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Abstract 
Screen-printing of solder bumps combined with electroless 

Ni-P plating of UBMs is one of the most cost effective flip 
chip bumping technologies. As many Pb-free solder pastes 
such as ternary and quaternary alloys have been applied, 
demands for understanding of interaction between electroless 
Ni-P UBM and various Pb-free solders also are increasing. 
Because of higher process temperature and higher Sn content 
than Pb63Sn solder, faster interfacial reaction and faster 
consumption of the UBM occur resulting in reliability 
problems of solder joint. In addition, it is expected that small 
addition of Cu in solder would greatly affects the formation 
and growth of IMCs, and consumption of the electroless Ni-P 
UBM. 
In this paper, interfacial reactions and reliability of 3 widely 

used Pb-free solder bumps (Sn3.5Ag, Sn4.0Ag0.5Cu, and 
Sn0.7Cu) on electroless Ni-P UBMs were investigated. UBM 
consumptions, ball shear strengths, and fracture modes were 
compared with each solder alloy. Finally, the best compatible 
Pb-free solder alloy with electroless Ni-P UBM will be 
suggested. 
It was observed that consumption of Ni-P UBM in Sn3.5Ag 

solder bump was much faster than those in Cu-contained 
solder bumps (SnAgCu and SnCu). Due to the small addition 
of Cu in Cu-contained solders, firstly forming IMC at the 
interface was not Ni3Sn4 but Cu6Sn5. Therefore, formation of 
Cu6Sn5 IMC in SnAgCu and SnCu solders greatly reduced 
consumption of Ni-P UBM. Compared with Sn4.0Ag0.5Cu 
and Sn0.7Cu, higher Cu content was more effective to reduce 
consumption of the UBM. In order to estimate reliability of 
each solder bump, ball shear strengths and shear modes were 
measured and compared, respectively. Ball shear strength 
seemed to be very dependent to mechanical properties of 
solder bumps. 

Introduction 
Bumping technology using electroless Ni-P UBM (under 

bump metallurgy) and screen-printed Pb-free solder bumps is 
extensively used in flip chip packaging due to its cost 
effectiveness. Because of environmental issue, Pb-free solders 
are being used recently. SnAg, SnAgCu, and SnCu solder 
alloys are promising candidates for Pb-free solder. However, 
the most compatible Pb-free solder with electroless Ni-P 
UBM is not known yet. In order to improve reliability of 

solder bump structure, study of interfacial reaction at the 
UBM/solder interface should be required. J.W. Jang et al 
reported that morphology and growing behavior of 
intermetallics (IMCs) formed at the interfaces between 
electroless Ni UBM and SnAg, SnAgCu, SnCu and SnAgBi 
solders [1]. In Cu-contained solders such as SnAgCu and 
SnCu, ternary IMCs which consist of Cu, Ni, and Sn were 
observed. Y. D. Jeon et al observed (Cu,Ni)6Sn5 and 
(Ni,Cu)3Sn4 IMCs consecutively at the interface between 
electroless Ni-P and Sn4.0Ag0.5Cu alloy [2]. They confirmed 
crystal structure of the IMCs by using diffraction patterns in 
TEM [2]. C. E. Ho. et al reported that Ni3Sn4 IMC was stable 
at the Ni/Sn0.2Cu interface, but Cu6Sn5 and Ni3Sn4 IMCs 
were stable at the Ni/Sn0.6Cu interface [3]. 

Interfacial reactions between Ni UBM and solder bump 
can be affected by small addition of Cu or Ag in solder, and 
consequently, reliability of solder joint also can be changed 
by consumption of the UBM and growth of IMCs.  

In this paper, Sn3.5Ag, Sn4.0Ag0.5Cu, and Sn0.7Cu 
alloys were fabricated on electroless Ni-P UBM, and their 
interfacial reactions were investigated in terms of the effects 
of Cu content in solder and reaction kinetics. Consumption 
rate of the UBMs in each solder systems was compared as a 
function of reflow temperature, reflow time, aging 
temperature, and aging time. Finally, the most suitable solder 
alloy will be discussed by means of reliability test and its 
analysis. 

Experiment 
6 µm of electroless Ni with 11~13 at% P and 0.08 µm of 

immersion Au were plated on Al I/O pads of test chips. Then, 
stencil-printing of Sn3.5Ag, Sn4.0Ag0.5Cu, and Sn0.7Cu 
solders followed. After reflow at 250 °C for 0.5 minute, each 
of solder balls was fabricated as shown in Figure 1. After 
solder bumps were initially fabricated, further reflowing and 
aging tests were performed to investigate interfacial reactions 
between liquid solder and electroless Ni and between solid 
solder and electroless Ni, respectively. After flux activation at 
150 °C for 1 minute, reflows at 260, 280, 300, 320, and 350 
°C for 0.5, 1, 2, 4, and 8 minutes were performed. Aging tests 
were performed at 85, 125, 150, 175, and 200 °C for 125, 
300, 500, 1000, and 2000 hours after the initial solder reflow. 
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Backscattered image electron (BSE) image and energy 
dispersive X-ray spectroscopy (EDS) in SEM were used to 
observe interface and analyze composition (20 KeV). 

Results & discussion 
3.1. Comparison of interfacial reactions between SnAg solder 

and Cu-contained solders 
 Fig. 1 shows Sn3.5Ag, Sn4.0Ag0.5Cu, and Sn0.7Cu 

solder bumps on electroless Ni-P UBMs reflowed at 250 °C 
for 30 sec, respectively. External shape and size of each 
solder bumps were identically designed. Fig. 2 shows 
interfaces between electroless Ni-P UBM and solder bumps 
after further reflow from 260 °C to 350 °C for 30 sec. In case 
of Sn3.5Ag, facet-like Ni3Sn4 IMC was formed and detached 
from the UBM. All of the UBM layer was consumed and 
changed to P-rich Ni layer after 350 °C reflow. In addition, 
there was a new layer resulted from reaction between P-rich 
Ni layer and Sn atoms. The P-rich Ni layer was composed of 
75 at% of Ni and 25 at% of P, however, the new layer was 
composed of 35~46 at% of Ni, 32~47 at% of Sn, and 18~23 
at% of P. Composition of the ternary Ni-Sn-P layer is very 
similar to Ni2PSn phase. 

 

  
(a) Sn3,5Ag 
solder bump 

(b)Sn4.0Ag0.5Cu 
solder bump 

(c) Sn0.7Cu 
solder bump 

Fig. 1. Fabrication of Pb-free solder bumps on electroless 
Ni-P UBM 

 
 In case of Sn4.0Ag0.5Cu and Sn0.7Cu solders, IMCs at 

the interface were completely different from IMCs formed in 
Sn3.5Ag solder. The firstly formed IMC in Cu-contained 
solders had 28~32 at % of Cu, 18~23 at% of Ni, and 47~50 
at% of Sn. Then, another IMC which consisted of 34~36 at % 
of Ni, 4~9 at% of Cu, and 57~61 at% of Sn was observed in 
higher temperature reflows. Diffraction patterns obtained by 
TEM confirmed that the firstly formed IMC and the secondly 
formed IMC were (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 phase, 
respectively [2]. Cu in (Cu,Ni)6Sn5 IMC comes from solder 
inside because there is no Cu source except solder. Therefore, 
formation of the (Cu,Ni)6Sn5 IMC is due to small addition of 
Cu in solder (0.5 and 0.7 wt%). Cross-sectioned images of 
two different IMCs are shown in Fig. 2-(b) and (c). The 
initially formed (Cu,Ni)6Sn5 IMC is well attached on the 
UBM. Then, it starts to separate from the UBM and grows 
abnormally when needle-like (Ni,Cu)3Sn4 IMC starts to 
forms. In Fig. 3, 3-dimensional morphology of each IMCs 
after the reflow at 320 °C for 1 min was obtained using 
preferential solder etching. Fig. 3. shows that the same IMCs 
formed in Sn4.0Ag0.5Cu and Sn0.7Cu solder bumps. The 
(Cu,Ni)6Sn5 IMC grown abnormally has facet-like 
morphology, and the (Ni,Cu)3Sn4 IMC under the (Cu,Ni)6Sn5 
IMC has needle-like morphology. Therefore, in Cu-contained 
solders, reaction of Cu and Sn is so important that it 

determines firstly formed IMC ((Cu,Ni)6Sn5) even though Cu 
content in solder is very low (0.5 wt%). However, there was 
no IMC which contains both Ag and Ni. Ag3Sn IMC resulted 
from Ag and Sn reaction was observed not at the interface, 
but only inside of solder bumps. It means that Ag does not 
affect consumption of electroless Ni UBM, and may affect 
mechanical property and melting point of solder alloy. 
 

 
Fig. 2. Interfaces between Pb-free solder bumps and 
electroless Ni-P UBMs during reflow at various 
temperature for 0.5 min 
 

 
Fig. 3. Morphology of IMCs in SnAgCu and SnCu solder 
bumps after 320 °C 1min reflow (a) SnAgCu solder bump 
(×1000) (b) SnAgCu solder bump (×5000) (c) SnCu solder 
bump (×1000) (d) SnCu solder bump (×5000) 
 

 Fig. 4 shows interfaces between electroless Ni-P UBM 
and solder bumps after aging from 85 °C to 200 °C for 125 
hours. The aging was performed after the solder bumps were 
firstly fabricated. All IMCs formed during aging were 
attached on the UBM. In case of Sn3.5Ag, the phase of IMC 
is Ni3Sn4. All of the UBM was consumed at 200 °C, and Ni-
Sn-P ternary IMC layer formed between P-rich Ni layer and 
Ni3Sn4 IMC. 
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Fig. 4. Interfaces between Pb-free solder bumps and 
electroless Ni-P UBMs during aging at various 
temperature for 125 hours 

 
 In the Cu-contained solders, (Cu,Ni)6Sn5 IMC formed in 

initial stage of aging. However, (Cu,Ni)6Sn5 IMC slowly 
changed into quaternary IMC which was composed of 19~22 
at% of Ni, 25~28 at% of Cu, 46~48 at% of Sn, and about 5 
at% of Au in further aging. Selected area diffraction patterns 
of the quaternary IMC confirmed that it was (Cu,Ni)6Sn5 
lattice with periodically distributed Au atoms [2]. In higher 
temperature aging above 175 °C, (Ni,Cu)3Sn4 IMC started to 
form under the quaternary IMC. Therefore, the formation of 
(Ni,Cu)3Sn4 IMC must be cause by decrease of Cu diffusion 
into interface. However, the abnormal growth and spalling of 
(Cu,Ni)6Sn5 IMC were not observed in aged interfaces. 

The clear difference between Sn3.5Ag solder and Cu-
contained solders is firstly formed IMC is (Cu,Ni)6Sn5 phase 
in Cu-contained solders, but Ni3Sn4 phase in Sn3.5Ag solder. 
In addition, consumption of electroless Ni UBM was the 
fastest in Sn3.5Ag solder bump. The same interfacial 
reactions were observed in Sn4.0Ag0.5Cu and Sn0.7Cu 
solder bumps except Ag3Sn IMC in Sn4.0Ag0.5Cu solder 
bumps. However, the kinetics of interfacial reactions will be 
different because of different Cu contents in solder (0.5 wt% 
and 0.7 wt%). 

 
3.2 Reaction kinetics in each solder bump systems 
3.2.1 Comparison of UBM consumption rate 

Fig. 5 shows decreasing UBM thickness in Sn3.5Ag, 
Sn4.0Ag0.5Cu, and Sn0.7Cu solder bumps during reflows, 
respectively. The UBM consumption in SnAg solder bump is 
much higher than those in SnAgCu and SnCu solder bumps. 
The reason why Ni UBM consumed slowly in Cu-contained 
solder bumps must be related to formation of (Cu,Ni)6Sn5 
lMC in initial stage of reflow and aging. Ni3Sn4 IMC formed 
in SnAg solder bump has 43 at% of Ni. However, 
(Cu,Ni)6Sn5 lMC formed in SnAgCu and SnCu solder bumps 
has 18~23 at% of Ni. It means the amount of consumed Ni in 
Ni3Sn4 IMC is nearly 1.9~2.4 times higher than that in 
(Cu,Ni)6Sn5 lMC. In addition, spalling of Ni3Sn4 IMC in 
SnAg solder bump may cause liquid Sn atoms to diffuse 
directly into the electroless Ni UBM. Therefore, addition of 

small amount of Cu (0.5~0.7 wt%) has the advantage of 
preventing fast consumption of Ni UBM. 

 
(a) 

 
(b) 

 
Fig.5 UBM consumption in Pb-free solders during 

reflow (a) under 280 °C (b) over 280 °C 
 

(a)                                          (b) 

  
Fig. 6. Activation energies of IMCs formed during reflow 
(a) in SnAgCu (b) SnCu 

 
Comparing Sn4.0Ag0.5Cu with Sn0.7Cu, UBM 

consumptions below 280 °C reflows are nearly the same in 
both solder bumps (Fig. 5-1). However, over 300 °C, UBM 
consumption in Sn0.7Cu solder bumps is faster than that in 
Sn4.0Ag0.5Cu solder bumps. The different consumption rate 
of UBM between SnAgCu and SnCu is due to amount of Cu 
in solder alloys. Fig. 6 shows the Arrhenius plots of IMCs in 
SnAgCu and SnCu solder bumps. The activation energies of 
IMCs can be obtained by measuring slopes of each curves [2]. 
In case of SnAgCu solder, activation energies of (Cu,Ni)6Sn5 
lMC and (Ni,Cu)3Sn4 IMC are 45~61 and 5~24 kJ/mol, 
respectively. In case of SnCu solder, activation energies of 
(Cu,Ni)6Sn5 lMC and (Ni,Cu)3Sn4 IMC are 67.7~75.1 and 
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9.6~10.8 kJ/mol, respectively. The activation energy of 
(Cu,Ni)6Sn5 lMC is much higher than that of (Ni,Cu)3Sn4 
IMC. That means growth of (Cu,Ni)6Sn5 lMC increases 
exponentially with increasing temperature. Therefore, very 
fast reaction to form (Cu,Ni)6Sn5 lMC occurs at high 
temperature reflow above 300 °C in both Cu-contained 
solders. However, because there is more Cu in Sn0.7Cu 
solder than Sn4.0Ag0.5Cu solder, (Cu,Ni)6Sn5 lMC can grow 
more in Sn0.7Cu solder and Ni consumption in Sn0.7Cu 
solder also becomes faster. In practical point of view, both 
Sn4.0Ag0.5Cu solder and Sn0.7Cu solder are good materials 
for lowering UBM consumption because reflows are 
generally performed under 280°C. 

 
(a) 

 
(b) 

    
Fig.7 UBM consumption in Pb-free solders during aging 
(a) under 125 °C (b) over 125 °C 

 
 Fig. 7 shows decreasing UBM thickness in Sn3.5Ag, 

Sn4.0Ag0.5Cu, and Sn0.7Cu solder bumps during aging, 
respectively. Like reflow process, UBM consumption in 
Sn3.5Ag is much faster than that in Cu-contained solders. 
Formation of (Cu,Ni)6Sn5 lMC in Cu-contained solders is 
very helpful to decrease consumption rate of the UBM in 
aging, too. In Fig. 7, the slowest consumption rate of UBM 
was observed in higher Cu content solder (Sn0.7Cu). This 
behavior can be clearly showed at high temperature agings 
like 150, 175, and 200 °C. Fig. 8 shows interfaces of 
Sn4.0Ag0.5Cu and Sn0.7Cu solder bumps after 175 °C for 
500 hrs and 200 °C for 500 hrs, respectively. After aging at 
175 °C for 500 hrs, double layer structure made of 

(Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 IMC was observed in 
Sn4.0Ag0.5Cu solder bumps. However, in Sn0.7Cu solder 
bump, only (Cu,Ni)6Sn5 lMC was observed after aging at 175 
°C for 500 hrs. After aging at 200 °C for 500 hrs, all UBM 
layer was consumed in Sn4.0Ag0.5Cu solder, however, 
nearly 3 µm of UBM layer still remained in Sn0.7Cu solder. 
Due to higher Cu content in Sn0.7Cu solder, the (Cu,Ni)6Sn5 
IMC formed in Sn 0.7Cu bump grows more and longer than 
in Sn4.0Ag0.5Cu bump. Higher activation energy of 
(Cu,Ni)6Sn5 IMC is not considerable because aging 
temperature is much lower than reflow temperature. 
Therefore, consumption rate of the UBM decreases as more 
the (Cu,Ni)6Sn5 IMC forms. The UBM is consumed with 
formation of (Ni,Cu)3Sn4 IMC because more Ni is required in 
(Ni,Cu)3Sn4 IMC. 

Based on these results, suitable Pb-free solder alloy for 
electroless Ni-P UBM can be selected. In a low temperature 
application below 150 °C, Cu-added solder alloys such as 
Sn4.0Ag0.5Cu and Sn0.7Cu are better than solder alloys 
without Cu. In a high temperature application above 150 °C, 
the more Cu the solder alloy has, the lower the consumption 
of the UBM occurs. 

 

 
Fig.8 Interface between electroless Ni UBM and (a) 
SnAgCu solder bumps (b) SnCu solder bumps 

 
3.2.2 Interfacial reaction mechanism 

Reaction mechanism at the interface can be estimated 
using the graphs of UBM thickness as a function of 
temperature and time in Fig. 5 and 7. All curves can be fitted 
to power law equation as shown below. 

ntKdd ⋅+= 0  
 d=thickness, d0=initial thickness, K=power law constant, 

t=time, n=power law exponent 
 
 The cases when all UBM layer was consumed and 

consumption of the UBM was under 1 µm were excluded 
because of large error. It is known that interfacial reaction 
follows ideal diffusion-controlled mechanism when n (power 
law exponent) equals 0.5 [4,5]. When n equals 0.33, reaction 
follows grain boundary diffusion-controlled mechanism [4]. 
Measured power law exponents (n) in SnAg case were 
0.578±0.0780 in reflow, 0.36537±0.16924 in aging, 
respectively (Table 1). They means interfacial reaction in 
SnAg solder bump follows ideal diffusion controlled 
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mechanism during reflow, and grain boundary diffusion-
controlled mechanism during aging. During reflow of SnAg 
solder bump, liquid Sn and Ni atoms can diffuse into the 
interface because of spalled Ni3Sn4 IMC. However, during 
aging of SnAg solder bump, Sn and Ni atoms must diffuse 
through IMC layer. Because the grain boundary of the IMC is 
the fastest diffusion path, the measured n value (0.36537) 
means grain boundary diffusion-controlled mechanism. 

In SnAgCu and SnCu solder bumps, power law exponents 
have similar values as shown in Table 1. Power law 
exponents (n) are in the range of 0.4~0.5 during reflow below 
300 °C, and n decreases to 0.2~0.3 in higher temperature than 
300 °C. During aging, ns are in the range of 0.4~0.5. It is hard 
to explain the power law exponents measured in SnAgCu and 
SnCu solder bumps, but they are presumably related to 
transition of IMCs from (Cu,Ni)6Sn5 to (Ni,Cu)3Sn4.  

 
Table 1. Power law constant and exponent fitted with 
Figure 5 and Figure 7. 

 
3.3 Comparison of reliability of each solder bump 

systems 
3.3.1 Ball shear strength 
Fig. 9 shows ball shear strengths of SnAg, SnAgCu, and 

SnCu solder bumps fabricated with same size. Shear height 
was 15 µm and stylus speed was 1000 µm/sec. After reflow, 
SnAg has the highest shear strength (~70 g·force) and SnCu 
has the lowest shear strength (~40 g·force). Ball shear 
strengths of SnAg, SnAgCu, and SnCu solder bumps after 
aging were ~60, ~60, and ~40 g·force, respectively. 

Besides shear strength, shear force vs. displacement 
curves is also important (Fig. 10). The area under the curve 
means shearing energy. As the area under the curve is larger, 
the deformation of solder bump is more plastic. In Fig. 10, 
SnAg solder bump after reflow at 260 °C for 30 sec shows 
high shear strength but very short displacement rather than 
other cases. Therefore, this shear is brittle fracture which 
means deformation energy is small. The fractured surface of 
the reflowed SnAg solder bumps was observed at the P-rich 
Ni layer. However, the other curves in Fig. 10 have larger 
deformation energy and sheared surface was inside of solder 

bumps. Spalled Ni3Sn4 IMC only appeared in the SnAg solder 
after reflow may be the origin of brittle fracture. Well-
attached IMCs on UBMs were observed in all other cases 
except reflowed SnAg solder bump. Presumably, IMC 
adhered to the UBM may increase deformation energy and 
prevent brittle fracture at the P-rich Ni layer. Therefore, 
spalled Ni3Sn4 IMC in SnAg solder is unfavorable for solder 
joint reliability. 
 
(a)                                              (b) 

 
 
Fig. 9. Shear strength of SnAg, SnAgCu, SnCu solder 
bumps after (a) reflow and (b) aging  
 

 
Fig. 10. Shear strength as a function of displacement in 
Pb-free solder bumps 

Conclusions 
Sn3.5Ag, Sn4.0Ag0.5Cu, and Sn0.7Cu solder bumps on 

electroless Ni-P UBMs were fabricated and their interfacial 
reactions and reliability were compared. Spalling of Ni3Sn4 
IMC was observed in Sn3.5Ag solder bump after reflow. In 
Cu-contained solders, (Cu,Ni)6Sn5 IMC firstly formed and 
(Ni,Cu)3Sn4 IMC followed. The consumption rate of the 
UBM in Cu-contained solders is much slower than that in 
Sn3.5Ag solder. In addition, solder alloy with higher Cu 
content is recommended to reduce UBM consumption in high 
temperature application. Diffusion mechanism at the interface 
of each solder bumps was suggested by using power law. 

 Ball shear strength and displacement were measured and 
reliability of solder bumps were investigated. Brittle fracture 
at the P-rich Ni layer was observed in reflowed Sn3.5Ag 
solder bump. The deformation energy of brittle fractured 
Sn3.5Ag solder bumps was smaller than the other solder 

 SnAg SnAgCu SnCu 
Reflow K n K n K n 
260 °C -1.227 0.5979 -0.434 0.4375 -0.408 0.3356
280 °C -2.094 0.4919 -0.548 0.5563 -0.574 0.5323
300 °C -3.232 0.6502 -0.831 0.3923 -1.177 0.3683
320 °C N/A N/A -0.956 0.3488 -1.936 0.1801
350 °C N/A N/A -1.092 0.2986 -2.132 0.1559

 SnAg SnAgCu SnCu 
Aging K n K n K n 
85 °C 0.0056 0.5993 -0.002 0.5655 N/A N/A 

125 °C 0.1359 0.2212 -0.002 0.6935 -0.010 0.4285
150 °C 0.1813 0.2642 -0.009 0.6046 -0.011 0.4606
175 °C 0.1607 0.3767 -0.022 0.6425 -0.018 0.5577
200 °C N/A N/A N/A N/A -0.145 0.4529
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bumps. Spalled Ni3Sn4 IMC in reflowed Sn3.5Ag solder may 
be the origin of brittle fracture.  

Comparing consumption rate of the UBM and shear 
strength, Cu-contained solders such as SnAgCu and SnCu 
solder alloys are better than solder alloys without Cu as a 
bump material for electroless Ni-P UBM. 
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