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Abstract

:

Recently, 3D packaging has been regarded as an important technical means to continue Moore’s Law. However, excessive stacking will increase the longitudinal dimension, and one chip with high-density bondings packaging is still needed. Thus, it naturally places higher demand on thermal cycling reliability due to the decreased joint size to satisfy high-density packaging. In this work, the nano-Al2O3 (1 wt.%) modified Sn-1 wt.% Ag-0.5 wt.% Cu low-Ag solder was applied as a solder sample to evaluate the associated thermal cycling reliability. The investigated results revealed that the nano-Al2O3 modified solder did present enhanced thermal cycling reliability, as evidenced by the delayed microstructure coarsening and the inhibited atom inter-diffusion at interface caused by the adsorption of nano-Al2O3 on grain surfaces, and the resultant pinning effect. Worthy of note is that the potential of the newly developed nano-Al2O3 modified solder for high-density packaging applications (e.g., BGA, QFN, and CCGA) was evaluated based on the Finite Element Modeling.
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1. Introduction


With the increasing requirements for computing power in various applications, performance improvement through transistor minimalization is becoming limited [1,2]. Against this background, the industry began to use 2.5D/3D stereo stacked “hetero integration” packaging to continue “Moore’s Law” [3,4]. However, excessive stacking will increase longitudinal dimension, thus requiring a collaborative design of transverse and longitudinal dimensions. Thus, a multifunctional integration on one chip should also be developed, indicative of a relative large transverse dimension. In this case, high-density packaging is demanded, which results in multiplied interconnections on the packaging substrate [5,6,7,8].



As is known, interconnections not only act as electrical connections, but also undertake a role of a mechanical support [9,10]. Considering the communication demand of higher data transmission rate and lower delay, high-density interconnections with decreased size become necessary. Then, a higher current density will be caused, thus leading to an increased heat production. Given different coefficients of thermal expansion (CTE) among multifunctional die, bonding materials and substrates, repeat switching operations would render cyclic internal thermal stress imposed to the bonding besides the existing restraint stress [11,12,13,14]. A significant solution was to alter the bonding material to make its CTE approach to those of chip and substrate [15,16,17].



With implementation of WEEE and RoSH law, the bonding materials developed into Pb-free Sn-based alloy and Sn-Ag-Cu alloy series stood out [18,19]. With cost saving requirements, Ag content was decreased so that Sn proportion even reached around 99 wt.% [20]. In the low-Ag series, Sn-Ag-Cu solder with 1 wt.% Ag had a greater practical application potential when compared with Sn-Ag-Cu solder with 0.3 or 0.5 wt.% Ag, even after modified operation [21,22,23,24]. Even so, Sn-1 wt.% Ag-Cu low-Ag solder had a degradation in mechanical strength when compared to Sn-Ag-Cu eutectic solder. It was resolved through introducing some nano-scaled refractory materials (e.g., Graphene, nano-Al2O3, nano-ZnO, nano-TiO2) into solder to share partial external stress, and finally hindering grain boundary motions to strengthen the alloy [25,26,27,28].



Although the electrical and thermal conductivity of ceramic nanoparticles (NPs) are poor when compared to the carbon nanomaterials, the electrical and thermal conductivity of the modified solder will not changed due to the trace doping amount. In addition, from economic point of view and the difficulty of doping process, ceramic NPs, such as Al2O3 NPs, are more dominant., due to their low price, ready availability, and high density. Xing et al. [29] prepared Al2O3 NPs-modified Sn-9Zn solder through mixing Al2O3 NPs with Zn foil wrapped with solder matrix, and the composite solder displayed an enhanced mechanical property. In addition, Tsao et al. [30] also fabricated Al2O3 NPs (diameter: ~100 nm) modified Sn-3.5 Ag-0.7 Cu composite solder, and the final experimental results showed an modified shear strength with the reason of inhibited interfacial IMCs growth.



In this study, Sn-1 wt.% Ag-0.5 Cu (SAC105) low-Ag solder was selected as the modified object and nano-Al2O3 was prepared as the reliability reinforcements. A thermal cycling (TC) operation was imposed on the joint formed with nano-Al2O3 modified SAC105 solder to investigate its TC reliability. In addition, evolution of interfacial microstructure was also studied to better understand the mechanism of joint reliability. Further, given a relative small size of joint in high-density packaging, it is hard to measure the stress and strain produced during TC treatment by means of experiments [31,32]. However, it can be succeeded by using finite element analysis method provided a relatively reasonable and appropriate stress-strain model is selected [33,34]. Hence, Finite Element Modeling (FEM) was used to demonstrate the possibility of applying nano-Al2O3 modified Sn-Ag-Cu solder in high-density electronic packaging (e.g., BGA, QFN, and CCGA) subject to TC environment.




2. Experimental Methods


In the research, the particle size of commercially-available nano-Al2O3 was about 50 nm, and its addition weight was about 1 wt.%. Considering the serious agglomeration of nano-Al2O3 (Figure 1a), it was dispersed in the ethanol and dried in the drying box (DZF-6050-220V-MS, Hefei Kejing Material Technology Co., Ltd., Hefei, China). Afterwards, soldering flux was used to further disperse the nano-Al2O3. Then, SAC SAC105 solder paste was weighted and mechanically mixed with the dispersed nano-Al2O3. with the assistance of automatic solder paste mixer (ZB500S, Huaqi Zhengbang Co., Ltd., Zhejiang, China). Viscous organics (mainly thickening agent) were also added to avoid spillover of nano-Al2O3. A standard lap-shaped joint sample (configuration, top right inserted in Figure 1b) was fabricated with the above nano-Al2O3 modified SAC105 solder to investigate its TC reliability.



Then, a TC treatment was exerted on the prepared samples with Thermal shock test chamber (CJ61S2, Chongqing Yinhe Test Instrument Co., Ltd., Chongqing, China). All the prepared samples underwent TC testing at ambient temperature and 150 °C for 60 min. The shear strength was measured with a Tensile testing machine (WEW-100B, Jinan Liling Testing Machine Co., Ltd., Jinan, China) and compared after different TC numbers (100, 200, 400, 800, 1000 cycle), and the fracture morphology was studied with Field-Emission gun Scanning Electron Microscope (FEG-SEM, Tescan Mira3) and component analysis of local areas were analyzed by Energy Dispersive Spectroscopy (EDS, Bruker Nano GmbH, Berlin, Germany). In addition, interfacial microstructure was also characterized with the backscatter equipment of SEM to highlight the morphology and composition change. The thickness of interfacial IMCs was measured with Image Pro-plus software. Table 1 has already listed the samples and the applied analysis technique, and relative samples.



In addition, the main procedures of using FEM method to simulate the detailed stress and strain distribution of three kinds of typical packagings (QFP48, BGA80A and CCGA575) in TC treatment included three parts: building a 3D finite element model, applying load for calculation, and checking the calculation results by using ANSYS. MIXED mesh method was applied in the study. Multimillionaire area grid generation was adopted at the nods, and the grid size was set as 0.25 mm while other locations adopted automatic grid generation, and the grid size was set as 1 mm. The boundary conditions were set as applying x and y direction zero displacement rigid loads on the innermost side of PCB (Printed Circuit Board) and ceramic substrate. The rigid zero constraints were applied on the bottom of PCB. In addition, the well-known Anand constitutive equation was used as the model to analyze the stress and strain distribution of the high-density electronic packaging. The structure of Anand constitutive equation is described as follows:


  σ =  1 ζ  sin    h  − 1             ε ˙  p   A  ×  e   Q  R T        m    × s ,   C < 1  



(1)




where C means material parameter;     ε ˙  p    is the inelastic strain rate; A is a constant; Q means Boltzmann activation energy; ζ is Stress multiplier; T is the absolute temperature; m is Strain rate sensitivity index. The flow equation used in Anand model can be expressed as:


    ε ˙  p  = f   σ ,   s , T   = A × exp   −  Q  R T     ×     sin   h   ζ ×  σ s         1 m     



(2)







The change mode of relevant variable process is:


   s ˙  = g   σ , s , T   ×   s ˙  p  =  s ^  ×         ε ˙  p   A  × exp    Q  R T        n   



(3)




where   s ˙   indicates the saturation value of internal variables when determining temperature and strain;   s ^   is the coefficient; n is the strain rate sensitivity index.




3. Results and Discussion


3.1. Shear Force and Fracture Morphology


Generally, a quick and convenient evaluation parameter for joint reliability is its shear strength. Figure 1b provided the shear strength of SAC105/Cu and SAC105-(nano)Al2O3/Cu solder joints during TC process. With TC number increased, the shear strength had degradation, but at a different rate. At the beginning, the decrease rate of shear strength of SAC105/Cu subjected to TC treatment was slower than that of nano-Al2O3 modified joint. However, as TC number increased from 800 to 1000, the decrease rate of SAC105-(nano)Al2O3/Cu (−6.3%) was higher than that of the original (−3.4%). This is probably due to the agglomeration of nano-Al2O3, which is hard and brittle and inducing micro-cracks. After 1000 TC number, the shear strength of SAC105/Cu and SAC105-(nano)Al2O3/Cu solder joints were 36.2 MPa and 42.1 MPa, respectively.



Figure 2 showed the fracture morphology of the joints after different TC numbers with shear loading to analyze the detailed fracture reasons. With first 100 cycles, the SAC105/Cu joint fractured with distinct elongated dimples, as shown in Figure 2a. Some dimples also formed on the surface with particles distributed at the bottom. With TC number increased to 400, the fracture surface became more superficial and two dark dimples with a relatively large size also emerged, which was inferred to be interfacial IMCs. Solder joints treated with 1000 TC number observed an IMC growth in the dark dimples. Figure 2d–f provided the SEM mapping images of elemental Sn (Figure 2d), Ag (Figure 2e), and Cu (Figure 2f) of the fracture morphology of SAC105/Cu joint treated with 1000 TC number. It was demonstrated that on the bottom of dark dimples were interfacial IMCs due to the enrichment distribution of elemental Sn and Cu. With nano-Al2O3 doped, the fracture morphology of composite solder joint observed a few dimples on the fracture surface, indicative an obvious characteristic of ductile fracture with micro-void accumulation. On the other hand, it suggested a higher shear strength than that of non-doped solder joint. With TC number increased, the dimple size increased with more distinct shearing trace (Figure 2h,i). It was noted that the bulk fractured Sn manifested layered phenomenon (marked with red arrow in Figure 2i), which was mainly caused by the embedded Al2O3 agglomerations, and corresponding to a rapid decrease in shear strength compared to that of the non-modified solder joint.




3.2. Interfacial Microstructure


The reliability is closely related with interfacial microstructure. Figure 3 shows the microstructures evolution of SAC105/Cu and SAC105-(nano)Al2O3/Cu solder joints subjected to TC treatment. Weather for SAC105/Cu or for SAC105-(nano)Al2O3/Cu solder joint, the bulk solder microstructure coarsened with β-Sn area increased and eutectic region becoming sparse. It led to a Sn dependency characteristic. It is clear that the microstructure of SAC105-(nano)Al2O3/Cu solder joint had a smaller coarsening rate, thus corresponding to a slower degradation in shear strength (Figure 3d–f). Even after 1000 TC number, the microstructure of SAC105-(nano)Al2O3/Cu solder joint was more refined than that of SAC105/Cu solder joint. It is attributed to the adsorption of nano-Al2O3 that can inhibit the grain growth during TC process.



Besides, morphologies of interfacial IMCs formed at the interfaces of SAC105/Cu and SAC105-(nano)Al2O3/Cu were provided in Figure 4 and Figure 5. It is clear that after 100 TC cycles, a scallop-like Cu6Sn5 IMCs [35] still displayed at the interface with few thin strip-shaped Ag3Sn IMCs [36] distributed (Figure 4a). With TC number increased, both sizes of interfacial IMCs and Ag3Sn had a further increase, and some micro-cracks began to emerge at the interface. In addition, the dark IMC layer, identified as Cu3Sn IMCs (Figure 4f) also formed at the interface, as shown in Figure 4b–d. With nano-Al2O3 doped, the growth of interfacial Cu6Sn5 IMCs was inhibited, manifested as a smaller thickness (Figure 5a). In addition, Ag3Sn IMCs also changed into particle-shaped, which were prone to distribute around Cu6Sn5 IMCs. Similarly, with TC number increased to 400, the growth of interfacial IMCs occurred. In addition, the inhibiting effect of Ag3Sn on Cu6Sn5 IMCs was also obvious, as shown in Figure 5b. An increase in TC number continues the growth of interfacial IMCs. Ag3Sn IMCs still maintained nano-scaled (Figure 5c), which grew into a micro scale with the TC number increased to 1000 (Figure 5d). Further, a few Ag3Sn IMCs, demonstrated by EDS analysis shown in Figure 5e, also formed at the interfacial IMCs due to a short diffusion pathway at the boundary than at the interfacial IMC top. It played a role as a pinning effect on IMCs merging. Figure 6a provided the detailed distributed illustration of nano-scaled Ag3Sn and Al2O3. Clearly, the nano-scaled Ag3Sn and Al2O3 tended to adsorbed at the grain surfaces or boundaries, and pinning the IMCs growth.




3.3. Interfacial IMC Growth Kinetics


Due to the diffusion barrier of nano-Al2O3, the SAC105-(nano)Al2O3/Cu interface exhibited a slower growth in interfacial IMCs. Hence, it is essential to study the interfacial IMC growth kinetics to quantify the inhibition effect. During the high temperature stage of one TC number, interfacial IMCs had a solid-solid reaction contributed by Cu diffusion from Cu substrate. With first 100 TC number, the thickness of interfacial IMCs at SAC105/Cu and SAC105-(nano)Al2O3/Cu approached ~5.2 and ~3.8 μm, respectively. As the TC number increased to 1000, the interfacial IMC thickness of SAC105-(nano)Al2O3/Cu reached ~5.5 μm, about 23.6% thinner than that of SAC105/Cu solder joint. A detailed interfacial IMC thickness change at SAC105/Cu and SAC105-Al2O3/Cu interface was provided in Figure 6b. Considering a solid-solid reaction, the classic diffusion mode was used to describe the process [37]:


   l t  =  l 0  +    D ¯  t    



(4)




where    l t    represents the thickness of interfacial IMCs after time t,    l 0    is the initial IMC thickness,   D ¯   is the average diffusion coefficient. It can be calculated from the slope of interfacial IMC thickness—time/cycle curve.



Hence, a relationship between the thickness of interfacial IMC layer and the TC time t was plotted in Figure 6. The final fitted equations displayed as follows:


   l    SAC 105     = 4.26 + 0.092 ×  t   



(5)






   l    SAC 105 −   nano     Al  2   O 3      = 2.96 + 0.081 ×  t   



(6)







It was clear that nano-Al2O3 modified solder has a relatively lower average growth coefficient, which was calculated to be 6.5 × 10−11 cm2/h, about 22.6% lower than that if original solder joint (8.4 × 10−11 cm2/h). This is mainly related to the pinning effect of nano-Al2O3 on the growth of interfacial IMCs.




3.4. Application in High-Density Electronic Packaging


In order to promote the nano-Al2O3 modified solder into the electronic market, its application in high-density packaging should be attempted. Before then, it is essential to make a Finite Element simulation to predict detailed behaviors of high-density solder joints under TC treatment in advance. Hence, three mainstream packaging forms (QFP, BGA and CCGA) are selected to build three-dimensional Finite Element model of electronic packaging structure loaded with TC. Corresponding stress and strain distribution was simulated.



Figure 7, Figure 8 and Figure 9 shows the detailed TC simulation results of BGA80A, QFP48, and CCGA575 using different solders and with different arrays. For BGA80A, it can be seen from the stress and strain distribution cloud diagram (Figure 7) that both stress and strain concentrated on the top side of the balls, and decreased in the height direction. With trace addition of nano-Al2O3, the average stress and strain of solder ball was relieved (Figure 7b,e). With solder ball array increased from 9 × 9 to 11 × 11, the location of stress and strain was unchanged, while the stress had a small increment, which was not that considerable compared to the original (Figure 7c,f). Figure 8 showed the FEM stress (Figure 8a–c) and strain (Figure 8d–f) analyzed results of QFP48 electronic packaging subjected to TC. It was clear that the contributed stress mainly concentrated on the pin and chip connection part, while the pin and substrate connection part had a relatively obvious strain concentration. When the nano-Al2O3 modified solder was used, the maximum stress and strain were decreased from 1.5143 to 1.3706, from 0.0042761 to 0.0037937, respectively. With the number of pins increased to 4 × 14, both stress and strain had a small increase when compared to the QFP48 packaging using the nano-Al2O3 modified solder, but still smaller than the non-modified solder. For CCGA575 electronic packaging, FEM analysis results presented a stress and strain distribution at both connection ends. With the application of nano-Al2O3 modified solder, both the maximum stress and strain had a decrease. With bonding array increased to 11 × 11, the maximum stress and strain was also slightly increased, but still lower than that of the packaging using SAC105 solder with 9 × 9 array.



It can be concluded that the application of using nano-Al2O3 modified solder can effectively undertake partial stress and strain during TC treatment, contributing to a decreased stress and strain distribution even with increasing the packaging arrays of QFP and CCGA. Hence, it has great potential for nano-Al2O3 modified solder to be used in high-density electronic packaging. However, abundant experimental work still remains to be done to demonstrate it in the future.





4. Conclusions


In this study, the TC reliability of nano-Al2O3 modified SAC105 low-Ag solder joint was investigated, and its possibility application in high-density electronic packaging was explored with FEM analysis. Detailed conclusions were drawn as follows:




	1.

	
With nano-Al2O3 particles doped, the TC reliability of SAC105 low-Ag solder joint was enhanced, manifesting as a slower degradation in joint mechanical strength when compared to the non-modified joint. Corresponding fracture morphology also showed that SAC105-(nano)Al2O3/Cu always presented a typical ductile fracture with micro-void accumulation fracture mode.




	2.

	
The enhanced TC reliability is mainly attributed to the insoluble Al2O3 NPs absorbing on the grain surface, inhibiting the microstructure coarsening. In addition, some nano-scaled Ag3Sn particles also tended to form at the phase boundary, and contributing to decreasing the IMC coarsening rate in bulk solder.




	3.

	
Doping of nano-Al2O3 exerted a pinning effect on the interfacial IMCs due to their absorption on grain surfaces of interfacial IMCs. Thus, the flux of Cu dissolution from Cu substrate via GB channels was decreased, representing a suppressed growth of interfacial IMCs. Theoretical calculation also demonstrated a decrease in the average growth coefficients of interfacial IMCs, from 8.4 × 10−11 cm2/h to 6.5 × 10−11 cm2/h.




	4.

	
From the FEM simulation results of applying nano-Al2O3 modified solder in high-density packaging, it was clear that the induced stress and strain with TC treatment can be decreased. However, as the TC number increased, the induced stress and strain slightly increased, which was still not much more severe than that of the non-modified one.
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Figure 1. (a) SEM image of Al2O3 nanoparticles; (b) Changes in shear strengths of SAC105/Cu and SAC105-(nano)Al2O3/Cu solder joints. 
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Figure 2. SEM micrograph of fracture morphology of SAC105/Cu (a–c) and SAC105-(nano)Al2O3/Cu (g–i) solder joint subjected to: 100 cycle (a,g); 400 cycle (b,h); 1000 cycle (c,i); Mapping image of elemental Sn: (d), Ag: (e), and Cu: (f). 
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Figure 3. Microstructure images of SAC105/Cu: (a–c) and SAC105-(nano)Al2O3/Cu: (d–f) subjected to 100 cycle: (a,d); 400 cycle: (b,e); 1000 cycle: (c,f). 
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Figure 4. Interfacial microstructure of SAC105/Cu solder joint subjected to (a) 100 cycle; (b) 400 cycle; (c) 800 cycle; (d) 1000 cycle; (e) EDS analysis of area A in (d); (f) EDS analysis of point B in (d). 
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Figure 5. Interfacial microstructure of SAC105-(nano)Al2O3/Cu solder joint subjected to (a) 100 cycle; (b) 400 cycle; (c) 800 cycle; (d) 1000 cycle; (e) EDS analysis of point C. 
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Figure 6. (a) Distributed illustration of nano-Al2O3 and Ag3Sn IMCs; (b) Thickness of the interfacial IMCs at SAC105/Cu and SAC105-(nano)Al2O3/Cu interface subjected to TC. 
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Figure 7. FEM analysis of stress (a–c) and strain (d–f) analysis of BGA80A electronic packaging subjected to TC: 9 × 9, SAC105: (a,d); 9 × 9, SAC105-(nano)Al2O3/Cu: (b,e); 11 × 11, SAC105-(nano)Al2O3/Cu: (c,f). 
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Figure 8. FEM analysis of stress (a–c) and strain (d–f) analysis of QFP48 electronic packaging subjected to TC: 4 × 12, SAC105: (a,d); 4 × 12, SAC105-(nano)Al2O3/Cu: (b,e); 4 × 14, SAC105-(nano)Al2O3/Cu: (c,f). 






Figure 8. FEM analysis of stress (a–c) and strain (d–f) analysis of QFP48 electronic packaging subjected to TC: 4 × 12, SAC105: (a,d); 4 × 12, SAC105-(nano)Al2O3/Cu: (b,e); 4 × 14, SAC105-(nano)Al2O3/Cu: (c,f).



[image: Crystals 12 01736 g008]







[image: Crystals 12 01736 g009 550] 





Figure 9. FEM analysis of stress (a–c) and strain (d–f) analysis of CCGA575 electronic packaging subjected to TC: 9 × 9, SAC105: (a,d); 9 × 9, SAC105-(nano)Al2O3/Cu: (b,e); 11 × 11, SAC105-(nano)Al2O3/Cu: (c,f). 
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Table 1. Samples with different analysis technique.
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	Analysis Technique
	Brand
	Test Sample





	Drying box
	DZF-6050-220V-MS, Hefei Kejing Material Technology Co., Ltd., Hefei, China
	Al2O3 NPs



	Automatic solder paste mixer
	ZB500S, Huaqi Zhengbang Co., Ltd., Zhejiang, China
	Solder paste



	Thermal shock test chamber
	CJ61S2, Chongqing Yinhe Test Instrument Co., Ltd., Chongqing, China
	lap-shaped joint sample



	Tensile testing machine
	WEW-100B, Jinan Liling Testing Machine Co., Ltd., Jinan, China
	lap-shaped joint sample subjected with different TC cycles (100, 200, 400, 800, 1000)



	FE-SEM
	Tescan Mira3
	solder joint sample subjected with different TC cycle (100, 200, 400, 800, 1000)



	EDS
	Bruker, Billerica, MA, USA
	solder joint sample subjected with different TC cycles (100, 200, 400, 800, 1000)
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