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Abstract 

A systematic investigation of mechanical testing was 
conducted to correlate the brittle fracture observed in Ni(P) 
metallization with Ni-Sn intermetallic spalling in Pb-free 
solder joints. To produce lap shear test samples, two FR4 
PCBs finished with Ni(P)/Au were reflowed using two Pb-
free solders, Sn-3.5Ag and Sn-3.0Ag-0.5Cu (in wt.%). Brittle 
fracture was found in the solder joints made of Sn-3.5Ag, 
while only ductile fracture was observed in the Cu-containing 
solder (Sn-3.0Ag-0.5Cu). For Sn-3.0Ag-0.5Cu joints, 
(Ni,Cu)3Sn4 and/or (Cu,Ni)6Sn5 IMCs were formed at the 
interface between the solder and Ni(P) film. For Sn-3.5Ag, 
Ni3Sn4 was formed and spalled off the Ni(P) film, causing 
brittle fracture in solder pads where Ni3Sn4 had spalled. From 
the analysis of fracture surfaces, it was found that the brittle 
fracture occurs through the Ni3SnP layer The growth of the 
Ni3SnP layer appears to be responsible for  Ni3Sn4 spalling 
and thereby for the brittle fracture of Ni(P)/solder 
interconnection. 

To prevent IMC spalling from the Ni(P) metallization, a 
thin intermediate layer of Sn or Cu was deposited by 
electrolytic or electroless plating method on the Ni(P) film. 
During the reflow reaction of Sn-3.5Ag solder paste, the  
intermediate layers effectively suppressed Ni3Sn4 spalling 
during the reflow reaction at 250°C for 30 min, while Ni3Sn4 
easily spalled off the Ni(P) film in a few minutes in the 
control samples without an  intermediate layer. 

 

Introduction 
Electroless Ni(P)/immersion gold (ENIG) has been used 

for under bump metallization (UBM) of flip chip and ball grid 
array (BGA) and as a surface finish layer of printed circuit 
boards (PCB).1-9 Electroless Ni(P) is selectively deposited on 
metal surfaces with a uniform thickness.10,11 Immersion gold 
layer prevents the Ni(P) layer from oxidation and enhances 
wettability of solders.7 However, the Ni(P) metallization has 
two technical concerns against extensive commercial 
application. The first one is spalling of intermetallic 
compound (IMC) during the wetting reaction with Sn-
containing solders.9,12 IMC spalling from other thin film 
UBMs has been found only after a complete consumption of 
the film. The Ni(P) metallization, however, shows the spalling 
phenomena before consuming all of the metallization. The 
second concern is brittle fracture phenomena,1-8 reported in  
surface mount BGA packages on a printed circuit board 
(PCB) with ENIG metallization on the pads. The failure has 

been reported to be unpredictable and occur at relatively low 
defect levels.5 Interfacial P segregation 2, void and crack 
formation during the crystallization of the Ni(P) film into 
Ni3P phase 7, or hyperactive corrosion of the Ni(P) film 
during the immersion gold plating 3 have been suggested as 
possible causes of the brittle fracture. The mechanism of the 
brittle fracture, however, has not been well understood yet. In 
this study,  the relationship between IMC spalling and the 
brittle fracture of ENIG/solder interconnection was 
systematically investigated. In addition, a method to prevent 
IMC spalling and thereby to reduce the brittle fracture was 
demonstrated by deposition of a thin ntermediate layer of Sn 
or Cu on top of the Ni(P) film.  

 

Experimental 
A specimen for lap-shear testing is composed of two FR4 

PCBs having 16 solder pads with 250µm diameter. The PCB 
size was 10×10 mm2 and 10×30 mm2 for the top and bottom 
substrate, respectively. The same UBM, Cu/Ni(7P)/Au, was 
used for both sides. Ni(7P) means that the film has 7wt.% P. 
The schematic diagrams of the test specimen and 
metallization scheme are presented in Fig. 1(a) and (b). Sn-
3.5Ag or Sn-3.0Ag-0.5Cu (all in wt.% unless specified 
otherwise) solder paste was deposited on the bottom PCB and 
reflowed for 1min at 250°C in N2 atmosphere. Then, the top 
PCB was joined by the second reflow for 1 or 5min at 250°C. 
Shear testing was conducted at a loading rate of 0.2mm/min 
with the specimen held in a stainless steel jig as depicted in 
Fig. 1(a). 

Intermediate layers to prevent the spalling were deposited 
on the Ni(9P) film with commercial electrolytic or electroless 
plating solutions. A substrate for this reaction study was a Si 
wafer on which Cr/Cu thin films had been consecutively 
sputtered. A schematic structure is presented in Fig. 1(c). 
Electroless Cu was plated about 0.7µm thick at 33°C ± 1°C 
with a solution from C. Uyemura Co., Ltd. Soldering was 
performed using Sn-3.5Ag solder paste at 250°C up to 30min. 
The solder joints were investigated using scanning electron 
microscopy (SEM) with energy dispersive x-ray spectroscopy 
(EDX). Cross-sectional SEM specimens were prepared by the 
standard procedure of epoxy-mounting, polishing and 
selective etching. 

 

Results and Discussion 
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Fig. 1. Schematic diagrams showing (a) a shear-test specimen 
held in stainless steel jig, (b) a solder pad in the shear-test 
specimen, and (c) a specimen for the reaction study with 
intermediate layers.  
 

1) Interfacial reactions 
After the 1st reflow to the bottom PCB, needle-like Ni3Sn4 

IMC was formed with some chunks at Sn-3.5Ag solder joint, 
while layer-type (Cu,Ni)6Sn5 formed at Sn-3.0Ag-0.5Cu joint 
as shown in Fig. 2(a) and (b). For the Sn-3.5Ag joint, the 
spalling of Ni3Sn4 IMC increased as reflow time increased as 
shown in Fig. 2(c) and (e). In case of Sn-3.0Ag-0.5Cu, 
(Ni,Cu)3Sn4 IMC was formed at top joints instead of the 
(Cu,Ni)6Sn5 IMC as Cu concentration in the solder deceased 
due to the formation of (Cu,Ni)6Sn5 during the 1st reflow. For 
an extended reflow time such as 6 min, at bottom joints, 
(Ni,Cu)3Sn4 IMC grew underneath the (Cu,Ni)6Sn5 IMC, 
which was finally separated from the (Ni,Cu)3Sn4,as shown in 
Fig. 2(f).  

It was reported that Ni3Sn4 IMC was formed on Ni UBM 
during the reaction with Sn-3.5Ag and (Cu,Ni)6Sn5 ternary 
IMC with Sn-3.5Ag-0.5Cu. 13 The growth rate of (Cu,Ni)6Sn5 
was faster than Ni3Sn4. It was also pointed out that 
(Ni,Cu)3Sn4 IMC grew underneath the (Cu,Ni)6Sn5 IMC when  
the Cu content in the solder decreased to 0.2 wt.%. However, 
in the present study, we observed that Ni3Sn4 in Sn-3.5Ag 
grew thicker than the Ni-Cu-Sn ternary IMCs, (Cu,Ni)6Sn5 or 
(Ni,Cu)3Sn4, in Sn-3.5Ag-0.5Cu as shown in Fig. 2. In 
addition, Ni3Sn4 IMC spalled, while the ternary IMCs didn’t 
spalled off the Ni(P) surface. The spalling behavior was 

closely related with IMC morphology and crystallization of 
the Ni(P) film. Ni3Sn4 on the Ni(P) metallization initially 
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Fig. 2. Cross-sectional micrographs showing bottom joint 
after the 1st reflow (a) with Sn-3.5Ag and (b) with Sn-3.0Ag-
0.5Cu, top and bottom joint after the 2nd 1min reflow (c) with 
Sn-3.5Ag and (d) with Sn-3.0Ag-0.5Cu, and after the 2nd 
5min reflow (e) with Sn-3.5Ag and (f) with Sn-3.0Ag-0.5Cu 
(all the pictures are in same magnification). 

 
grew with needle-like morphology 12, while the ternary IMCs  
was formed as a layer-type. The layer-type IMCs effectively 
reduce the interaction between solder and the Ni(P) film as 
good diffusion barriers. 9,14 However, molten Sn can easily 
reach the interface between Ni3Sn4 and the Ni(P) film through 
many channels among needle-like Ni3Sn4 IMCs. 

A part of the Ni(P) film underneath the Ni3Sn4 IMC 
crystallized into a Ni3P phase due to Ni out-diffusion and P 
enrichment in the region. 15,16 Also, a thin nanocrystalline Ni-
Sn-P layer was found on top of the Ni3P layer, confirmed as 



Ni3SnP phase by TEM investigations. 12,17,18 In the previous 
study 12, we pointed out that growth of the Ni3SnP layer 
caused Ni3Sn4 spalling and that Ni consumption and 
crystallization of the Ni(P) film were accelerated after the 
spalling. The Ni3SnP layer kept growing after the spalling. As 
a result, after the same reaction time, the thickness of 
remaining Ni(P) film was smaller in Sn-3.5Ag than in Sn-
3.0Ag-0.5Cu solder as shown in Fig 2(e) and (f). A thin Au 
layer on the Ni(P) film is known to be quickly dissolved in a 
solder and not to participate in the interfacial reaction. 17,18 

During the reaction between Ni and Sn-3.9Ag-xCu, Ho et 
al. reported a formation of (Cu,Ni)6Sn5 IMC if x ≥ 0.5, and 
(Ni,Cu)3Sn4 if x ≤ 0.4. 19,20  In this study, the thickness of  
(Cu,Ni)6Sn5 IMC  formed in Sn-3.0Ag-0.5Cu was measured 
to be 1.61(±0.43)µm at the bottom joint after the 1st reflow. 
During the 2nd 1min reflow, the (Cu,Ni)6Sn5 IMC grew up to 
3.04(±0.57)µm while (Ni,Cu)3Sn4  grew to 3.38(±0.58)µm 
thick at the top joint. After 6min reflow, (Cu,Ni)6Sn5 was 
detached as (Ni,Cu)3Sn4 grew underneath the (Cu,Ni)6Sn5 
IMC as shown in Fig. 2(f). The type and spalling behavior of 
the IMCs are summarized in Table Ⅰ. 

 Using the IMC thickness data measured, the Cu 
concentration or number of remaining Cu atoms in the solder 
after a reflow reaction can be estimated from the following 
equation (1). 
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where subscript s and I represent solder and IMC. (V, ρ, M ; 
volume, density, molecular(atomic) mass, NA ; Avogadro’s 
number, n ; wt.% of Cu in the solder before reaction, A ; area 
of the solder pad, t ; thickness of IMC, m ; number  of Cu (Ni) 
atoms per a molecule of IMC, and p ; fraction of Cu 
occupying Cu (Ni) sites of the IMC lattice) For the 
calculation, we assumed that densities of (Cu,Ni)6Sn5 and 
(Ni,Cu)3Sn4 are the same as Cu6Sn5 (8.28g/cc) and 
Ni3Sn4(8.65g/cc). 21 p was set as 0.6 and 0.2 for the former 
and latter IMC based on EDX analysis and literatures ; 
(Cu0.6Ni0.4)6Sn5 and (Ni0.8Cu0.2)3Sn4. 19,20 The 1st term in the 
right-hand side of eq. (1) describes the number  of Cu atoms 
in the solder before a reaction, while the 2nd term does the 
number of Cu atoms consumed for IMC formation.  

After the 1st 1min reflow, from equation (1), the Cu 
content changes from 0.5 to 0.37 wt.% so that (Ni,Cu)3Sn4 is 
expected to form at the top joint during the 2nd reflow. During 
the 2nd 1min reflow, Cu is consumed at both solder joints and 
is estimated to decrease to 0.18wt.%. This value is close to the 
transition point of 0.2wt.%, from (Cu,Ni)6Sn5 to (Ni,Cu)3Sn4 
formation as reported in ref. 13. Therefore, the transition is 
expected to occur at the end of the 2nd 1min reflow. Based on 
the estimation on Cu concentration, the MC phases observed 
in this study are consistent with the previous reports. 19,20 

 

2) Correlation between IMC spalling and brittle fracture 
After lap-shear testing, the fracture surfaces were closely 

examined to analyze the fracture mode. Only two fracture 

modes were found ; ductile fracture through the bulk solder or 
brittle fracture through the interface between Ni3Sn4 and the 
Ni(P) film. Plane-view SEM micrographs of the ductile-  
Table Ⅰ. Correlation between IMC spalling and the brittle 
fracture of ENIG/Pb-free solder interconnection.  
solder interface reflow 

(min) 
IMC spalling 

area (%) 
B-F area 
(%) 

top 1 Ni3Sn4 0 0 
bottom 2 Ni3Sn4 5.9 9.3 
top 5 Ni3Sn4 3.3 3.1 

Sn-
3.5Ag 

bottom 6 Ni3Sn4 17.8 7.6 
top 1 (Ni,Cu)3Sn4 0 0 
bottom 2 (Cu,Ni)6Sn5 0 0 
top 5 (Ni,Cu)3Sn4 0 0 

Sn-
3.0Ag-
0.5Cu 

bottom 6 (Cu,Ni)6Sn5 
(Ni,Cu)3Sn4 

0 0 

• B-F area denotes brittle-fractured area.  
 
fracture and the brittle-fracture solder joints are presented in 
Fig. 3(a) to (d). The white compounds on the pad in Fig. 3(d) 
are remaining Ni3Sn4 after the brittle fracture. Most Ni3Sn4 
IMCs were found inside solder ball. In case of the brittle 
fracture, the surfaces of both ball and pad side were 
completely covered with tiny particles as shown in Fig. 3(e). 
The nano-particles were confirmed as Ni3SnP grains by 
comparing the size and analyzing the composition with EDX 
(inset of Fig 3(b) ; Ni 55.34, P 22.17, and Sn 22.49 at.%). 
EDX analysis was performed at a low power of 10kV to 
minimize the penetration depth of X-ray. For a reference, a 
plane-view of the Ni3SnP layer on a Ni(13P) film is presented 
in Fig. 3(f).  

The results show that the Ni3SnP layer is mechanically 
weak and the brittle fracture occurs through the Ni3SnP layer. 
Since Kirkendall voids were found inside the Ni3SnP layer 
12,17, the brittle fracture might occur through the void areas in 
the Ni3SnP phase. The brittle fracture was only found in Sn-
3.5Ag solder joints where Ni3Sn4 IMCs spalled off. The  
spalling area and the brittle-fractured area were measured as a 
fraction of the fractured surface and summarized in Table Ⅰ. 
The brittle-fracture area does not match directly with the 
spalling area, which is not understood at present and needs 
further investigation. However, the experimental results 
provide an important implication that control of IMC spalling 
is crucial to ensure the reliability of ENIG/solder system since 
the Ni3SnP layer grows during/after the spalling process 12. 

 

3) Effect of intermediate layer deposition on IMC spalling 
A thin intermediate layer of Sn or Cu  was deposited on 

the Ni(9P) film by electroplating (EP) or electroless plating 
(EL).22 And then, the Ni(9P) films with or without the 
intermediate layer were reacted with 130µm thick Sn-3.5Ag 
(solder paste) at 250°C up to 30min as depicted in Fig. 1(c). 
The thicknesses of the intermediated layers and the 
characteristics of the IMCs formed during the reactions were 
summarized in Table Ⅱ.  



The Ni(9P)/electroplated (EP) Sn UBM successfully 
stopped Ni3Sn4 spalling up to 30min reaction, while the IMCs 
spalled off the Ni(9P) film without an intermediate layer only  
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Fig. 3. Plane-view SEM micrographs showing (a) ball side 
and (b) pad side of typical ductile-fractured solder joint, (c) 
ball side and (d) pad side of typical brittle fractured solder 
joint, (e) magnified view of the brittle-fractured surface of (d) 
and composition analysis by EDX area scan at 10Kv, and (f) 
the Ni-Sn-P layer formed on the Ni(13P) film after Ni3Sn4 
spalling (the solder was selectively etched away).  
 
after 2min reaction as shown in Fig. 4(a) to (d). Though 
electroplating of Sn film didn’t change the phase and 
composition of the IMC, it protected the surface of Ni(P) film 
and provided a good wettable surface during reflow reaction. 
On the other hand, the deposition of a thin Cu layer on the 

Ni(P) film altered the chemical structure of the IMCs in 
addition to the protection of the initial Ni(P) surface.  For the 
solder joints with a Cu intermediate layer, ternary IMCs such 
(a)                                            (b) 
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Fig. 4. Cross-sectional SEM micrographs showing interfacial 
microstructures after the reactions between 130µm thick Sn-
3.5Ag (solder paste) and different UBMs at 250°C. ;   
(a), (b) : Ni(9P) UBM after 2min and 10min reflow 
(c), (d) : Ni(9P)/EP Sn (2µm) after 2min and 30min reflow 
(e), (f) : Ni(9P)/EP Cu (0.9µm) after 2min and 30min reflow 
(g) : Ni(9P)/EL Cu (0.7µm) after 30min reflow 
• all the pictures except (g) are in same magnification.  
 



as (Ni,Cu)3Sn4 and (Cu,Ni)6Sn5 was formed at the interface 
instead of Ni3Sn4 IMC. The Ni3Sn4 formed as needle-shape 
and changed into chunks with reaction time, while the ternary 
Table Ⅱ. Characterization of the intermediate layers and 
interfacial IMCs formed during the reactions with Sn-3.5Ag 
solder.  

inter-
mediate 

layer 

layer 
thickness 

(µm) 

Cu wt.% 
before 

reaction 

IMC phase and 
thickness (µm) after 

30min reaction 

Cu wt.% 
after 

reaction 

EP Sn 2.0 - Ni3Sn4 9.3 - 
EP Cu 0.4 0.37 (Ni,Cu)3Sn4 3.8 0.17 
EL Cu 0.7 0.64 (Cu,Ni)6Sn5 

(Ni,Cu)3Sn4 
1.2 
0.5 

  0.40* 

EP Cu 0.9 0.82 (Cu,Ni)6Sn5 3.2 0.18 
* Cu wt.% after a formation of (Cu,Ni)6Sn5 IMC without 
considering (Ni,Cu)3Sn4 IMC.  
 
IMCs was formed as a layer structure which effectively 
reduced the consumption of the Ni(P) film as a good diffusion 
barrier. As a result, the growth of the Ni3P layer underneath 
thin ternary IMCs was under control as shown in Fig. 4(d), (f), 
and (g). All the intermediate layers deposited on the Ni(9P) 
film succeeded in preventing IMC spalling until 30min 
reaction at 250°C.  

Assuming complete dissolution of the Cu layers into the 
solder, the intermediate Cu films can be converted to Cu wt.% 
comprising a Sn-3.5Ag-xCu solder. The dissolution of 0.4, 
0.7, and 0.9 µm thick Cu layer will account for 0.37, 0.64, 
and 0.82 wt.% Cu in the Sn-3.5Ag-xCu solder as summarized 
in Table Ⅱ. A solubility limit of Cu in Sn-3.5Ag was reported 
to be 1.54wt.% at 260°C. 23 During the reaction with 
Ni(P)/EP Cu (0.4µm) UBM, only (Ni,Cu)3Sn4 IMC was 
formed from 2min to 30min reaction since the Cu content was 
less than 0.4wt.%. When the Cu concentration was more than 
0.5wt.%, for 0.7 or 0.9µm thick Cu film, the (Cu,Ni)6Sn5 IMC 
was formed as reported in literatures.19,20 After 30min reaction 
with Ni(P)/EP Cu (0.9µm) UBM, 3.2µm thick (Cu,Ni)6Sn5 
IMC was formed and the Cu concentration decreased to 
0.18wt.% close to the transition point of 0.2wt.%. 13 The 
change of Cu concentration in the solder was calculated with 
the measured thickness of the IMC using eq. (1). We 
confirmed that some (Ni,Cu)3Sn4 IMC was indeed formed 
underneath the (Cu,Ni)6Sn5 IMC in some areas of the 
specimen. However, after 30min reaction with Ni(P)/EL Cu 
(0.7µm) UBM, the Cu concentration in the solder was not 
estimated to decrease to 0.2 wt.% based on the calculation 
using the thickness of  the (Cu,Ni)6Sn5 IMC even though a 
continuous (Ni,Cu)3Sn4 layer was clearly present as shown in 
Fig 4(g). Since the calculated Cu concentration in the solder 
after the formation of (Cu,Ni)6Sn5 was 0.4wt.%, we still need 
0.2wt.% more consumption of Cu to reach the transition point 
(0.2wt.%). Large-grown (Cu,Ni)6Sn5 chunks were found 
inside the solder near the interface after the reactions with 
Ni(P)/EL Cu, while not found with Ni(P)/EP Cu. The 
(Cu,Ni)6Sn5 chunks inside the solder might account for 
0.2wt.% more Cu consumption needed to reach the transition 
point. It is not obvious at present why the (Cu,Ni)6Sn5 IMC 

was found both in the solder and at the interface in the 
electroless plated Cu samples, while in the electroplated Cu 
samples most IMC were found only at the interface. 

Conclusions 
Correlation between IMC spalling and the brittle fracture 

of ENIG/solder joint has been studied by performing lap 
shear testing of PCBs having the Ni(P) metallization joined to 
Pb-free solders. Following conclusions are drawn in this 
study ;  
(1) Ni3Sn4 IMC was formed and spalled off the Ni(P) surface 
in the solder joints made of Sn-3.5Ag, while Cu-Ni-Sn 
ternary IMCs were formed in Sn-3.0Ag-0.5Cu solder joints 
and didn’t spalled off.  
(2) The brittle fracture occurred through the Ni3SnP layer in 
the Sn-3.5Ag solder pads where Ni3Sn4 IMC spalled. Control 
of IMC spalling is important to prevent the brittle fracture of 
ENIG/solder interconnection since the Ni3SnP layer grows 
during/after the spalling process. 
(3) A thin intermediate layer of Sn or Cu deposited on the 
Ni(P) film significantly suppressed IMC spalling. . The Sn 
layer provided protection of the Ni(P) surface and good 
wettable surface during reflow. The Cu film changed the 
chemical structure of the interfacial IMCs in addition to 
providing a good wettable surface. 
(4) The Cu intermediate layer is considered as a better 
diffusion barrier since it effectively reduced a consumption of 
the Ni(P) film with the formation of layer-type Cu-Ni-Sn 
ternary IMCs. 
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