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ABSTRACT

Solder joint reliability in power modules is one of the most important issues for

hybrid, electric, and fuel cell vehicles; these modules must have highly reliable

solder joints, i.e., they must be highly thermostable at temperatures over 175 �C
in the future. The soldering surfaces in power modules are often finished with

electroless Ni–P plating. Thus, for Cu/Ni–P plating/Sn–0.7Cu joints, it is nec-

essary to suppress Ni diffusion into the solder. Ni diffusion can be suppressed

in the presence of a continuous Cu6Sn5 intermetallic compound (IMC) layer at a

Ni–P plating/solder interface. To form this IMC, we investigated the composite

Sn–0.7Cu solder added with Cu balls. It was confirmed that the addition of 2.5

wt% Cu balls formed a continuous (Cu, Ni)6Sn5 IMC layer between the solder

and the Ni–P plating. It is concluded that the IMC layer works well as a Ni

diffusion barrier in multiple reflow tests, of which the peak temperature was

330 �C, and in a high-temperature storage test at 200 �C for 1000 h.

Introduction

To counter the issues of increasing CO2 emissions

and diminishing oil resources, automotive manufac-

turers have developed various environmentally

friendly vehicles, including hybrid, electric, and fuel

cell vehicles. All of these vehicles are equipped with

power control units (PCU), optimized to maximize

the performance of the motors or generators. To

leave sufficient space for the driver and passengers,

however, the power module of the PCU must pro-

vide good fuel efficiency and high power density

simultaneously [1–3]. Power modules—currently

made from Si semiconductors—can achieve the

demand of high power density by operating at high

temperature up to 175 �C. There is also new trend

toward higher operation temperatures with wide

band gap semiconductors such as SiC or GaN [4, 5].

The electrode surface finish in power modules is

usually electroless Ni–P plating, which is believed to

be reliable and actually has a key role of a solder

interconnection [6–10]. Figure 1 shows a schematic

drawing of possible failure modes in a Cu/electro-

less Ni–P plating/Sn–0.7Cu joint. At the interface, a
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P-rich layer (Ni3P ? Ni) and a (Ni, Cu)3Sn4 inter-

metallic compound (IMC) are formed [11]. When Ni–

P plating is exposed to high temperature or high

current density in power modules, Ni easily diffuses

into a solder layer. This diffusion decreases the

thickness of a Ni–P plating layer and increases the

thickness of the (Ni, Cu)3Sn4 IMC and the P-rich

layer. The Ni–P plating layer (P: 9.5 wt%) in this

study was amorphous, and compressive stress was

applied. Consequently, the volume shrinkage by

transformation from an amorphous (Ni–P) layer to a

crystal (Ni3P) one caused cracking and delamination

[12, 13]. The lifetime of these modes can be increased

by thickening the Ni–P plating [14, 15]. Sn–Cu solder

containing more than 3.0 wt% Cu forms a thick

Cu6Sn5 IMC at the Ni plating surface, which can

suppress an excessive interfacial reaction at a Ni–P

plating/solder even in a high-temperature storage

test [16, 17]. However, increasing the Cu content

beyond Sn–0.7Cu eutectic composition sharply raises

its liquidus temperature, which requires higher peak

reflow temperature. Increasing reflow temperature is

not suitable since there are so many peripheral

components weak against heat exposure.

Thus, in this study, we proposed a new approach

to suppress excessive Ni diffusion by adding tiny Cu

balls to Sn–0.7Cu solder. Cu dissolves into the solder

much faster than Ni from Ni–P plating does [18]. It is

expected that Sn–0.7Cu melts during reflow, and then

Cu balls in melting solder partly dissolves and, con-

sequently Cu6Sn5 forms on the surface of a Ni–P

plating. The addition of Cu balls to Sn–0.7Cu is

expected to solve the issue of high-temperature

reflow. In the experiment, the peak reflow tempera-

ture was 330 �C, which was higher than the liquidus

temperature of Sn–3.0Cu, 303 �C [19]. To confirm the

thermostability of the soldered joint—electroless Ni–

P plating/Sn–0.7Cu solder added with Cu balls—we

performed multiple reflows and a high-temperature

storage test.

Experimental procedure

Figure 2 shows a schematic drawing of a test sample.

The plates to be soldered were made from oxygen-

free copper (C1020). A top Cu plate had dimensions

of 6.5 mm2 and 1.0 mm thick, while the base Cu plate

had dimensions of 40 9 20 and 3.0 mm thick. These

soldering pads of the Cu plates were finished with

electrolytic plating of Ni/Au and then with electro-

less plating of Ni–P. The Ni–P plating was 7–13 lm
thick and its P concentration was 9.5 wt%.

The solder was prepared as foils, of which

dimensions were 6.5 mm2 and 0.15 mm thick.

Table 1 shows the solder compositions, Cu contents,

and sample names. The solder compositions

added without Cu balls were Sn–0.7 wt% Cu, Sn–

1.6 wt% Cu, and Sn–3.0 wt% Cu corresponding

to three types of solders added with Cu balls. The

solder composition added with Cu balls was Sn–

0.7 wt% Cu. The addition amount of Cu balls were

1.0, 2.0, and 2.5 wt%, respectively. The diameters of

the Cu balls were 40–80 lm. The Cu contents of the

Sn–0.7Cu samples added with 1.0, 2.0, and 2.5 wt%

Cu balls were 1.78, 2.82, and 3.19 wt%, respectively,

verified by using inductively coupled plasma mass

spectrometry (ICP-MS), which match the intended

compositions.

Two Cu plates were joined with the solder foils in a

hydrogen reduction reflow furnace. The oxygen

concentration in soldering atmosphere was kept less

Cu 

P-rich layer 
(Ni3P+Ni) 

Ni3SnP Ni3SnP 

cracking delamination 

Solder 

P-rich layer (Ni3P+Ni) 
Ni-P plating 

Cu 

(a) After reflow (b) High-temperature storage 

(Ni, Cu)3Sn4 
Solder (Ni, Cu)3Sn4 

Figure 1 Schematic of device failure mode.

Cu plate Ni/Au 10 μm/0.03 μm
(Dimensions of 6.5 mm2 and 1.0 mm thick)

Solder foil
(Dimensions of 6.5 mm2 and 0.15 mm thick)

Cu plate Ni-P 10 μm, P 9.5 wt%
(Dimensions of 40 20 and 3.0mm thick)

Figure 2 Schematic of test

sample.

J Mater Sci (2017) 52:3244–3254 3245



than 100 ppm. Soldering time beyond 230 �C was

over 200 s, and the peak temperature was 330 �C,
which is higher than the liquidus temperature of Sn–

3.0Cu, 303 �C. Because power modules are often

fabricated with multiple soldering steps, the test

samples were reflowed by three times. In addition,

some of test samples after one reflow were subjected

to a high-temperature storage test at 200 �C for 250,

500, and 1000 h.

The cross-sections of the samples were polished

and were observed by using a scanning electron

microscope (SEM). The IMC phase and composition

(a) 0.7Cu (b) 1.6Cu

(c) 3.0Cu (d) 0.7Cu+1.0Cu balls

(e) 0.7Cu+2.0Cu balls (f) 0.7Cu+2.5Cu balls 
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Figure 3 SEM images of Ni–

P plating interface after reflow.

a 0.7Cu; b 1.6Cu; c 3.0Cu;

d 0.7Cu ? 1.0Cu balls;

e 0.7Cu ? 2.0Cu balls; and

f 0.7Cu ? 2.5Cu balls.

Table 1 Solder composition,

Cu content, and sample name Solder composition Cu content (by ICP-MS) Sample name

Sn–0.7 wt% Cu 0.71 wt% 0.7Cu

Sn–1.6 wt% Cu 1.62 wt% 1.6Cu

Sn–3.0 wt% Cu 3.01 wt% 3.0Cu

Sn–0.7 wt% Cu ? 1.0 wt% Cu balls 1.72 wt% 0.7Cu ? 1.0Cu balls

Sn–0.7 wt% Cu ? 2.0 wt% Cu balls 2.82 wt% 0.7Cu ? 2.0Cu balls

Sn–0.7 wt% Cu ? 2.5 wt% Cu balls 3.19 wt% 0.7Cu ? 2.5Cu balls
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of the joint interface were analyzed by energy-dis-

persive X-ray spectroscopy (EDX) and X-ray diffrac-

tion (XRD). The dissolution speed of the Ni–P plating

was also measured in the test samples with SEM. Ni–

P plating dissolution thickness, Di, is defined as

follows:

Di ¼ d0�di;

where d0 is the original thickness of the Ni–P plating

and di is the average thickness of the Ni–P plating

after reflow or 200 �C storage test. The thickness of

the Ni–P plating was measured at ten locations per

sample.

Results and discussion

Soldering interface after one reflow

Figure 3 shows the SEM images of the Ni–P plating

interface after reflow. The IMC compositions were

analyzed using EDX. The IMC compositions of

(a) 0.7Cu+1.0Cu balls (b) 0.7Cu+2.0Cu balls

(c) 0.7Cu+2.5Cu balls

1 μmNi-P Ni-P

(Cu, Ni)6Sn5

(Cu, Ni)6Sn5

IMC IMC

Solder

Ni-P

(Cu, Ni)6Sn5

Solder

1 μm

1 μm

Figure 4 SEM images of Ni–

P plating interface after reflow.

a 0.7Cu ? 1.0Cu balls;

b 0.7Cu ? 2.0Cu balls; and

c 0.7Cu ? 2.5Cu balls.

Distance (um)0 4.0

A
to

m
ic

 c
on

ce
nt

ra
tio

n 
(a

t.%
)

0 
10

0
50

1 μm

Ni-P 

IMC

P 

Ni

Sn

Cu 

Ni-P IMC (Cu, Ni)6Sn5 

(Cu, Ni)6Sn5 

lin
e 

an
al

ys
is

Solder
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(a) 0.7Cu were 37.2 at.% Ni–7.4 at.% Cu–55.4 at.% Sn

and 63.6 at.% Ni–17.3 at.% Sn–19.1 at.% P, suggesting

the compounds appeared to be (Ni, Cu)3Sn4 and

Ni3SnP IMC, respectively. These IMCs formed

because of interfacial reaction between the Sn–0.7Cu

and Ni–P plating during solder melting [20]. The

IMCs of (b) 1.6Cu appeared to be Ni3SnP and a

mixture of (Ni, Cu)3Sn4 and (Cu, Ni)6Sn5. The IMC of

(c) 3.0Cu appeared to be (Cu, Ni)6Sn5. The slow dis-

solution speed of Ni into the molten solder formed

the (Cu, Ni)6Sn5 IMC [21]. The reaction of (b) 1.6Cu is

a transition stage between (a) 0.7Cu and (c) 3.0Cu.

The IMCs of (d, e) 0.7Cu ? 1.0 and 2.0Cu balls

appeared to be (Cu, Ni)6Sn5 and Ni3SnP. The IMC of

(f) 0.7Cu ? 2.5Cu balls appeared to be (Cu, Ni)6Sn5.

The (Cu, Ni)6Sn5 IMC formed in both the solders

added with Cu balls and with the Cu-rich Sn–Cu

solder but added without Cu balls. The Ni3SnP IMC

formed when Cu content of Sn–Cu solder without Cu

balls was lower than 1.6 wt%, and the Cu balls’

content of Sn–0.7Cu solder was lower than 2.0 wt%.

Cu Ni

Sn

Cu3Sn

Cu6Sn5 

Ni3Sn4 

Ni3Sn2 

Ni3Sn

Figure 6 Cu–Ni–Sn isotherm phase diagram at 240 �C based on

the previous works [23, 24].
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Figure 7 SEM images of

IMC at Ni–P plating after

reflow. a 0.7Cu and

b 0.7Cu?2.5Cu balls.
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Figure 8 XRD patterns of

IMC at Ni–P plating after

reflow. a 0.7Cu and

b 0.7Cu ? 2.5Cu balls.
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Further, the P-rich layer thickness under the Ni3SnP

IMC slightly grew thicker than the other one in the

same sample. The low Cu concentration of Sn–Cu

solder was easy to solve the Ni–P plating during

solder melting. The behavior of Ni–P depletion-in-

duced Ni3SnP growth agrees with the previous study

[22].

Figure 4 shows the enlarged SEM images of the

Ni–P plating interface of the solder added with Cu

balls. Back-scattered SEM images were also shown to

distinguish each IMC phase between the (Cu, Ni)6Sn5
and the Ni–P plating in (a, b) 0.7Cu ? 1.0 and 2.0Cu

balls. These IMCs were 0.1–0.3 lm thick. The IMC of

(c) 0.7Cu ? 2.5Cu balls consisted of (Cu, Ni)6Sn5 at

the Ni–P plating/solder interface.

Figure 5 shows the EDX line analysis of

0.7Cu ? 1.0Cu balls. The Ni contents of the IMC

increased, and the Cu contents of the IMC decreased

compared with the (Cu, Ni)6Sn5 IMC. Therefore, this

IMC is identified as to be (Ni, Cu)3Sn4. Such reaction

behavior of 0.7Cu ? 1.0 and 2.0Cu balls can be

understood through the Cu–Ni–Sn isotherm phase

diagram because the tie line connects Ni3Sn4 and

Cu6Sn5, as shown in Fig. 6 [23, 24]. However, no tie

line connects Ni and Cu6Sn5. Thus, the Ni–P/(Cu,

Ni)6Sn5 interface of 0.7Cu ? 2.5Cu balls appeared in

the current work seems not to be in equilibrium. The

(Cu, Ni)6Sn5 IMC nucleates at the Ni–P plating/sol-

der interface when the molten solder solidifies.

Figure 7 shows the SEM images of the surface IMC

at the Ni–P plating interface of (a) 0.7Cu and

(b) 0.7Cu ? 2.5Cu balls after reflow. To investigate

these IMCs in detail, the solder was etched with a

mixture of ethanol and hydrochloric acid. The IMCs

of (a) 0.7Cu were identified as (Ni, Cu)3Sn4 and (Cu,

Ni)6Sn5. Though the cross-sectional SEM of Sn–0.7Cu

showed the formation of (Ni, Cu)3Sn4 grains, as

shown in Fig. 3a, a broad-surface SEM showed not

only (Ni, Cu)3Sn4 grains but also (Cu, Ni)6Sn5 grains.

This result agrees well with the previous studies

[21, 25, 26]. The IMC of (b) 0.7Cu ? 2.5Cu balls

appeared to be (Cu, Ni)6Sn5, which agrees with the

cross-sectional SEM image shown in Fig. 3f.

Figure 8 compares the XRD results of (a) 0.7Cu and

(b) 0.7Cu ? 2.5Cu balls. The IMC in (a) 0.7Cu had a

mixture of Ni3Sn4 and Cu6Sn5, while that of

0.7Cu ? 2.5Cu balls exhibits a structure based on

Cu6Sn5.

Figure 9 shows the average thickness of the P-rich

layer after reflow. The P-rich layer consists of mixture

of Ni3P and Ni [11]. The P-rich layers of (b) 1.6Cu and

(c) 3.0Cu were 1.1–1.3 lm thick which was about a

half of that of (a) 0.7Cu. The Cu concentration, which

was richer than eutectic Sn–0.7Cu, approached the

saturation concentration of Sn–Cu at the reflow peak

temperature of 330 �C; this probably suppressed Ni

dissolution in the Ni–P plating. The P-rich layers of

(d–f) 0.7Cu ? 1.0 and 2.0 and 2.5Cu balls were

1.2–1.5 lm thick, and they suppressed the growth of

a P-rich layer to about half that of (a) 0.7Cu. The

P-rich layer of (f) 0.7Cu ? 2.5Cu balls showed a

similar thickness as (c) 3.0Cu.

These results clearly show that the addition of Cu

balls to Sn–Cu solder suppresses Ni dissolution from

Ni–P plating. At the reflow peak temperature of

330 �C, Cu balls dissolved into molten solder much

faster than a Ni–P plating. Thus, the faster formation

of (Cu, Ni)6Sn5 IMC on a Ni–P plating suppresses the

growth of the P-rich layer as well as high Cu content

solder alloys such as 1.6Cu and 3.0Cu.
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Figure 10 shows the Ni or Cu content (at.%) of the

(Cu, Ni)6Sn5 IMC as a function of the Cu content

(wt%) of the solder. As the Cu content in the solder

increased, the Ni content of the (Cu, Ni)6Sn5 IMC

decreased, regardless of Cu origin. These results

agree with the previous work [27].

Figure 11 shows the average thickness of the (Cu,

Ni)6Sn5 IMC as a function of the Cu content (wt%) in

the solder. As the Cu content in the solder increased,

the thickness of the (Cu, Ni)6Sn5 IMC also increased.

The Cu-rich Sn–Cu samples and those added with Cu

balls easily formed (Cu, Ni)6Sn5 IMC at a Ni–P plat-

ing interface as molten solder solidified. This trend

agrees with the previous work [16].

Thus, the addition of Cu balls to Sn–Cu solder

formed the (Cu, Ni)6Sn5 IMC resulting in the sup-

pression of excessive Ni dissolution from aNi–P layer.
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Soldering interface after multiple reflows

Figure 12 shows the SEM images of the Ni–P plat-

ing/solder interface after three times of reflows. The

IMCs of (a) 0.7Cu remained as (Ni, Cu)3Sn4 and

Ni3SnP. These layers increased thicknesses from one

reflow. Multiple reflows also accelerated the growth

of a P-rich layer. The IMCs of (b) 1.6Cu remained as

(Ni, Cu)3Sn4 and (Cu, Ni)6Sn5, and the IMC of

(c) 3.0Cu remained as (Cu, Ni)6Sn5 after multiple

reflows. The IMC of (d–f) 0.7Cu ? 1.0 and 2.0 and

2.5Cu balls remained as (Cu, Ni)6Sn5 after multiple

reflows.

After multiple reflows, the P-rich layer grew

beyond its thickness after one reflow, as shown in

Fig. 3. It is interesting to note that the (Ni, Cu)3Sn4
IMC hardly grew except for (a) 0.7Cu. A rapid for-

mation of Cu-based IMC at a Ni–P/solder interface

again prevents the growth of the (Ni, Cu)3Sn4 IMC in

multiple reflows.

Figure 13 shows the Ni–P plating dissolution after

one and three times of reflows. The Ni–P plating

dissolution thickness of (a) 0.7Cu was about 4.7 lm,

while multiple reflows accelerated Ni dissolution

from a Ni–P plating. Ni–P plating dissolution thick-

nesses of (b) 1.6Cu and (c) 3.0Cu were 2.0–2.3 lm,

which was a half of (a) 0.7Cu. Thus, a (Cu, Ni)6Sn5
IMC layer worked well as a Ni dissolution barrier in

multiple reflows. The thickness of Ni–P plating dis-

solution of (d–f) 0.7Cu ? 1.0 and 2.0 and 2.5Cu balls

was 2.4–2.8 lm thick, which was half of (a) 0.7Cu.

Soldering interface after a high-temperature
storage test at 200 �C

Figure 14 shows the Ni–P plating dissolution thick-

ness in a high-temperature storage test at 200 �C.
Increasing the amount of Cu balls or Cu content in

the solder suppressed the dissipation of the Ni–P

plating. After 1000 h, the Ni–P plating dissolution

thickness of (e) 0.7Cu ? 2.5Cu balls was about

1.8 lm, about one third that of the (c) 0.7Cu ? 1.0Cu

balls.

Figure 15 shows the SEM images of the Ni–P

plating/solder interface at 200 �C. The Ni–P plating

layer of (a) 0.7Cu completely consumed and changed

into a P-rich layer with the Ni3SnP IMC for 500 h.

Increasing the amount of Cu balls or Cu content

effectively suppressed the growth of a P-rich layer.

However, in (b) 3.0Cu and (c, d) 0.7Cu ? 1.0 and

2.0Cu balls, the (Ni, Cu)3Sn4 IMC continuously

increased thickness between a (Cu, Ni)6Sn5 IMC and

a P-rich layer. The thickness of Ni3SnP did not almost

grow thicker than that after reflow. It is reported that

the Ni3SnP IMC grows thicker resulting from the

reaction between Ni3P and Sn after Ni–P plating

depletion. In (c, d) 0.7Cu ? 1.0 and 2.0 Cu balls, the

Ni–P plating remained after 1000 h. Thus, this result

agrees with the previous study [22]. The IMC of

(e) 0.7Cu ? 2.5Cu balls appeared to be only (Cu,

Ni)6Sn5.

Figure 16 shows the EDX line analysis of Sn–

0.7Cu ? 2.5Cu balls at 200 �C for 1000 h, revealing
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Figure 16 EDX line analysis of Ni–P plating/Sn–0.7Cu ? 2.5Cu balls at 200 �C for 1000 h.
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that a (Ni, Cu)3Sn4 IMC did not form between a (Cu,

Ni)6Sn5 IMC layer and a P-rich layer. Yoon et al.

reported that in Sn–0.7Cu/Ni plating, (Ni, Cu)3Sn4
and (Cu, Ni)6Sn5 IMCs grew at 170 �C for more than

50 days [28]. In this study, a thin (Ni, Cu)3Sn4 IMC

formed during reflow seems to grow during a storage

test. In Sn–0.7Cu ? 2.5Cu balls, a (Ni, Cu)3Sn4 IMC

did not form after reflow, as shown in Figs. 4 and 8.

These results clearly show that a (Cu, Ni)6Sn5 IMC

layer in Sn–0.7Cu ? 2.5Cu balls works well as a Ni–P

barrier during a high-temperature storage test.

Conclusions

In the present work, a new approach to increase the

thermostability of a Cu/Ni–P plating/Sn–0.7Cu sol-

der joint with or without the addition of tiny Cu balls

was studied. Multiple reflows and a high-tempera-

ture storage test at 200 �C were examined as an

acceleration evaluation.

After one reflow, in Sn–0.7Cu ? 1.0 and 2.0 and

2.5Cu balls, (Cu, Ni)6Sn5 IMC formed at a Ni–P

plating/solder interface, while, in Sn–0.7Cu, (Ni,

Cu)3Sn4 IMC formed. At the reflow peak temperature

of 330 �C, Cu from Cu balls dissolved into a molten

solder much faster than Ni from a Ni–P plating. This

Cu dissolution effectively formed a (Cu, Ni)6Sn5 IMC

reaction layer at the interface resulting in suppression

of the growth of a P-rich layer.

After multiple reflows, a Ni–P plating dissolution

thickness of Sn–0.7Cu ? 1.0 and 2.0 and 2.5Cu balls

was half of that of Sn–0.7Cu. The formation of (Cu,

Ni)6Sn5 IMC at the interface worked as a barrier layer

in multiple reflows.

In high-temperature storage test at 200 �C, the

addition of Cu balls to Sn–Cu solder suppressed the

Ni–P plating dissolution. However, in Sn–

0.7Cu ? 1.0 and 2.0Cu balls, (Ni, Cu)3Sn4 IMC con-

tinuously formed between a (Cu, Ni)6Sn5 IMC layer

and a P-rich layer, because a thin (Ni, Cu)3Sn4 IMC

discontinuously formed between a (Cu, Ni)6Sn5 IMC

layer and a Ni–P plating layer by reflow. After

1000 h exposure, a Ni–P plating dissolution thick-

ness of Sn–0.7Cu?2.5Cu balls was about one third of

that of Sn–0.7Cu ? 1.0Cu balls. Thus, Sn–

0.7Cu ? 2.5Cu balls is concluded as the solder

composition to improve the reliability of power

modules for harsh environment.
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