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The selection of substrate material depends on solder joint requirements and will 
influence intermetallic compound (IMC) layer formation and reliability of the solder 

joints. Besides, using different solder materials can also affect the microstructure of 
IMCs formed during soldering and isothermal ageing process. This study investigated the 
effect of the IMC formation and microstructure evolution during reflow soldering and 

isothermal ageing using SN100C lead-free solders and ENIG surface finish. The 
characterization of the IMC formed during both reflow soldering and isothermal ageing 

in terms of the type, morphology, and thickness is then analyzed by using the Optical 
Microscope (OM), Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 
(EDX). The result reveals that there are two IMC formed at an interface between SN100C 

and ENIG which are (Cu, Ni)6Sn5 and (Ni, Cu)3Sn4 where (Ni, Cu)3Sn4 grows beneath (Cu, 
Ni)6Sn5. The thickness of the IMC formation in the SN100C/ENIG solder joint is also 
directly proportional to the ageing duration, indicating that the longer the time of the 

IMC exposed to high temperature affects the thickness of the IMC.  
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1. Introduction 

 
Flip-chip interconnects are becoming more and more common as electronic packaging 

technology advances to meet the demands of high input/output (I/O) connect density and high 
operating frequency. Currently, flip-chip interconnect joints are used to package almost all large-
scale integrated circuit (IC) chips [1]. Solder bumps are used in flip-chip technology as the 
interconnect between the chip and substrate. However, a substrate surface finish is essential to 
maintain the metal underplate’s solderability. It plays a crucial role in determining the compound 
and intermetallic compound (IMC) characteristics formed at those interfaces, even altering the 
mechanical properties and microstructure of bulk solder joints [2]. 

Lead (Pb) is an example of a highly toxic heavy metal to living organisms and the environment 
even in small amounts [3,4]. Thus, due to environmental concerns, the Restriction of Hazardous 
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Substances (RoHS) has legislated on the use of solder. Therefore, to comply with the RoHS 
regulations, the use of lead (Pb) in manufacturing printed circuit boards (PCBs) has been prohibited 
in Europe since July 2006. As a result, finding an appropriate Pb-free surface finish on a PCB is one of 
the key issues for developing Pb-free packaging systems [5]. The switch to lead-free soldering has 
made the surface finish requirements an even more crucial factor in manufacturing printed circuit 
boards today. The electroless nickel/immersion gold (ENIG) surface finish continues to grow as a 
popular option in electronic packaging even though various alternative surface finishes have been 
developed over the years. ENIG offers a uniformly flat surface finish, excellent solder attachment 
process control, and high performance [5,6]. However, given the significant volatility in the price of 
precious metals and the ongoing demand for better products at lower prices, manufacturers must 
look for ways to cut costs without compromising quality. Despite the thin layer of gold metal on ENIG 
surfaces, the thin gold layer adds a prohibitively high premium to the finishing [6,7]. In addition, ENIG 
finish has been discovered to produce embrittlement by forming (Au, Ni)Sn4 at the interface during 
the isothermal ageing, which may damage the integrity of the solder connection [6,8]. 

In electronic packaging, good metallurgical bonding depends on the soldering reaction between 

solders and conductor metals during the soldering process. The interfacial IMC produced by the 
chemical reaction between the two components achieves metallurgical bonding between the solder 

and substrate [9]. However, the overgrowth of the interfacial IMC layer would eventually reduce the 
durability of the solder junction because it is inherently brittle and prone to structural flaws [10,11]. 
The formation of the interfacial reaction products plays a major effect on the reliability of solder 
joints as the properties of functional materials are significantly different depending on the thickness 
[12,13]. Due to the formation of IMC in the joints and the accelerated degradation of the solder 
alloys, solder joints are one of the most important parts of electronic device assemblies whose 
reliability is a concern at high operating temperatures [14]. 

The impact of IMC thickness on the structural integrity of solder joints has been the top subject 
of discussion. Mechanical characteristics like tensile and shear strength directly impact solder joints' 
dependability and integrity [14,15]. Understanding the solder-substrate metallization reaction is 
another crucial element of solder joint processing. It plays a significant role as it provides a protective 
coating on the surface of a printed circuit board (PCB). The surface finish prevents oxidation, 
corrosion and other environmental factors from occurring on the copper surfaces. The excessive 
growth of this intermetallic layer may lead to the degradation of solder joint reliability. Still, the 
morphology of the intermetallic layer after soldering and subsequent solid-state thermal processes 

may also affect the reliability of the solder joint [16]. Therefore, the effect on the intermetallic 
compound formation microstructure between SN100C lead-free solder and ENIG surface finish 

during reflow soldering and isothermal ageing process was investigated. 
 

2. Methodology  
 

The ready-made ENIG substrate was prepared by implementing the flux on the top surface and 
solder paste was arranged on the top of flux/substrate. The solder paste material used is SN100C , 
which consists of Sn-0.7Cu-0.05Ni-0.009Ge. The package was reflowed at 250°C using a conventional 
oven for 20 minutes and then cooled to room temperature. The joining process to form the solder 
joint is stated in the Joint Electron Device Engineering Council (JEDEC) standard of JESD22-B102E. 
After that, the package was subjected to isothermal ageing treatment at 150°C for a different ageing 
duration from 250 to 1000 hours. The isothermal ageing temperature has complied with the high-
temperature storage test stated in JEDEC standard (JESD22-A103C). Top surface and cross-section 
characterization analyses will be investigated. The cross-section samples were mounted in the epoxy 
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resin, followed by metallographic grinding and polishing techniques to remove unwanted materials 
from the surface to obtain the desired result. As for the top surface samples analysis, the samples 
were etched into a solder removal solution to expose the interfacial microstructure. The 
characterization of interfacial reaction after reflows and isothermal ageing process at the solder joint 
interface will be carried out by 3D morphology and cross-sectional examination of intermetallics was 
determined by selectively etching solution and using the Optical Microscope (OM), Scanning Electron 
Microscope (SEM) and Energy Dispersive X-ray (EDX). 
 
3. Results  
3.1 Top Surface Examination 
 

After reflow soldering, the immersion gold layer dissolved into the molten Sn-0.7Cu-0.05Ni-
0.009Ge solder paste, exposing the nickel layer to the solder. Previous research has emphasized the 
importance of nickel layer, which serves as a barrier for preventing the inter-diffusion of copper and 
the solder [17,18]. As a result, the intermetallic layer was formed between the substrate and the 

molten solder with different types and grain sizes of intermetallic morphology. Figure 1 shows the 
top view images of the IMC morphology for the SN100C/ENIG joints reflowed under  various 

isothermal ageing durations. The IMC morphology in SN100C/ENIG solder joints varies with the 
heating factors under a Scanning Electron Microscope (SEM). Energy Dispersive X-ray (EDX) spectrum 
analysis confirmed that the IMCs formed between the solder and ENIG were (Ni, Cu)3Sn4, Ni3Sn4, 
Ni2Sn, (Cu, Ni)6Sn5 and Cu6Sn5. Besides that, an Au element was still detected at the IMC interface, 
indicating that not all of the gold layer dissolved into the molten solder within the ageing duration. 
After the reflow soldering process, the IMCs comprised a flake-like (Ni, Cu)3Sn4 and needle-like 
scallop Ni3Sn4. The Ni3Sn4 IMC morphology is thin and complies with the study made by Hsu et al., 
[19], where Ni3Sn4 morphology is described as a continuous thin layer. 

During isothermal ageing after 250 hours of exposure, a prismatic-shaped Cu6Sn5 IMC and chunk-
like (Cu, Ni)6Sn5 were also formed at the interface between the SN100C/ ENIG solder joint. The 
difference in the IMC morphology was caused by the Ni atoms participating in the Cu6Sn5. The Ni in 
the solder alloy converts the composition of the interfacial IMC on the Cu substrate from Cu6Sn5 to 
(Cu, Ni)6Sn5, which explains the decrease in the IMC grain size. The similarity in the atomic sizes 
between Cu and Ni allows the Ni atoms to replace Cu atoms in the IMCs during the reflow and ageing 
in the solder joints. Furthermore, the increase of an atomic concentration gives more nucleation sites 

for (Cu, Ni)6Sn5 causing the IMC grain size of (Cu, Ni)6Sn5 to be smaller than Cu6Sn5. In contrast, when 
the concentration of Cu in the solder was significantly higher than Ni, no Ni element was found in the 

IMC. Since the limited number of Ni atoms that could participate in the nucleation of IMC the number 
of nuclei reduced and the grain size of the IMC increased as the Cu content of the solder alloy 

increased. Besides that, in the Cu-Ni-Sn ternary system, the formation of the (Cu, Ni)6Sn5 and (Ni, 
Cu)3Sn4 IMC is based on Cu6Sn5 and Ni3Sn4, where both (Cu, Ni)6Sn5 and (Ni, Cu)3Sn4 are claimed to 
be the stable one [20]. After the next 500 hours of ageing duration, the Ni3Sn4 IMC that was detected 
at the early ageing duration is no longer detected, as a result of the increase in the amount of Cu 
atoms in the solder where all the Ni3Sn4 IMC transforms to be (Ni, Cu)3Sn4. At the 1000-hour ageing 
duration, the flake-like (Ni, Cu)3Sn4 is also observed to transform into prismatic-like with the increases 
of the ageing duration or Cu content. It is also can be observed that no (Cu, Ni)6Sn5 detected as the 
(Cu, Ni)6Sn5 IMC may have stopped growing while the (Ni, Cu)3Sn4 IMC grew extensively covering 
most of the interfacial area. This may be caused by the Cu concentration of the (Ni, Cu) 3Sn4 being 
lower than the (Cu, Ni)6Sn5. Therefore, it can be said that the Cu concentration decreases while 
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forming (Cu, Ni)6Sn5, which then results in the formation or also in the increases of the size of the (Ni, 
Cu)3Sn4, aligned with the research made by Yang et al., [21]. 

 

  

  
Fig. 1. Scanning electron microscopy view of SN100C solder with magnification 4000x 
(a) 0 hour; (b) 250 hours; (c) 500 hours; and (d) 1000 hours 

 
3.2 Cross-Section Examination 
 

Figure 2 shows the cross-section image of SN100C and ENIG solder joint analyzed by using the 
SEM. Consistent with the top surface examination, it was observed that (Cu, Ni)6Sn5 was the first 
layer formed during the reflow soldering process till after a certain time, (Ni, Cu)3Sn4 starts to grow 
beneath the (Cu, Ni)6Sn5. This IMC type has been approved by using the EDX spectrum analysis. The 

thickness of the IMC is also determined in Table 1 below, where the mean thickness of each IMC layer 
is 3.19µm, 3.23 µm, and 3.31 µm after 250h, 500h and 1000h ageing, respectively. The thickness of 

the IMC layer in thermal ageing can also be expressed theoretically by the diffusion coefficient and 
the ageing duration, where the diffusion coefficient can be defined by the pre-exponential diffusion 

constant, apparent activation energy, gas constant, and absolute temperature [22–24]. Therefore, it 
can be seen from Table 1 that the average thickness of the IMC layer against the square root of time 

at 150℃ indicates that the IMC thickness is proportional to the ageing duration. It also can influence 
the formation of the IMC by adequately selecting the solder profile. Other than that, the density of 
impurity atoms and defects increases the metal’s electrical resistivity at a given temperature. The 
IMC at the interface as well as the IMC precipitates in the solder during reflow may be the most 
relevant element. It is possible that when the number of reflow times also increased, the electrical 
resistivity of ball grid array (BGA) packages decreased since IMC has a higher resistivity than metal . 
 

a b 

c d 



Journal of Advanced Research in Micro and Nano Engineering  

Volume 17, Issue 1 (2024) 69-75 

73 
 

 

 
Fig. 2. Scanning electron microscopy view of SN100C solder with magnification 
1000x (a) 0 hour; (b) 250 hours; (c) 500 hours; and (d) 1000 hours 

 
Table 1 
The values of Reynolds number and velocity 
Ageing duration (hours) IMC thickness, T (µm) 

T1 T2 T3 T4 T5 TA 

0 3.17 3.17 2.78 3.08 2.88 3.02 

250 3.27 3.17 3.17 3.17 3.17 3.19 
500 3.27 3.27 3.17 3.27 3.17 3.23 
1000 3.27 3.27 3.27 3.37 3.37 3.31 

 
4. Conclusions 

 
In conclusion, the IMC that formed at the SN100C/ENIG solder joint are (Ni, Cu)3Sn4, Ni3Sn4, Ni2Sn, 

(Cu, Ni)6Sn5 and Cu6Sn5, where (Ni, Cu)3Sn4 and (Cu, Ni)6Sn5 are the stable versions of Ni3Sn4 and 
Cu6Sn5. The (Cu, Ni)6Sn5 formed as the first layer and (Ni, Cu)3Sn4 grew just beneath the (Cu, Ni)6Sn5 

at a certain period of isothermal ageing. The thickness of the IMC formation in the SN100C/ENIG 
solder joint is also directly proportional to the ageing duration due to the longer duration exposed to 
the high temperature. 
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