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	 We describe the strength and fracture of Si wafers instantaneously bonded by exothermic 
reaction in an Al/Ni multilayer film. The Al/Ni multilayer film deposited by dual-source direct 
current (DC) sputtering is used as a heat source for the solder bonding of Si wafers. To reduce 
the numbers of voids and microcracks produced at the solder-reacted NiAl interface and the 
reacted NiAl layer, respectively, Al/Ni multilayer films are modified. By depositing the Al/Ni 
multilayer film with Ni layers on the top and bottom surfaces onto the base-side Si wafer, the 
number of voids at the base-side solder and reacted NiAl interface is reduced. Using a self-
standing Al/Ni multilayer sheet with Ni layers on both sides reduces the number of microcracks 
introduced into the reacted NiAl layer. After dicing the bonded wafer to make a miniature rod 
having the bonded section, a four-point bending test is conducted. The improvements of the 
bonded section provide high fracture strength. The mechanical test determines the weakest 
portion of the bonded section. The effectiveness of modifying the Al/Ni reactive-bonding 
conditions is discussed, based on observations of fractured samples and results of energy-
dispersive X-ray (EDX) analysis.

1.	 Introduction

	 Self-propagating exothermic reactions, which can be observed in multilayered metallic films 
composed of light and transition metals, have garnered significant attention as a novel heat 
source with unique exothermic characteristics that have never been seen before.(1–8) For example, 
the heat of reaction per unit volume depends on the combination of atoms, atomic ratio, and 
bilayer thickness. The maximum temperature during the reaction depends on both the bilayer 
thickness and the entire volume. Additionally, the exothermic reaction rate depends on the 
bilayer thickness. That is, these exothermic characteristics can be controlled to their optimal 
levels in accordance with the intended applications of the film. The authors are utilizing this 
attractive functional material, Al/Ni multilayer film, as a heat source to instantaneously melt 
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solder for semiconductor wafer bonding.(9–13) By applying a small amount of energy, such as an 
electric spark, to the Al/Ni multilayer film sandwiched between two Si wafers with a solder 
layer, the Si die attachment can be completed within 1 s. No significant electrical power is 
required, and no emissions are generated during the reaction, making the Al/Ni reactive-
bonding technique an eco-friendly semiconductor-die-attach technology. It can help address the 
issue of global warming. However, for the practical application of the technique in semiconductor 
die attachment, several technical issues must be addressed. One of the issues is to reduce the 
number of voids produced in the bonded system after the reaction.(9) Another approach is to 
reduce the number of cracks introduced into the reacted NiAl layer during the reaction.(10) These 
defects would deteriorate the reliability of the bonded system.
	 In this research, we focus on reducing the numbers of voids and cracks produced in the 
bonded system after Al/Ni reactive bonding. Al/Ni multilayer films are modified for this 
purpose, and a four-point bending test demonstrates the effectiveness of the modification in 
reducing the numbers of voids and cracks, as evidenced by a comparison of the fracture strenghs 
of the bonded samples under different conditions. Fractured surface observations and energy-
dispersive X-ray (EDX) analysis are conducted to investigate the fracture mechanism.

2.	 Experimental Procedure

	 Figure 1 shows the process of fabricating a four-point bending test sample through Al/Ni 
exothermic reaction with snapshots. First, an n-type Si (001) wafer with a thickness of 1.5 mm is 
prepared as a starting material. The wafer is cut to 10 × 10 mm2 and 10 × 15 mm2 by mechanical 
dicing for the cap and base wafers, respectively. Then, Cr and Ni, with thicknesses of 100 and 

Fig. 1.	 (Color online) Process of fabricating four-point bending test sample through Al/Ni exothermic reaction.
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500 nm, are sputtered onto both diced wafers as interlayers to improve the adhesion of the solder 
material to be deposited in the next step. SnAg with a thickness of 12 μm is deposited by co-
sputtering onto the interlayer. After that, an Al/Ni multilayer film with a 1:1 atomic ratio and a 
100 nm bilayer, indicating that 60 nm of Al and 40 nm of Ni are deposited alternately, is 
sputtered onto the solder layer on the base side. The first deposited layer is Al and the last one is 
Ni. The entire thickness of the Al/Ni multilayer film is 30 μm. After the depositions, the cap and 
base wafers are overlapped, facing each other. An electronic spark is applied to the Al/Ni 
multilayer film under a normal pressure of 3 MPa, applied from above in a vacuum. The reactive 
film ignites with bright orange light, and the solder bond is complete within a second. To prepare 
a sample for a four-point bending test, the bonded wafers are diced into a miniature rod with a 
cross-sectional area of 0.5 × 0.5 mm2. By polishing the entire surface of the rod to remove as 
many scratches as possible, the sample is prepared for the strength test. The sample features a 
bonded section at its center, comprising the two solder layers and the reacted NiAl layer. To 
distinguish the cap and base wafers, red and blue marks are applied to each side of the rod. 
	 Figure 2 illustrates the three samples with different bonded sections, accompanied by 
corresponding cross-sectional photographs. Sample A is the standard sample in which an Al/Ni 
multilayer film is deposited on the base wafer, as explained above. The cross-sectional scanning 
electron microscopy (SEM) image reveals that vertical cracks were introduced into the reacted 
NiAl layer, and numerous voids were formed at the reacted NiAl and base-side solder interface. 
The NiAl–solder interface was formed immediately after the deposition of the Al/Ni multilayer 
film, which is referred to as the “deposition interface” here. Almost no voids were formed at the 
interface on the cap side, which is referred to as the “new-bonded interface” here. The differences 
in preparation conditions between the cap- and base-side interfaces are the contact materials 
between the reactive film and the solder, and the manner in which they were formed. Sample B 
is the first-step modified sample, whose top and bottom layers were composed of Ni, although 
the entire film composition slightly deviated from the 1:1 atomic ratio for Al and Ni. This means 
that the material in contact with SnAg was Ni at both interfaces. As shown in the SEM image, 

Fig. 2.	 (Color online) Sample configuration with cross-sectional SEM images.
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the number of voids at the base-side interface has decreased. However, numerous cracks were 
created in the reacted NiAl layer compared with Sample A. Those cracks may have originated 
from an imbalance in mechanical restraint between the cap- and base-side interfaces during 
reactive bonding. Sample C is the second-step modified sample, in which a stand-alone Al/Ni 
multilayer film, whose top and bottom layers were composed of Ni, was sandwiched between 
the two Si wafers to eliminate the imbalance that likely occurred in Samples A and B. As seen in 
the SEM image, no visible voids or cracks are present. The differences between the three 
samples will result in various mechanical characteristics. The four-point bending test was 
performed using the original bending test equipment developed for microrod samples.(11,12) All 
the tests were conducted in ambient environments. 

3.	 Results and Discussion

	 Figure 3 shows the representative bending force–displacement curves of microrod samples, 
Samples A, B, and C. The force–displacement relationship for Sample A is linear until fracture 
at a bending force of around 1.5 N. Immediately after the fracture, the force immediately drops 
to zero, indicating that the introduced crack propagated rapidly until catastrophic failure was 
complete. That is, a brittle fracture occurred. Samples B and C show a similar trend to Sample A 
until the maximum force is applied. Still, their fracture force is found to be higher than that of 
Sample A. Note that, immediately after the fracture, the force did not immediately drop to zero 
but decreased gradually. This indicates that a crack propagated slowly toward a catastrophic 
fracture. 
	 Figure 4 depicts the bending strengths of the three samples. The numbers of samples tested 
(N) were 3, 4, and 4 for Samples A, B, and C, respectively. The average bending strength was 
18.1 MPa for Sample A, which is approximately one-half of the yield strength for the SnAg 
solder. For Samples B and C, the average bending strengths were 33.3 and 41.8 MPa, respectively, 
indicating that the outermost layer of Ni is efficacious in improving the mechanical strength of 
the jointed section. Additionally, it was confirmed that the use of a self-standing Al/Ni film 

Fig. 3.	 (Color online) Representative bending force–displacement curves of Samples A, B, and C.
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significantly affected strength. The representative optical microscopy results of fractured 
samples on the tensile stress application side after the strength test are shown in Fig. 5. It was 
confirmed that all the samples broke with crack initiation and opening, a Mode I fracture, on the 
side to which tensile stress was applied.(13) Sample A fractured at the solder–NiAl interface on 
the base side, which was the weakest portion in the bonded system. The fractured surface was 
rough, indicating that many voids produced at the interface contributed to the fracture. Sample B 
failed at the solder–NiAl interface on the cap side, which is the opposite side in Sample A. The 
fractured surface appears rough. In Samples A and B, numerous vertical lines are visible in the 
reacted NiAl layer, which are cracks originating from approximately 12% volume shrinkage at 
the 1:1 atomic ratio during the exothermic reaction.(14) They are caused by a mechanical 
restriction during reactive bonding. On the other hand, Sample C did not fracture at the NiAl–
solder interface but fractured at the solder–Si wafer interface. The solder–NiAl interfaces were 
very smooth, unlike those of the other two samples, and no visible cracks were detected in the 
reacted NiAl layer. The use of a free-standing Al/Ni film for reactive bonding yielded these 
positive phenomena, leading to an improvement in the mechanical reliability of the Si wafer die 
attachment.
	 Figure 6 shows the EDX mapping results of the fractured surface for each sample. The 
arrows in the figure indicate the loading direction for each sample. In Sample A, the fracture 
surfaces on the cap and base sides exhibit green and red colors, respectively, indicating the 
presence of Al and Sn. Those colors are distributed entirely on each fracture surface, so the 
base-side solder and NiAl interface is apparently the weakest in the bonded system. This is 
caused by an incompatibility between Al and Sn, which is a combination that does not form any 
intermetallic compound.(15) In Sample B, the cap- and base-side fracture surfaces consist of red 
and green colors, indicating Sn and Ni, respectively. The fracture occurred at the cap-side solder 
and NiAl interface, which differed from the base-side solder and NiAl interface in Sample A. 
This change is attributed to the higher compatibility between Sn and Ni, which would have 
suppressed void formation compared with the Sn-Al contact in Sample A. However, additional 
experiments are necessary to elucidate the mechanisms in detail. Note that the right-side corners 

Fig. 4.	 (Color online) Bending strengths of Samples A, B, and C.
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of the fractured surface broke at another interface, implying that the weakness of the cap-side 
solder and NiAl interface was probably not so different from that of the other portions. In 
Sample C, the fractured surface appears more irregular. The cap-side surface is composed of 
blue and green colors, indicating Si and Ni, respectively, which is the interface between the cap-
side Si wafer and the interlayer. From the experimental facts above, it was found that using a 
self-standing Al/Ni multilayer film with Ni layers on both sides strengthened the adhesion 
between the solder and reacted NiAl layers, and also the remaining NiAl layer did not adversely 
affect the strength of the bonded system.

Fig. 5.	 (Color online) Optical microscopy images of fractured Samples A, B, and C.

Fig. 6.	 (Color online) EDX mapping results of fractured surface for each sample.
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4.	 Conclusions

	 In this study, the strength of the bonded system prepared through Al/Ni exothermic reaction 
was investigated by the four-point bending test. On the basis of the observation results of the 
bonded system cross sections, Al/Ni multilayer films were modified step by step. The 
modifications appeared as a strength value, which was increased by adding Ni layers on both 
sides and by using a self-standing film.   The fracture mechanism was discussed and concluded 
to have no adverse effect on the strength of the bonded system due to the remaining NiAl layer. 
This indicates that the Al/Ni reactive-bonding technique has potential as a future semiconductor 
die-attachment technology.
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