had

cross-points after aging for 500 h and 1000 h. The

high-speed shear strengths of the 0.7 lm and 1.0 lm

Ni(P)–Au/Pd/Ni(P) joints have similar values com-

pared to those of the Au/Pd(P)/Ni(P) joints after

aging at 85 �C and 95 �C for 1000 h. After aging at

105 �C and 115 �C for 1000 h, the shear strengths of

the Au/Pd(P)/Ni(P) joints were slightly lower than

those of the Au/Pd/Ni(P) joints. In general, the Sn-

based solder joints crucially affect the diffusion

behavior leading to the coarsening of microstructures

in the solder alloy and the IMCs at the interface

under thermal aging. The coarsened microstructure

of the alloy exhibited a lower number of grain

boundaries, which can suppress dislocation or crack

propagation [32]. In addition, the excessive Cu-Sn

IMC has a lower shear strength and faster diffusion

rate than the Ni–Sn IMCs at the interface between the

substrate and the Sn-based solder alloys under ther-

mal aging. Therefore, the thinner Ni(P) layer in these

solder joins leaded to a reduction in the mechanical

strength under thermal aging. As such, the high-

speed shear strengths of different Ni(P) layer thick-

ness in the joints results in different reduction rates of

the high-speed shear strength and fracture modes,

which will be discussed later.

Figure 19 shows the results for the low-speed shear

strength of the 0.3 lm to 1.0 lm Ni(P)–Au/Pd/

Fig. 14 TEM micrographs

and analysis results of 0.3 lm
Ni(P) layer thickness with Au/

Pd/Ni(P) layer contained thin-

ENEPIG surface-finished PCB

with Sn–58Bi solder joints

after aging at 115 �C for

1000 h: a interface of solder

joint, b high magnified

micrograph of (a), c mapping

results of (a), and d line-scan

results of (a) (Color

figure online)
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Fig. 15 TEM micrographs and analysis results of 0.3 lm
Ni(P) layer thickness with Au/Pd(P)/Ni(P) layer contained thin-

ENEPIG surface-finished PCB with Sn–58Bi solder joints after

aging at 115 �C for 1000 h: a interface of solder joint, b high

magnified micrograph of (a), c mapping results of (a), and d line-

scan results of (a) (Color figure online)
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Fig. 16 Ni3Sn4 IMC thickness

of Sn–58Bi solder with

various Ni(P) layer with Au/

Pd/Ni(P) contained thin-

ENEPIG surface-finished PCB

joints as functions of aging

time and temperature:

a 0.3 lm Ni(P), b 0.5 lm
Ni(P), c 0.7 lm Ni(P), and

d 1.0 lm Ni(P) (Color

figure online)

Fig. 17 Ni3Sn4 IMC thickness

of Sn–58Bi solder with

various Ni(P) layer with Au/

Pd(P)/Ni(P) contained thin-

ENEPIG surface-finished PCB

joints as functions of aging

time and temperature:

a 0.3 lm Ni(P), b 0.5 lm
Ni(P), c 0.7 lm Ni(P), and

d 1.0 lm Ni(P) (Color

figure online)
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Ni(P) or Au/Pd(P)/Ni(P) joints after aging. The low-

speed shear strengths of the 0.3 lm Ni(P)–Au/Pd/

Ni(P) joints were mostly lower than those of the Au/

Pd(P)/Ni(P) joints, irrespective of the aging temper-

ature and time, as shown in Fig. 19a. The shear

strength of the 0.3 lm Ni(P)–Au/Pd/Ni(P) joints

Fig. 18 High-speed shear

strength of Sn–58Bi solder

with various Ni(P) layer

thickness with Au/Pd/Ni(P) or

Au/Pd(P)/Ni(P) layer

contained thin-ENEPIG

surface-finished PCB joints as

functions of aging time and

temperatures: a 0.3 lm Ni(P),

b 0.5 lm Ni(P), c 0.7 lm
Ni(P), and d 1.0 lm
Ni(P) (Color figure online)

Fig. 19 Low-speed shear

strength of Sn–58Bi solder

with various Ni(P) layer

thickness with Au/Pd/Ni(P) or

Au/Pd(P)/Ni(P) layer

contained thin-ENEPIG

surface-finished PCB joints as

functions of aging time and

temperatures: a 0.3 lm Ni(P),

b 0.5 lm Ni(P), c 0.7 lm
Ni(P), and d 1.0 lm
Ni(P) (Color figure online)
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after aging at 105 �C and 115 �C for 1000 h was

approximately 30 MPa. For the 0.5 lm-Ni(P) in the

Au/Pd/Ni(P) and Au/Pd(P)/Ni(P) joints, the low-

speed shear strength of the Au/Pd/Ni(P) joints after

aging at 105 �C and 115 �C for 500 h and 1000 h was

relatively lower than that of the Au/Pd(P)/

Ni(P) joints, as shown in Fig. 19b. However, the low-

speed shear strength of the 0.7 lm and 1.0 lm Ni(P)–

Au/Pd/Ni(P) and Au/Pd(P)/Ni(P) joints (Fig. 19c

and d) has similar shear strength values for the same

aging temperatures and times, respectively.

Figure 20 shows fracture surfaces of the 0.3 lm

and 1.0 lm Ni(P)–Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) joints after reflows and aging at 115 �C for

1000 h. The fracture surfaces of the 0.3 lm and

1.0 lm Ni(P)–Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) joints after reflow (Fig. 20a, c, e, g) were mostly

revealed Sn and Bi elements, determined as ductile

fracture modes. The fracture surface of the 0.3 lm

Ni(P)–Au/Pd/Ni(P) joint (Fig. 20b) revealed a

mostly Cu substrate, whereas the Au/Pd(P)/

Ni(P) joint (Fig. 20f) had a (Ni, Cu)3Sn4 IMC surface.

The fracture modes of the 0.3 lm Ni(P)–Au/Pd/

Ni(P) or Au/Pd(P)/Ni(P) joints after aging at 115 �C

for 1000 h were determined to be almost brittle frac-

ture modes. Fracture surfaces of the 1.0 lm Ni(P)–

Au/Pd/Ni(P) or Au/Pd(P)/Ni(P) joints were

observed for the Ni3Sn4 IMC and Sn–Bi solder sur-

faces and were determined to be mixed fracture

modes. However, the fracture modes of both the Au/

Pd/Ni(P) and Au/Pd(P)/Ni(P) joints exhibited quite

different fracture dimensions, because the Ni3Sn4

IMC fracture surface dimension of the Au/Pd(P)/

Ni(P) joint was larger than that of the Au/Pd/

Ni(P) joint. Therefore, the high-speed shear strength

of both the Au/Pd/Ni(P) and Au/Pd(P)/Ni(P) joints

exhibited a similar tendency in terms of the brittle

fracture rates. The fracture surfaces of the 0.3 lm to

1.0 lm Ni(P)–Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) joints exhibited similar features after low-speed

shear tests compared to those of the high-speed shear

tests.

To evaluate the effect of the Ni(P) layer thickness

on the high-speed shear strength and fracture modes

in the Au/Pd/Ni(P) joints, schematic diagrams of the

sequential interfacial reactions and fracture behaviors

of the Au/Pd/Ni(P) joints are shown in Fig. 21. In the

case of the 0.3 lm Ni(P)–Au/Pd/Ni(P) joint after

Fig. 20 Fracture surfaces of Sn–58Bi solder joints with (a, b, e,

f) 0.3 and (c, d, g, h) 1.0 lm Ni(P) layer thickness with (a–d) Au/

Pd/Ni(P) and (e–h) Au/Pd(P)/Ni(P) contained thin-ENEPIG

surface-finished PCB as functions of aging time and temperature

after high-speed shear test: a, e after reflow, b, f aged at 115 �C for

1000 h, c, g after reflow, and d, h aged at 115 �C for 1000 h

(Color figure online)
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reflow (Fig. 21a), (Pd, Au)Sn4 IMC was formed at the

interface between the solder and the Ni(P) layer.

Then, (Pd, Au)Sn4 and Ni3Sn4 IMCs were formed at

the interface during aging. Sequentially, Cu in the Cu

substrate diffused towards the Sn–Bi solder direction

and changed the IMC composition from Ni3Sn4 to

(Cu, Ni)6Sn5 IMC under aging at high temperatures

(Fig. 21b). The Cu and Sn elements penetrated

through the P-rich Ni layer during aging, and the

P-rich Ni layer was partially destroyed. As a result,

fracture occurred at the interface between the bottom-

side (Cu, Ni)6Sn5 IMC and the partial P-rich Ni layer/

Cu substrate of the 0.3 lm Ni(P)–Au/Pd/Ni(P) joint

after high-speed shear tests (Fig. 21c). In contrast, in

the case of the thick Ni(P) layers, the 0.7 lm and

1.0 lm Ni(P)–Au/Pd/Ni(P) joints formed a relatively

thick P-rich Ni layer at the interface between the

Ni3Sn4 IMC and the Cu substrate. The thick P-rich Ni

layer acted as a diffusion barrier for the Sn in the Sn–

Bi solder, and the Cu in the Cu substrate during

aging. For this reason, the fractures occurred at the

interface of the Ni3Sn4 IMC layer, as shown in

Fig. 21f.

Based on the interfacial reactions and mechanical

shear test results obtained in this study, we con-

firmed that Ni(P)–Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) joints thicker than 0.7 lm with Sn–58Bi solder

are expected to be high reliability under aging. In

addition, the 0.3 lm Ni(P)–Au/Pd(P)/Ni(P) joint has

higher reliability compared to the Au/Pd/Ni(P) joint

during aging.

4 Conclusions

In this research, the interfacial reactions with

microstructure behaviors and the mechanical prop-

erties of the 0.3 lm to 1.0 lm Ni(P) layer with a Au/

Pd/Ni(P) or Au/Pd(P)/Ni(P) layer in a thin-ENEPIG

surface-finished PCB with Sn–58Bi solder joints were

investigated at different aging temperatures and

times. After reflowing, the (Pd, Au)Sn4 IMC layer

was dominantly formed at the interface of the 0.3 lm

to 1.0 lm Ni(P)–Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) joints (initial stage). After aging treatment, the

(Cu, Ni)6Sn5 IMC was dominantly formed at the

interface of 0.3 lm Ni(P)–Au/Pd/Ni(P) joint,

whereas the Ni3Sn4 IMC was dominantly formed at

the interface of 0.3 lm Ni(P)–Au/Pd(P)/Ni(P) joint,

except for after aging at 105 �C and 115 �C for 500 h.

This is because P and Ni elements in the Au/Pd(P)/

Ni(P) and Ni(P) layers that act as a diffusion barrier

have a higher content at the Au/Pd(P)/Ni(P) joints

than the Au/Pd/Ni(P) joints. In addition, the P in the

Fig. 21 Schematic diagrams of sequential interfacial reactions and

fracture modes of the Sn–58Bi solder with (a–c) 0.3 lm Ni(P) and

(d–f) 0.7 to 1.0 lm Ni(P) layer with Au/Pd/Ni(P) layer contained

in thin-ENEPIG surface-finished PCB joints: a, d after reflow, b,

e after aged at high temperature, and c, f after high-speed shear test

(Color figure online)
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Pd layer that was plated on the Ni(P) layer affects the

reaction rate and IMC morphology before the Ni in

the Ni(P) layer forms Ni–Sn IMCs, and the Ni and P

content was relatively high at the interface of the Au/

Pd(P)/Ni(P) joint during aging. Except for the 0.5 lm

Ni(P) layer in the Au/Pd/Ni(P) joint after aging at

105 �C and 115 �C for 500 h, the Ni3Sn4 IMCs were

dominantly formed at the interface of the 0.5 lm to

1.0 lm Ni(P)–Au/Pd/Ni(P) and Au/Pd(P)/

Ni(P) joints, respectively. This is because thick

Ni(P) layers such as 0.7 lm and 1.0 lm have a higher

content of Ni and P in the P-rich Ni layer, and

unreacted Ni layers during aging.

In the high-speed shear test, the 0.3 lm Ni(P)–Au/

Pd(P)/Ni(P) joints has higher shear strength than that

of the Au/Pd/Ni(P) joints for each aging conditions.

The 0.7 lm and 1.0 lm Ni(P)–Au/Pd/Ni(P) and Au/

Pd(P)/Ni(P) joints exhibited a higher shear strength

compared to the 0.3 lm and the 0.5 lm Ni(P)–Au/

Pd/Ni(P) and Au/Pd(P)/Ni(P) joints. This is because

the thick Ni(P) layer suppresses the diffusion of Sn

and Cu to form bottom-side (Cu, Ni)6Sn5 IMC and

destroys the P-rich Ni layer during aging. In the low-

speed shear test, the 0.3 lm Ni(P)–Au/Pd(P)/

Ni(P) joints had a higher shear strength compared to

the Au/Pd/Ni(P) joints under all aging conditions.

As results, the high- and low-speed shear strengths of

the 0.3 lm Ni(P)–Au/Pd(P)/Ni(P) joints were about

a range of 1.5 to 2.3 times higher than those of the

0.3 lm Ni(P)–Au/Pd/Ni(P) joints after aging at

115 �C for 1000 h. In the fracture modes after the

high-speed shear test, the 0.3 lm Ni(P)–Au/Pd/

Ni(P) joint fractured on the Cu surface while that of

the Au/Pd(P)/Ni(P) joint fractured at the IMC sur-

face. The 1.0 lm Ni(P)–Au/Pd/Ni(P) or Au/Pd(P)/

Ni(P) joints consisted of mixed (both ductile and

brittle) fracture modes. These different shear strength

and fracture modes during aging occurred at P in the

Au/Pd(P)/Ni(P) layer and these differences affected

the different diffusion rate at the interface including

the destroyed P-rich Ni layer, and formed the bot-

tom-side (Cu, Ni)6Sn5 IMC. Therefore, the 0.7 lm and

1.0 lm Ni(P) layers with both Au/Pd/Ni(P) and Au/

Pd(P)/Ni(P) joints with Sn–58Bi solder are expected

to exhibit long-term reliability during aging.
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