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Abstract 

 

A significant reduction of the undercooling of Sn-based solder alloys was previously 

reported when they were reacted with various under bump metallurgies (UBMs). In the 

present study, new experiments have been designed and carried out to understand the 

undercooling behavior of various Cu- and Ni-doped solders on Ni UBM. Two 

competing mechanisms were further investigated that includes the formation of 

intermetallic compounds (IMCs) at solder/UBM interface and the change of solder 

composition due to the dissolution of Ni UBM into solder. Two types of IMCs, 

including both Ni3Sn4 and Cu6Sn5, that were formed at the interface were correlated 

with the undercooling of Sn-0.2Cu and Sn-3.8Ag-0.2Cu solders. In addition, the 

compositional changes of various Sn-based solders after reactions with Ni UBM were 

analyzed. Based on the experimental results, it was found that the significant reduction 

in undercooling is primarily caused by dissolved Ni atoms from Ni UBM and the 

concurrent formation of Ni3Sn4 IMC in the solder matrix. Finally, the beneficial effect 

of Ni dissolution is thermodynamic favorable as confirmed by the thermo-calculation 

and DSC measurements with various Ni-doped solder alloys. 
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1. Introduction 

 

Near-eutectic binary or ternary Sn-based solder alloys are the promising Pb-free 

candidates to replace Pb-containing solders such as 37Pb-63Sn or 97Pb-3Sn in 

electronic packaging applications. The popularly used Sn-based solders include Sn-

0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu (in weight percent unless specified otherwise). 

Since most Sn-based solders consist of more than 90 wt% Sn and a small amount of 

alloying additions such as Cu and Ag, the physical, chemical and mechanical properties 

are heavily affected by the unique body-centered tetragonal crystal structure of pure 

Sn.1 The significant undercooling behavior of Sn-based solders clearly indicates one of 

such propensities that molten Sn solder is difficult to solidify. When Sn-based solders 

are solidified, the solidification does not occur readily even though the liquid phase 

passes its equilibrium phase transformation temperature. This phenomenon is called as 

“undercooling” and is attributed to the difficulty in nucleating a solid phase from a 

liquid phase. 

 

In case of the pure Sn without any appreciable amount of doped impurities, the 

maximum undercooling observed was 107-120K.2,3 The amount of undercooling in Sn-



based Pb-free solders was recently reported to be about 30°C, which is much larger than 

the undercooling of Pb-rich solders.4-6 The large amount of the undercooling in Sn-

based solders can influence their microstructures, such as Sn dendrite size, eutectic 

microstructure, formation of large primary phases such as Ag3Sn and Cu6Sn5,4,5 and, 

thereby their mechanical properties.7,8 In addition, a large amount of undercooling can 

have a serious bearing on the reliability of solder joints, such as in flip chip solder 

bumps, since random solidification in a full area array of many tiny solder bumps can 

cause an unfavorable situation in which some bumps already solidified while others not.  

This could lead to a higher stress concentration on the solidified bumps and cause  

early mechanical failures within solder joints.9

 

In order to reduce the undercooling of Sn-based solder alloys, it has been 

suggested to promote the nucleation of β-Sn phase by modifying solder composition 

and/or by adding impurity elements. It was reported that the undercooling was 

significantly reduced by adding minor alloying elements, such as Zn and Co.6,9 When  

solder alloys are applied to a wettable surface such as under bump metallurgy (UBM) in 

electronic packaging, the amount of the undercooling of Sn-based solders was also 

reduced.8,9 To understand why a wettable surface can reduce undercooling, a systematic 



investigation has been conducted with various Pb-free solders (pure Sn, Sn-0.7Cu, Sn-

3.5Ag and Sn-3.8Ag-0.7Cu) reflowed on UBMs such as Cu or Ni.8 In the cases of pure 

Sn and Sn-3.5Ag solders, a very significant reduction in undercooling was obtained 

(about 20°C) by the reaction with Ni UBM, while about 10°C reduction with Cu UBM. 

In addition, in the Cu-containing solders (Sn-0.7Cu and Sn-3.8Ag-0.7Cu), the 

undercooling decreased by only about 10°C, independent of the UBMs (Cu vs. Ni). In 

our previous report, the different behavior of UBMs on the undercooling was explained 

in terms of IMCs (Cu6Sn5 vs. Ni3Sn4) formed at the interface, and suggested that the 

interfacial Ni3Sn4 formed on Ni UBM would act as a favorable heterogeneous 

nucleation site. In another study, we have found an interesting result that a small 

addition of Ni into Sn-rich solders can also reduce the undercooling of Sn-2.0Ag, but 

not Sn-0.7Cu.10

  

 In the present work, to explain the effects of UBMs and minor alloying 

elements on the undercooling behavior of Sn-based solders, several experiments were 

designed with Cu-containing solders reacted with Ni UBM and Ni-doped solders. The 

IMCs phases formed at the interface (Ni3Sn4 vs. Cu6Sn5) and the compositional changes 

in the solder matrix when reacted with Ni UBMs were investigated. In particular,  to 



clarify the relation between Ni3Sn4 IMCs formed at the interface and the undercooling 

of Sn-based solders, Sn-0.2Cu and Sn-3.8Ag-0.2Cu solders were employed. It has been 

reported that, when the Cu content is more than 0.4 wt% in the solders, (Cu,Ni)6Sn5 

forms on Ni-based UBMs, while, (Ni,Cu)3Sn4 forms when Cu is less than 0.4 wt%,.11,12 

In the present study, the 0.2 wt% Cu-containing solders are chosen to react with Ni 

UBM to form the Ni3Sn4 type IMCs at the interface and to compare their undercooling 

with those on Cu UBM. In addition, the compositional changes of various Sn-based 

solders due to the dissolution of Ni UBMs during reflow are examined following the 

previous report that a Ni-doping can affect the undercooling.10 Finally, to explain the 

beneficial effects of the Ni atoms dissolved from Ni UBMs on the undercooling of Sn-

based solders, thermodynamic calculations and DSC measurement with various Ni-

doped solders are conducted. 

 

2. Experimental Procedures 

 

The solder compositions used in this experiment are Sn-0.2Cu and Sn-3.8Ag-

0.2Cu, which were produced in our laboratory. Each solder composition was prepared 

from high purity (>99.99%) Sn, Ag, Cu elemental mixtures encapsulated under  



vacuum in a quartz tube, and then melted at about 1000°C or higher. Electroplated Cu 

and Ni UBMs were employed. The thicknesses of electroplated Cu and Ni were 20 μm 

and 10 μm, respectively. Approximately, the same substrate size (1 mm x 1 mm) of 

different UBMs and solder weight (4.8 mg, d=1050 μm) were used to eliminate any 

effects due to the variations in solder volume and substrate area. Interfacial reaction 

experiments were conducted by reflowing the same amount of a solder on a substrate on 

a hotplate at 260°C for 10 sec with a rosin-activated (RA) flux. Subsequently, 

differential scanning calorimetry (DSC) experiment was performed in a Diamond DSC 

calorimeter (Perkin-Elmer, Inc., USA), which was heated and cooled at a rate of 

6°C/min under a nitrogen atmosphere with the substrate plus solder. 

 

To examine the effects of the Ni atoms on the undercooling of Sn-based solders, 

various high purity Ni-doped solder alloys, such as Sn-0.2Ni, Sn-3.5Ag-0.1Ni, Sn-

3.5Ag-0.15Ni, Sn-0.7Cu-0.2Ni and Sn-0.7Cu-0.4Ni, were produced in our laboratory. 

The doping level of the Ni alloying element was determined by the thermodynamic 

calculations. The detailed calculations are described in a next section. DSC 

measurements with the Ni-doped solder alloys were conducted in the same way. 

 



After DSC experiments, the microstructures of the reflowed solders and the 

interface with a substrate were examined by cross-sectioning, polishing. optical 

microscopy (OM) and scanning electron microscopy (SEM). The back-scattered 

electron mode of SEM was used to observe the IMCs. Energy-dispersive X-ray 

spectroscopy (EDS) and X-ray diffractometry (XRD) using Cu Kα1 were used to 

identify IMC phases. Electron probe micro-analyzer (EPMA) was used to analyze the 

compositional changes in the solders after the interfacial reactions with UBMs. 

3. Results and Discussion 

IMCs formation and DSC Results of 0.2 wt% Cu-containing Solders  

Figure 1 shows the SEM images of the interface between two solders and two 

UBMs (Ni vs. Cu). IMCs formed at the interface were analyzed by EDS to obtain their 

chemical compositions. The scallop-like Cu6Sn5 IMC was commonly observed at the 

interface between all solders and Cu UBM, and Cu3Sn was occasionally found. 

Meanwhile, IMCs formed on Ni UBMs were much thinner than Cu6Sn5, which were 

identified as the ternary Sn-Cu-Ni compounds of Sn (58-59 at%), Cu (5-6 at%) and Ni 

(36-37 at%) by EDS. The ternary IMC is believed to be (Ni,Cu)3Sn4 with Cu 

substitution calculated by their atomic ratios. This is consistent with the previous 

observations when Pb-free solders containing less than 0.4 wt% Cu reacted with Ni 



UBM during reflow.11,12 Therefore, it is expected that the undercooling of two 0.2 wt% 

Cu-containing solders with Ni UBM would be significantly reduced (down to less than 

10°C), according to our previous suggestion that the interfacial Ni3Sn4 formed on Ni 

UBM would act as a favorite heterogeneous nucleation site of β-Sn phases.8

 

Figure 2 depicts a typical DSC thermal profile recorded during heating and 

cooling of a Sn-based solder. Peak and onset temperatures in heating and cooling curves 

were measured from Fig. 2. In this study, the amount of undercooling was defined by 

the difference of two onset temperatures in heating and cooling curves, because they 

describe better the physical process occurring during melting and solidification.  

 

Table 1 summarizes the DSC results obtained from two solder alloys with or 

without UBMs. For each solder, the onset and peak temperatures of the thermal profile 

were recorded with two different UBMs. The amount of undercooling estimated by the 

difference of onset temperatures was listed for each case. For the bulk solders without 

UBMs, the undercooling was 35.1°C for Sn-0.2Cu and 32°C for Sn-3.8Ag-0.2Cu. When 

both solders were reacted with Cu or Ni UBMs, the amount of undercooling in Sn-

0.2Cu was reduced to 19.3°C on Cu UBM, and 15.3°C on Ni UBM, respectively. In 



case of Sn-3.8Ag-0.2Cu, it was also decreased to 14.3°C with Cu and 15.8°C with Ni 

UBM. The beneficial effect of Cu or Ni UBMs in reducing the undercooling of Sn-

based solders is consistent with our previous work.8 However, there was no big 

difference in the amount of the undercooling reduced between Cu and Ni UBM. 

 

Table 2 summarizes the amount of undercooling and IMC phases formed at the 

interface observed in the previous and present works. In our previous study, a large 

decrease of undercooling in pure Sn and Sn-3.5Ag with Ni UBMs was observed, and it 

was suggested that Ni-Sn type IMCs formed at the interface was more effective than 

Cu-Sn type IMCs in reducing the amount of undercooling by acting as a favorite 

heterogeneous nucleation site.8 However, in the present study, the undercooling of the 

Cu-containing solders (Sn-0.2Cu and Sn-3.8Ag-0.2Cu) with Ni UBM was not much 

different from that of Cu UBM even though Ni-Sn type IMCs formed at the interface 

with Ni UBM. It implies that the type of IMC phase formed at the interface between a 

solder and UBM is not the major factor to reduce the undercooling of Sn-rich solders. 

 

Compositional Changes in Sn-based Solders during Reflow 

In general, the solder composition is changed by the dissolution of UBMs into 



the solder during reflow. In the case of pure Sn, the changes in the microstructures are 

observed depending on the Cu vs. Ni UBM, as shown in Fig. 3. When the compositional 

analysis was performed in an area of 50 μm x 50 μm by EPMA, the composition of the 

pure Sn changed to the near-eutectic binary Sn-Cu composition after reaction with Cu 

UBM, which consists of 99.1-99.2 wt% Sn and 0.8-0.9 wt% Cu. In the case of Ni UBM, 

the pure Sn changed to a near-eutectic composition of 99.91-99.9 wt% Sn and 0.09-0.1 

wt% Ni. 

The dissolution of UBMs during reflow is also common in other Sn-based 

solders, such as Sn-0.2Cu, Sn-0.7Cu, Sn-3.5Ag and Sn-3.5Ag-0.7Cu. Figure 4 is the 

representative OM images of Sn-3.5Ag, Sn-0.7Cu, and Sn-0.2Cu reacted with Ni UBM. 

Note that Ni3Sn4 was formed at the interface of the Sn-3.5Ag and Ni UBM during 

reflow, (Cu,Ni)6Sn5 in Sn-0.7Cu, and (Ni,Sn)3Sn4 in Sn-0.2Cu. The microstructure of  

Sn-3.5Ag reacted with Ni UBM consists of β-Sn dendrites (light contrast) and the 

eutectic microstructure (dark contrast, a mixture of fine intermetallic particles in the Sn 

matrix). For Sn-0.7Cu and Sn-0.2Cu reacted with Ni UBM, the β-Sn dendrites and the 

eutectic microstructure were also observed inside the solder far from the interface. 

However, a few needle-like IMCs were found in the Sn-3.5Ag reacted with Ni UBM, 

but not in the Sn-0.7Cu and Sn-0.2Cu. The needle-like IMCs were too thin to be 



identified quantitatively by EDS, but qualitatively confirmed to be the Ni-Sn binary 

IMCs. 

 

EPMA mapping of the microstructure of Sn-3.5Ag with Sn-0.2Cu solders are 

shown in Figure 5 after reaction with Ni UBM, in areas far from the interface. 

Consistent with the previous analysis by EDS, the needle-like IMC in the Sn-3.5Ag was 

verified as a Ni-Sn binary IMC. In general, there are three equilibrium IMC phases 

existing, such as Ni3Sn4, Ni3Sn2 and Ni3Sn, in the Ni-Sn binary phase diagram.13 The 

Ni3Sn4 is the most common phase in a reaction between Sn-rich solders and Ni 

UBM.8,14,15 Therefore, the needle-like Ni-Sn IMCs appear to be Ni3Sn4 IMCs. For the 

Sn-0.2Cu, the distribution of Ni atoms was much different from that of the Sn-3.5Ag, as 

shown in Fig. 5. Ni atoms were largely observed in the interdendritic area (of the 

eutectic microstructure), matching the distribution of Cu atoms. The Cu atoms react 

with Sn atoms to form fine Cu6Sn5 IMC particles in the interdendritic area. Hence, it 

seems that the dissolved Ni atoms in the Sn-0.2Cu solder do not form the binary Ni-Sn 

IMCs, but the ternary phase of (Cu,Ni)6Sn5 with the substitution of some Ni for Cu. In 

addition, when a compositional analysis was performed in an area of 50 μm x 50 μm by 

EPMA, 0.1-0.15 wt% Ni was detected inside the Sn-3.5Ag solder with Ni UBM, while 



a much lower Ni content (0.01-0.03 wt%) was detected in the solder matrix of the Sn-

0.2Cu and Sn-0.7Cu reacted with Ni UBM. 

 

On the basis of this compositional analysis, the significant reduction of 

undercooling observed in pure Sn and Sn-3.5Ag with Ni UBM would be related to the 

Ni atoms dissolved from Ni UBM during reflow. In other words, when the dissolved Ni 

atoms react with Sn atoms to form Ni3Sn4 inside the solders during solidification, the 

undercooling would be significantly reduced. On the other hand, in the Sn-0.7Cu and 

Sn-3.8Ag-0.7Cu with Ni UBMs, the amount of the dissolved Ni atoms during reflow is 

much lower than in pure Sn and Sn-3.5Ag. Moreover, the dissolved Ni atoms do not 

form Ni3Sn4, but (Cu,Ni)6Sn5 IMCs during solidification. Accordingly, the effect of the 

dissolved Ni atoms on the undercooling would be eliminated in the Cu-containing 

solders (Sn-0.7Cu or Sn3.8Ag-0.7Cu) due to the formation of (Cu,Ni)6Sn5. 

 

Thermodynamic Calculations of the Ni Solubility in Sn-based Solders 

Thermodynamic calculations were performed to quantitatively estimate the 

amount of the Ni atoms dissolved from Ni UBMs during reflow. Figure 6(a) is the 

equilibrium phase diagram of a Sn-Ni binary system and Fig. 6(b) is a pseudo-binary 



phase diagram of Sn-3.5Ag vs. Ni, which is the vertical section of the Sn-Ag-Ni ternary 

phase diagram calculated along a constant ratio of Sn/Ag (96.5:3.5 in wt%). The 

solubility limit of Ni in the pure Sn and Sn-3.5Ag solders is 0.198 wt% and 0.101 wt% 

at 250°C, respectively. In other words, 0.198 wt% and 0.101 wt% Ni can be dissolved 

into pure Sn and Sn-3.5Ag, respectively, during the interfacial reaction with Ni UBM at 

250°C. In addition, it is confirmed that most of the dissolved Ni atoms precipitate out as 

the primary Ni3Sn4 IMC inside the solders during solidification, as shown in Figs 6(a) 

and 6(b). 

 

In case of the Sn-0.7Cu, the similar thermodynamic calculation can be applied 

to estimate the amount of the dissolved Ni and a primary phase during solidification. 

However, there is no reliable data available for the equilibrium phase diagram of the Sn-

Cu-Ni ternary system. Especially, it is still in dispute whether a Sn-Cu-Ni ternary IMC 

exists in a Sn-rich side or not. Thus, instead of the equilibrium phase diagram, the 

solubility limit of Ni in Sn-0.7Cu was approximated using the experimental isothermal 

section of the Sn-Cu-Ni ternary system at 240°C.11,16-21 As shown in Fig. 7, the amount 

of the dissolved Ni in Sn-0.7Cu is estimated to be about 0.04 wt%, which is much lower 

than in pure Sn and Sn-3.5Ag. In addition, when the 0.04 wt% Ni is dissolved into the 



Sn-0.7Cu solder, the primary phase is a Cu6Sn5 type IMC. These calculations are in 

agreement with our previous experimental observations. However, it is noted that if the 

amount of Ni content in Sn-0.7Cu exceeds about 0.3 wt% (as shown in Fig. 7), Ni3Sn4 

IMCs can form as a primary phase during solidification. 

 

Ni Alloying Effect on Reducing the Undercooling of Solders 

 Based on the previous thermodynamic calculations, further investigation has 

been conducted to find the Ni alloying effect on the undercooling of Sn-rich solders. 

Various Ni-doped solder alloys, such as Sn-0.2Ni, Sn-3.5Ag-0.1Ni, Sn-3.5Ag-0.15Ni, 

Sn-0.7Cu-0.2Ni and Sn-0.7Cu-0.4Ni were prepared similarly described in the 

experimental procedure. In Sn-0.2Ni and Sn-3.5Ag-0.1Ni, the amount of the Ni content 

matches to the solubility limit in each solder at 250°C. In case of the Sn-0.7Cu solders, 

the Ni content was over the solubility limit, especially up to 0.4 wt%, to form Ni3Sn4 

IMCs inside the solders during solidification, which would result in the reduction of the 

undercooling. 

 

Table 3 summarizes the DSC results obtained from the five Ni-doped solder 

alloys, comparing with our previous results. The undercooling of pure Sn (31.2°C) was 



significantly reduced to 9.1°C by the reaction with Ni UBM. In addition, an equivalent 

amount of the decrease in the undercooling was also obtained by adding 0.2 wt% Ni to 

pure Sn. For the Sn-3.5Ag solders, a similar trend was also noted, but a significant 

reduction at the Ni doping level of 0.15 wt%, not 0.1 wt%. In addition, the 

microstructures of two solders (Sn-0.2Ni and Sn-3.5Ag-0.15Ni) exhibit a few needle-

like Ni3Sn4 IMCs, as shown in Fig. 8. This microstructure is consistent with those 

observed in the pure Sn and Sn-3.5Ag reacted with Ni UBM (Fig. 4). Furthermore, the 

experimental results of both the undercooling and the microstructures of the Ni-doped 

solders (Sn-0.2Ni and Sn-3.5Ag-0.15Ni) support our hypothesis: the significant 

reduction of the undercooling in pure Sn and Sn-3.5Ag reacted on Ni UBM would be 

related to the dissolved Ni atoms from Ni UBM and thereby owing to the formation of 

Ni3Sn4 IMCs in the solder matrix (not at the interface) during their solidification. 

 

For Sn-0.7Cu, when 0.2 wt% Ni was added, the undercooling was reduced to 

14.5°C, which is sill larger than the undercooling of Sn-0.2Ni and Sn-3.5Ag-0.15Ni. 

However, when the Ni content increased to 0.4 wt%, the undercooling of the Sn-0.7Cu 

significantly decreased to 9.6°C, and the amount of the reduction was as much as those 

observed in Sn-0.2Ni and Sn-3.5Ag-0.15Ni. Figure 8 shows the microstructures of two 



Ni-doped Sn-Cu solders after DSC experiments. The microstructure of the Sn-0.7Cu-

0.2Ni consists of the β-Sn dendrites and the eutectic microstructure. However, in the 

Sn-0.7Cu-0.4Ni, β-Sn dendrites were not observed, but only the needle-like IMCs 

dispersed in the matrix. It is interesting that the microstructure of Sn-0.7Cu-0.2Ni is 

similar to the Sn-Cu solders (Sn-0.2Cu and Sn-0.7Cu) reacted with Ni UBM, while the 

microstructure of Sn-0.7Cu-0.4Ni is similar to the pure Sn reacted with Ni UBM. 

Moreover, the needle-like IMCs observed in Sn-0.7Cu-0.4Ni are very similar to the 

Ni3Sn4 IMCs observed inside the Sn-0.2Ni and pure Sn reacted with Ni UBM. In order 

to identify the IMC phases formed in Sn-0.7Cu-0.2Ni vs. Sn-0.7Cu-0.4Ni, an XRD 

analysis was conducted. As shown in Fig. 9, several peaks with a high intensity and a 

few small peaks were detected commonly in both solders. The peaks with the high 

intensity in both solders were identified as Sn. The small peaks of the Sn-0.7Cu-0.2Ni 

matched with Cu6Sn5 IMCs, while, in case of Sn-0.7Cu-0.4Ni, identified as Ni3Sn4. 

Therefore, the formation of Ni3Sn4 was verified in Sn-0.7Cu-0.4Ni with a small amount 

of undercooling (9.6°C), while the formation of Cu6Sn5 (not Ni3Sn4) in Sn-0.7Cu-0.2Ni 

with a large amount of undercooling (14.5°C) was confirmed. These experimental 

results of the Ni-doped Sn-Cu solders clearly support the above-mentioned hypothesis. 

Moreover, it is also demonstrated that if the amount of the Ni content in the Sn-Cu 



solder is not enough to form Ni3Sn4 IMCs inside the solder, the beneficial effect of Ni 

addition on the undercooling can be eliminated owing to the formation of (Cu,Ni)6Sn5 

IMCs. 

 

The large reduction of the undercooling observed in pure Sn and Sn-3.5Ag 

solders reacted with Ni UBM is now attributed to the metallurgical effect of Ni atoms 

dissolved from Ni UBM, which is often displayed by the accompanying formation of 

Ni3Sn4 IMCs in the solder matrix during solidification. In addition, the undercooling of 

Sn-based solders can be reduced by the reaction with UBMs, but a careful 

compositional adjustment is needed to properly achieve the beneficial effect. 

 

4. Summary 

 In the present work, in order to explain the large reduction of the undercooling 

(down to less than 10°C) observed in pure Sn and Sn-3.5Ag when reacted with Ni UBM, 

new experiments and thermodynamic calculations were performed with both 0.2Cu-

containing and Ni-doped Sn-based solders. The corresponding IMCs phases (Ni3Sn4 vs. 

Cu6Sn5) formed at the interface and the composition changes in the solder matrix due to 

the reaction with UBMs were characterized. 



  

Firstly, the relation between the formation of Ni3Sn4 at the interface and 

undercooling of Sn-based solders was systematically investigated with the Cu-

containing solders (Sn-0.2Cu and Sn-3.8Ag-0.2Cu). When the solders reacted with Ni 

UBM, the (Ni,Cu)3Sn4 phase was formed at the interface during reflow. However, the 

undercooling of Sn-0.2Cu or Sn-3.8Ag-0.2Cu reacted on Ni UBM was not much 

different with Cu UBM. Therefore, it was found that the type of IMC phase formed at 

the interface is not a primary contributing factor to yield a significant reduction of the 

undercooling in the presence of different UBMs. 

 

By observing the microstructures of the pure Sn, Sn-3.5Ag, Sn-0.7Cu and Sn-

0.2Cu reacted with Ni UBMs, it was found that the significant reduction of the 

undercooling (down to less than 10°C) was related to the Ni atoms dissolved from Ni 

UBM and the concurrent formation of Ni3Sn4 IMCs in the solder matrix, not at the 

interface. 

 

The metallurgical effect of the dissolved Ni on the undercooling was further 

proven by the thermodynamic calculations and DSC measurements with various Ni-



doped solder alloys (Sn-0.2Ni, Sn-3.5Ag-0.15Ni, Sn-0.7Cu-0.2Ni and Sn-0.7Cu-0.4Ni). 

The large reduction of the undercooling when reacted with Ni UBM is attributed to the 

metallurgical effect of Ni atoms dissolved from Ni UBM, which is displayed by 

accompanying the formation of Ni3Sn4 inside the solder during solidification. Moreover, 

in case of the Sn-Cu solders reacted with Ni UBM, the beneficial effect of the dissolved 

Ni is largely eliminated when most Ni atoms are used to form (Cu,Ni)6Sn5. For example, 

in case of Sn-0.7Cu, the addition of 0.2 wt% Ni is not enough to obtain a significant 

reduction in the undercooling, while 0.4 wt% Ni is good enough to achieve this purpose 

by forming Ni3Sn4 IMCs in the solder matrix. 

 

In conclusion, it is found that the undercooling of Sn-based Pb-free solders can 

be reduced by the presence of wettable UBMs. Depending on the solder composition,   

a carefully controlled composition is required to achieve this purpose,. 
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Table 1. DSC results for undercooling of Sn-0.2Cu and Sn-3.8Ag-0.2Cu with or without 

UBMs. 

 

 

 

 

 

 

 

 

 

 

 



Table 2. The comparison of the amount of undercooling vs. IMCs formed at the 

interface phases obtained in our previous [Ref. 8] and present works. 

 

 

 

 

 

 

 

 



Table 3. DSC results for undercooling of the five Ni-doped solder alloys (Sn-0.2Ni, Sn-

3.5Ag-0.1Ni, Sn-3.5Ag-0.15Ni, Sn-0.7Cu-0.2Ni and Sn-0.7Cu-0.4Ni), comparing with 

the previous results [Ref. 8]. 

 

 

 

 

 

 

 

 

 



 

Figure 1. SEM images of the interface area between (a) Sn-0.2Cu solder and Cu UBM, 

(b) Sn-3.8Ag-0.2Cu solder and Cu UBM, (c) Sn-0.2Cu solder and Ni UBM, and (d) Sn-

3.8Ag-0.2Cu solder and Ni UBM after reflow. 

 

 

 

 

 

 

 

 

 



 

Figure 2. A typical DSC thermal profile recorded during heating and cooling of a Sn-

based solder. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 3. OM images inside the pure Sn with or without UBMs solidified at a cooling 

rate of 6°C/min during DSC. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 4. OM images inside (a) Sn-3.5Ag solder with Ni UBM, (b) Sn-0.7Cu solder 

with Ni UBM, and (c) Sn-0.2Cu solder with Ni UBM solidified at a cooling rate of 

6°C/min during DSC. 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 5. EPMA mapping images of the Sn-3.5Ag and Sn-0.2Cu solder inside reacted 

with Ni UBM. 

 

 

 

 

 

 

 

 

 



 

 

Figure 6. (a) The equilibrium phase diagram of a Sn-Ni binary system and (b) The 

vertical section of the Sn-Ag-Ni ternary phase diagram calculated along a constant 

96.5:3.5 ratio of Sn/Ag (in wt%). 

 

 

 

 

 

 

 

 

 



 

Figure 7. The experimental isothermal section of the Sn-rich region in the Sn-Cu-Ni 

ternary system at 240°C This isothermal section is drawn based on the previously 

published works [Ref. 15-17] and the solubility data from the Cu–Sn [Ref. 18-19] and 

Ni–Sn [Ref. 20] binary systems. 

 

 

 

 

 

 



 

Figure 8. OM images inside (a) Sn-0.2Ni solder, (b) Sn-3.5Ag-0.15Ni solder, (c) Sn-

0.7Cu-0.2Cu solder, and (d) Sn-0.7Cu-0.4Ni solder solidified at a cooling rate of 

6°C/min during DSC. 

 

 

 

 

 

 

 



 

 

 

Figure 9. XRD patterns of Sn-0.7Cu-0.2N solder and Sn-0.7Cu-0.4Ni solder. Sn and 

Cu6Sn5 IMCs were detected in the Sn-0.7Cu-0.2Ni solder and Sn and Ni3Sn4 IMCs in 

the Sn-0.7Cu-0.4Ni solder. 

 




