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ABSTRACT 
The influence of Pd film thickness in electroless Ni/Pd/Au 
plating on the solder ball joint reliability after reflow 
cycles and thermal aging was investigated by conducting a 
high-speed solder ball shear test. Sn-3.0Ag-0.5Cu 
(SAC305) was used as the solder ball in this study. On the 
basis of the solder joint reliability obtained after multiple 
reflow cycles and thermal aging, the optimum thickness of 
the Pd film was found to be 0.05–0.2 m. 

The covering property of electroless Pd plating film on the 
electroless Ni plating film was also investigated. We found 
that an electroless Pd plating film with a thickness of 0.02 
m or more covered the electroless Ni plating film 
adequately, and the solder ball joint reliability in this case 
was better than that with electroless Ni/Au plating. We 
consider that the shape of the intermetallic compounds 
(IMCs) is one of the factors that influence the solder joint 
reliability after multiple reflow cycles. Consequently, we 
inferred that the high adhesion at the dendrite layers of 
IMCs/solder interface resulted in excellent solder ball joint 
reliability after the reflow cycles. We consider that the 
thickness of the IMCs is one of the factors that influence the 
solder joint reliability after thermal aging. In (Cu, Ni, 
Pd)6Sn5 IMCs that contained trace amounts of Pd, the 
growth of the IMCs is prevented by Pd, resulting in 
excellent solder ball joint reliability after thermal aging. 

Key words: Electroless Ni/Pd/Au, Solder joint reliability, 
Intermetallic compounds (IMCs), Reflow cycles, Thermal 
aging, High-speed solder ball shear test 

INTRODUCTION 
With the widespread use of portable electronic equipment, 
chip scale packages (CSPs) and ball grid arrays (BGAs) 
mounted on high-density printed circuit boards (PCBs) 
have become popular as semiconductor package 
assemblies. The CSPs and BGAs are connected to the 
PCBs using solder balls. Such connection methods require 
smaller connection areas and no metal leads, thus resulting 
in a lower ability to resist the stress relaxation than in the 
case of the traditional methods of connecting the leads of 
thin small outline packages (TSOP) and quad flat 
packages (QFPs). The connection methods employing 
solder balls, therefore, involve many problems related to 

joint reliability. Several studies on the reliability of solder 
ball joint connections with CSPs and BGAs are now in 
progress1-16). 

The conventional electrolytic Ni/Au plating is a mature 
technology that has long been used for surface finishing of 
package substrates. However, this technique cannot be 
applied to high-density package substrates, because it 
requires bus lines to each terminal and the necessary area 
for those lines. Therefore, electroless Ni/Au plating was 
adopted because it does not require bus lines. However, drop 
tests revealed that the reliability of ball joints prepared by this 
technique is insufficient. To solve this problem, electroless 
Ni/Pd/Au plating was adopted for surface finishing of the 
terminals of package substrates17-19).  

Recently, electroless Ni/Pd/Au plating is being offered as an 
alternative surface finishing process with high solder joint 
reliability and wire bondability. In the previous studies, the 
details regarding the influence of Pd thickness on solder joint 
reliability and IMC growth have not been provided. In this 
study, the influence of Pd film thickness on solder ball joint 
reliability was investigated to clearly identify the optimum 
thickness of the Pd film in electroless Ni/Pd/Au plating. 

EXPERIMENTS 
Sample Preparation 
A test pattern was formed on an epoxy resin copper 
cladding laminate (MCL-E-679F; Hitachi Chemical Co., 
Ltd.) using the semi-additive method. The thicknesses of 
the board and copper pad were 0.6 mm and 25 μm, 
respectively. Then, solder resist was formed with a solder 
mask using a photo-definable type resist. The opening 
diameter of the ball pad was 0.45 mm. These test substrates 
were covered with electroless Ni/Au (ENIG: electroless 
Ni/immersion Au) and electroless Ni/Pd/Au (ENEPIG: 
electroless Ni/electroless Pd/immersion Au) plating. After 
applying flux, solder balls (SAC305) were attached to the 
test substrates and passed through a nitrogen-reflow furnace. 
The thickness of each plating film and the evaluation 
conditions are listed in Table 1. 

Reliability Test on Solder Ball Joints (High-Speed 
Shear) 
As shown in Fig. 1, the distance between the shear tool tip 
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and the package substrate was 50 μm. The shear speeds 
were 20, 200, and 500 mm/s. A high-speed bond tester 
4000HS (Dage Precision Industries, Ltd.) was used (Fig. 2). 
The fracture surface was observed with an optical 
microscope, and the fracture modes were classified into 
four failure modes. Typical images of these four failure 
modes are shown in Fig. 3. 
 
Method of Evaluating the Covering Property of Pd 
Plating Film on Ni Plating Film 
To evaluate the covering property of the Pd plating film on 
the Ni plating film, ultrasonic waves (1 min, 20 kHz) were 
applied to the Pd plated specimens to detect the low 
adhesion points. The surface of the Pd plated specimens 
before and after applying ultrasonic waves was observed 
using a scanning electron microscope (SEM). The cross 
section of these specimens was observed using a 
transmission electron microscope (TEM). 
 
Growth of IMCs depending on Pd Film Thickness 
The growth of the IMCs, corresponding to different Pd film 
thicknesses, was observed using an SEM, and the 
composition of the IMCs was analyzed by energy dispersive 
X-ray spectroscopy (EDX). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS AND DISCUSSION 
Results of High-Speed Solder Ball Shear Test 
The influence of electroless Pd film thickness on solder ball 
joint reliability was investigated. The results of the 
high-speed solder ball shear test are shown in Figs. 4 and 5. 
 

20, 200, 500 mm/s 

Figure 1. Outline of Solder-Ball Shear Test 

Shear Speed 

Resin 

Cu 

Shear 
Tool 

SR SR 

Solder Ball 
50 μm 

Plating Film 

Shear 
Height 

Table 1. Experimental Conditions 

Pd※  Thickness
Solder Ball

Reflow Cycles 1, 3, 7(Max Temp.: Sn-3.0Ag-0.5Cu 252 °C)
Thermal Aging at 150 °C 100, 300, 500, 1000 h

Equipment
Shear Speed
Classification of the Fracture Mode
(Solder Residual Rate)

Evaluation Conditions

DAGE 4000HS Bond Tester (Dage Precision Industries, LTD.)
20, 200, 500 mm/s

Electroless Ni(5 m)/Au(0.03 μm)

0.005, 0.01, 0.015, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.5 μm

Mode A:  100%, Mode B:  50～99%, Mode C: 10～49%, Mode D: 0～9%

Surface Finishes
Electroless Ni(5 m)/Pd※ /Au(0.03 μm)

Sn-3.0Ag-0.5Cu(φ0.76 mm)

Figure 3. Classification of the Fracture Mode for 
Solder Ball Shear Test 
(a) Mode A: Solder residual rate 100%, 
(b) Mode B: Solder residual rate 50～99%, 
(c) Mode C: Solder residual rate 10～49%, 
(d) Mode D: Solder residual rate 0～9% 

(a) (b) 

300 μm 

(c) (d) 

Solder 

IMC or Ni 

Solder 

Solder 

IMC or Ni 

IMC or Ni 

Figure 2. Externals of High-speed Shear Test Equipment
(DAGE 4000HS Bond Tester) 
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Almost all the samples with electroless Ni/Au film (Fig. 4a) 
showed brittle fracture in each evaluated condition. The 
solder joint reliability with the electroless Pd film having a 
thickness of 0.01–0.03 μm was higher than that with the 
electroless Ni/Au films. In the case of electroless Pd films 
with thickness more than 0.3 μm, the percentage of ductile 
fracture mode failures (Mode A) decreased with increasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

number of reflow cycles and higher Pd film thickness. The 
reliability of the solder ball joint with a 0.05–0.2 μm thick 
electroless Pd film was similar to that obtained with 
conventional electrolytic Ni/Au19) films. Thus, the optimum 
thickness of an electroless Pd film for a reliable solder ball 
joint was found to be 0.05–0.2 μm. 
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Figure 4. Dependence of Fracture Modes on Pd Thickness 
Shear speed: a 20 mm/s, b 200 mm/s, c 500 mm/s 
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(f) Electroless Ni/Pd(0.1 μm)/Au 
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Covering Property of Pd Plating Film on Ni Plating Film 
Fig. 6 shows the results of SEM observations with different 
Pd thicknesses before and after applying ultrasonic waves. 
In the case of 0.01–0.015 μm thick electroless Pd film, 
pinholes occurred after applying ultrasonic waves. In 
contrast, in the case of electroless Pd films with thickness 
more than 0.02 μm, there were no pinholes after applying 
ultrasonic waves. A model depicting the covering process 
of Pd plating film on the Ni plating film is shown in Fig. 
7. The initial stage of Pd deposition on the electroless Ni 
surface involves a replacement reaction (Fig. 7a). Since 
the electroless Pd plating bath includes a reducing agent, 
corrosion hardly occurs, because the reduction reaction 
progresses immediately on the Pd film plated by the 
replacement reaction (Fig. 7b). However, the covering of 
the Pd film at the replacement reaction points was delayed 
compared to the other points. Thin Pd plated points existed 
in the case of 0.01–0.015 μm thick Pd film (Figs. 7c and 
7d). It is presumed that the thin Pd plated points might be 
the cause of occurrence of the pinholes. 
 
All the samples with electroless Ni/Au film showed brittle 
fracture in each of the evaluated conditions. The SEM 
images of surface morphology of the electroless Ni film, 
after the dissolution of Au or Pd, are shown in Fig. 8. In 
the case of electroless Ni/Pd/Au film, no corrosive pits were 
formed in the Ni layers, as shown in Fig. 8(a). On the other 
hand, in the case of electroless Ni/Au film, low reliability 
was observed, because of the formation of corrosive pits in 
the layers of electroless Ni, caused by the dissolution of Ni 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
during the immersion plating of Au (Fig. 8b)17). The TEM 
images of the cross section of the electroless plating film 
are shown in Fig. 9. In the cross section of the electroless 
Ni/Pd/Au film with 0.02 μm thickness of Pd (Fig. 9a), there 
were no local corrosive pits at the interface between the 
electroless Pd and electroless Ni. We found that 0.02 μm 
thick electroless Pd film can be considered as an effective 
barrier film to prevent the Ni layer from dissolving during 
immersion plating of Au. However, in the case of 
electroless Ni/Au film (Fig. 9b), the surface of the 
electroless Ni was found to have dissolved evenly during 
the immersion gold plating. 
 
The cross-sectional views of the plating film and solder joint 
interface for various Pd thicknesses are shown in Fig. 10. In 
the case of electroless Ni/Au film (Fig. 10a), the surface of 
electroless Ni was corroded by the immersion gold plating. 
IMC layers were formed at the interface of solder and the 
corroded electroless Ni during the reflow process. The 
corroded electroless Ni layer is the cause of the poor 
adhesion at the Ni/IMCs interface. Therefore, the brittle 
fracture may easily occur in the case of electroless Ni/Au 
film. In the case of 0.005–0.015 μm thick Pd film (Fig. 10b), 
the thin Pd plating points were attacked by the immersion 
gold plating, and there was local corrosion in the electroless 
Ni layer. The joints with 0.005–0.015 μm thick Pd film were 
better than those with electroless Ni/Au film. With a Pd film 
thickness of 0.02 μm or more (Fig. 10c), the absence of 
corrosive pits in the Ni layers might have contributed to 
excellent solder joint reliability. 

(a) Electroless Ni/Pd(0.2 μm)/Au 

(b) Electroless Ni/Pd(0.3 μm)/Au 

(c) Electroless Ni/Pd(0.5 μm)/Au 

Figure 5. Dependence of Fracture Modes on Pd Thickness 
Shear speed: a 20 mm/s, b 200 mm/s, c 500 mm/s 
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Figure 6.  Coverage of the Electroless Pd Plating Film on Electroless Ni Plating Film 
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Figure 7.  A Model Depicting the Covering Process of Pd Plating Film on the Ni Plating Film
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Growth of the IMCs at the Solder Ball Joint Interface 
(1) Influence of reflow cycles 
The SEM observations of the cross sections of the IMCs for 
various Pd thicknesses and reflow cycles are shown in Fig. 11. 
When the Pd thickness was 0.015–0.3 μm, dendrite layers 
of IMCs were formed at the interface of SAC305 and the 
Ni plating film. On the other hand, when the Pd thickness 
was 0.5 μm, flat layers of IMCs were formed. 
 
To investigate the growth of the IMCs in greater detail, the 
cross section and surface morphology of the IMCs after the 
reflow cycles were observed on 0.1 μm and 0.5 μm thick 
Pd films. The results are shown in Fig. 12. When the 
thickness was 0.1 μm, thin dendrite layers of (Cu, Ni, 
Pd)6Sn5 IMCs were formed after one reflow cycle. The size 
of the dendrite layers of the IMCs increased with increasing 
number of reflow cycles. After seven reflow cycles, thick 
dendrite layers of (Cu, Ni, Pd)6Sn5 IMCs [Fig. 12 I (Cu : Ni : 
Pd : Sn=23.5 : 18.1 : 0.2 : 58.2 wt%)] were formed. 
 
In the case of 0.5 μm thick Pd film, two types of IMC 
compositions were observed: one is (Cu, Ni, Pd)6Sn5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Fig. 12 II (Cu : Ni : Pd : Sn=23.4 : 16.5 : 1.2 : 59.0 wt%)], and 
the other is Cu/Ni/Pd/Sn [Fig. 12 III (Cu : Ni : Pd : Sn=1.4 : 
3.4 : 11.1 : 84.1 wt%)]. The shape of (Cu, Ni, Pd)6Sn5 IMCs 
was granular. These results suggested that the Cu/Ni/Pd/Sn 
IMCs, which included a high concentration of Pd, affected 
the shape of (Cu, Ni, Pd)6Sn5 IMCs. After seven reflow 
cycles, (Cu, Ni, Pd)6Sn5 IMCs increased in size and showed a 
more planar morphology [Fig. 12 IV (Cu : Ni : Pd : Sn=23.3 : 
16.5 : 0.8 : 59.4 wt%)]. 
 
The cross-sectional views of the IMCs for various Pd 
thicknesses and reflow cycles are shown in Fig. 13. In the 
case of 0.1 μm thick Pd film, the size of the dendrite layers 
of IMCs increased with increasing number reflow cycles. We 
considered that the high adhesion at the dendrite layers of 
IMCs/solder interface resulted in an excellent joint after 
multiple reflow cycles. In the case of 0.5 μm thick Pd film, 
the IMC phase growth showed a more planar morphology 
after multiple reflow cycles. The poor adhesion at the plane 
IMCs/solder interface may be the reasons for the decrease 
in solder joint reliability. 
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Au 
Corrosion Pd 
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Figure 9. TEM Photographs of Cross-section of the 
Electroless Plating Film 
(a) Electroless Ni/Pd/Au, (b) Electroless Ni/Au 

(a) 

Figure 8. SEM Photographs of Surface Morphology 
of the Electroless Ni after the Dissolution of Au or Pd 
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Figure 10. Cross-sectional Models of Plating Film and Solder Joint Interface depending on Pd Thickness 
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Figure 11. Cross Section of IMCs depending on Pd Thickness and Reflow Cycles 
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Figure 13. Cross Sectional Models of the IMCs depending on Pd Thickness and Reflow Cycles 
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Figure 12. Cross Section and Surface Morphology of IMCs after Reflow Cycles with 0.1μm and 0.5 μm thick Pd films 
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(2) Influence of thermal aging 
The level of reliability of the solder ball joint with a 0.1 μm 
thick electroless Pd film (Fig. 4f) was better than that 
obtained with a 0.03 μm thick electroless Pd film (Fig. 4d) 
after 1000 h of thermal aging. Therefore, the root cause of 
excellent solder joint reliability with a 0.1 μm thick 
electroless Pd film after thermal aging was investigated. 
 
The cross section and surface morphology of the IMCs after 
thermal aging were observed with 0.03 μm and 0.1 μm 
thick Pd films. The results are shown in Fig. 14. The IMC 
phase growth after thermal aging showed a more planar 
morphology than that after multiple reflow cycles. The 
IMC layers with 0.1 μm thick Pd film were thinner than 
those observed in the joints with 0.03 μm thick Pd film. 
The composition of the IMCs with 0.03 μm and 0.1 μm  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

thick Pd films were (Cu, Ni)6Sn5 [Cu : Ni : Sn=23.5 : 18.1 : 
57.4 wt%] and (Cu, Ni, Pd)6Sn5 [Cu : Ni : Pd : Sn=24.1 : 
17.4 : 0.2 : 58.3 wt%], respectively. 
 
The cross-sectional views of the IMCs for various Pd 
thicknesses after thermal aging are shown in Fig. 15. In the 
case of 0.1 μm thick electroless Pd film, (Cu, Ni, Pd)6Sn5 
IMCs were formed at the solder joint interface, and the 
growth rate of (Cu, Ni, Pd)6Sn5 IMC layers was less than 
that of (Cu, Ni)6Sn5 IMCs with thermal aging. We inferred 
that the trace amounts of Pd prevented the growth of the 
IMCs. The IMCs are generally more brittle than the base 
metal, and it is reported that thick IMCs decrease solder 
joint reliability20-22). We estimate that the thin layer of (Cu, 
Ni, Pd)6Sn5 IMCs with 0.1 μm thick Pd film after thermal 
aging is the cause of excellent solder ball joint reliability. 
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Figure 14. Cross Section and Surface Morphology of IMCs depending on Pd Thickness and Thermal Aging Time 
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CONCLUSION 
The influence of Pd film thickness in electroless Ni/Pd/Au 
plating on the solder ball joint reliability was investigated. 
The following conclusions were obtained. 
 
(1) Based on the solder joint reliability obtained after 
multiple reflow cycles and thermal aging, the optimum 
thickness of Pd film was found to be 0.05–0.2 m. 
(2) The shape of the IMCs is considered to be one of the 
factors that influence the solder joint reliability after 
multiple reflow cycles. We estimated that the high adhesion 
at the dendrite layers of IMCs/solder interface resulted in 
excellent joints after multiple reflow cycles. 
(3) The thickness of the IMCs is considered to be one of the 
factors that influence the solder joint reliability after 
thermal aging. For (Cu, Ni, Pd)6Sn5 IMCs that contained 
trace amounts of Pd, the growth of the IMCs is prevented 
by Pd, resulting in excellent solder ball joint reliability 
after thermal aging. 
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