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Abstract— Land Grid Arrays (LGAs) and Ball Grid Arrays 

(BGAs) constitute as the board-level interconnect technologies for 

a large number of packaged ICs. These technologies are used in 

socketing and surface mount (SMT) applications, respectively. 

The concept of socketable BGA packages, with solder spheres 

coated with a barrier layer/noble metal coating, was introduced to 

develop a single package design for processor ICs that are used in 

both socketing and SMT applications. While this concept has 

previously been demonstrated, the feasibility of these packages in 

socketing conditions has not yet been studied. This paper assesses 

the applicability of these packages in socketing by subjecting the 

packages to thermal aging at a temperature of 120 °C. The change 

in microstructure with thermal aging along with the consumption 

of the barrier layer was understood. The joint shear strength 

evolution with thermal aging and the contamination of the top 

surface of the spheres was studied by XPS analysis. It was found 

that the trend for experimental consumption of the barrier layer 

closely follows the theoretical model predictions. Solid-state solder 

wicking of the Sn57.6Bi0.4Ag (SBA) solder joint due to creep was 

confirmed at high homologous temperature for the solder. This, 

along with grain coarsening over time led to a decrease in the joint 

shear strength from 33.5 MPa to 16 MPa. Polymer collars are 

suggested as a potential solution to prevent the solder wicking and 

make the package feasible for socketing applications. 

 
Index Terms— Solder, Socketing, Reliability, Thermal Aging, 

SAC305  

I. INTRODUCTION 

Ball Grid Arrays (BGAs) are widely used in the 

semiconductor industry as board-level interconnections to 

attach package substrates to the motherboard. These BGAs 

consist of solder spheres typically made of a SAC alloy that 

form strong metallurgical joints between the package and the 

board, thereby providing the necessary electrical connections. 

Solder BGAs have a small form factor, fine-pitch capability, 

short interconnection lengths, and proven thermomechanical 

reliability, which have led to their acceptance in 

microelectronic packages [1, 2]. On the other hand, a large 

proportion of commercial packages are built with a Land Grid 

Array (LGA) design and interconnected to the motherboard via 

a socket attached to the board. The electrical connection is, in 
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this case, achieved by mechanical contact between the Ni-Au 

coated LGA pads on the package and the Au contact tips on the 

socket under a latching force. Owing to their mechanical 

connections, LGAs provide easy upgrade of microprocessor 

packages and field serviceability. Many industrial applications 

require the same processor IC to be used in socketing and SMT 

applications. This requires multiple design cycles, fabrication, 

and assembly processes, separately for BGA and LGA. This 

drives the need to develop a single package design, which can 

simultaneously be used in socketing and SMT applications. 

Owing to the design flexibility and wider acceptance of BGA 

architectures in the industry, enabling a socketable BGA 

interconnection technology is critical to this industry transition. 

In LGA packages, the stable Au-Au interface between the 

pad and the socket contact tips provides a reliable mechanical 

and electrical contact at the temperature of use (80-105 °C) with 

no risk of self-diffusion that would degrade reworkability. 

However, BGA packages face three severe reliability 

challenges when used directly in sockets, i) damage to the 

BGAs, ii) surface oxidation of solders, and iii) intermetallic 

(IMC) formation between solder and socket contact tips [3-6]. 

With an elastic modulus of 50-60 MPa, SAC solders are 

relatively soft materials and are easily damaged when 

mechanically pressed against the socket contact tips at typical 

socket latching forces of 30-50 g/pin [7]. Chemically, solders 

easily oxidize at room temperature leading to the formation of 

thin oxide layer around the BGA, increasing the contact 

resistance over time [4]. Additionally, the solder BGAs readily 

form Sn-Au intermetallics (AuSn4, AuSn2, and AuSn) with the 

Au socket paddle at operating temperatures, further degrading 

the contact resistance, and, reducing reworkability over 

multiple socketing cycles [8, 9]. To address these challenges 

and accommodate BGAs in sockets, research efforts have, to 

date, primarily focused on developing new geometries of socket 

contact tips [10, 11]. New contact technologies have been 

explored such as cantilever springs, which provide compliance 

thereby reducing the physical damage to the BGAs, or tweezer 

contacts and Dendriplates, which penetrate the surface oxide 

layer to continuously expose a fresh layer of solder. However, 
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none of these technologies address the challenge of IMC 

formation at the contact interface [10]. To address the last 

challenge, re-balling the package with Cu-cored spheres has 

been explored as a potential solution [12]. In this process, the 

solder BGAs are sheared and Ni-Au coated Cu spheres are 

attached to the package using solder paste. This solution 

provides the required stable Au-Au interface between the BGA 

and the socket contact tip but comes at the cost of reworking the 

package. 

To comprehensively address all three challenges, we have 

been exploring new BGA technologies with surface 

modification of the solder spheres using multilayered metallic 

coatings, consisting of a diffusion barrier and a noble metal. 

The diffusion barrier prevents the diffusion of solder to the 

outer surface of the coating, enabling a stable noble metal 

contact when the package is used in a socket. These coated 

spheres are then attached to the package using a solder paste. 

Figure 1 (a) shows the schematic of a typical LGA package in 

a socket, Fig. 1 (b) shows that of a typical BGA joint in SMT 

applications, and Fig.1 (c) shows our approach with a surface-

modified BGA used in a socket. In our prior work, Ni-Au was 

used as the coating owing to the good diffusion barrier 

properties of Ni, and its wide applicability in the 

microelectronics industry, while Sn3Ag0.5Cu (SAC305) was 

selected as the solder core material. Diffusion models were 

established to study the interfacial reaction kinetics at the 

interface of the solder core and coating layers [13]. The IMC 

formation reaction between the solder core and Ni barrier was 

governed by a parabolic growth law. It was understood that with 

the solder core composition of SAC305, the reaction between 

Ni and SAC core starts with the formation of Cu6Sn5 phase, 

followed by the formation of Ni3Sn4 phase, once the Cu in the 

core is depleted [14, 15]. It was understood that the thickness of 

the IMC formed depends on the reflow temperature of the 

solder paste used for the ball-attach process. For ball-attach 

performed using Sn57.6Bi0.4Ag (SBA) solder paste, with a 

melting temperature of 138 °C, a combined IMC thickness of 

2.5 μm was predicted. The thickness of Ni barrier layer required 

to form the IMC was then determined by conservation of mass 

of Ni and the corresponding Ni barrier thickness required was 

calculated to be 2.2 μm. There is a push in the microelectronics 

industry to move towards lower assembly temperatures, both to 

reduce substrate warpage, and to reduce the carbon footprint, 

and hence solders such as SBA have gained momentum as an 

alternative to SAC solders [16]. Specifically in socketable 

BGAs, the use of SBA for ball attach allows for a lesser reflow 

temperature as compared to that required for SAC solders, 

which reduces the rate of reaction between the SAC core and 

the Ni coating, and hence allows for the use of a thinner barrier 

layer. SBA is preferred over Sn58Bi owing to its superior 

reliability and mechanical performance due to the addition of 

Ag [17]. The diffusion of Ni through Au was also studied and 

100-150 nm thick Au layer was considered sufficient to sustain 

the socketing lifetime [13]. 

A process with combination of sputtering and electroless 

deposition was developed for Ni coating on solder spheres [13]. 

This process enabled uniform Ni coating on the spheres with 

controlled thicknesses. Immersion Au was then used to deposit 

Au layer on the Ni surface. Solder paste wicking to the top 

surface of the sphere is a major challenge during the ball-attach 

of coated spheres [12]. This was addressed by controlling the 

printed solder paste volume and reflow parameters to achieve 

controlled wicking during reflow [18]. 

This paper assesses the feasibility of the packages fabricated 

with coated solder spheres in socketing applications by 

subjecting the packages to thermal aging tests at accelerated 

temperature of 120 °C. An in-situ thermal aging study was 

conducted on a cross-sectioned package to correlate the 

experimental Ni layer consumption to the theoretical model 

predictions. This is followed by studying the joint shear 

strength evolution with thermal aging. Finally, the 

contamination of the outer Au surface by Ni or Sn diffusion 

from the core is monitored by XPS analysis. 

II. TEST VEHICLE FABRICATION 

Test vehicles were fabricated using 250 μm diameter 

SAC305 spheres coated with 2.5 μm Ni and 150 nm Au using 

the developed process [13]. Organic FR-4 boards, 4 cm x 4 cm 

in size, containing 200 μm diameter ENIG-coated Cu pads at a 

pitch of 500 μm were used as substrates. SBA paste was printed 

on the boards using a 50 μm thick stainless-steel stencil with 

 

Fig. 1: Schematic of (a) typical LGA package in a socket (b) typical BGA package attached on PCB and (c) package with modified solder 

BGA in a socket 

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on November 22,2020 at 20:56:43 UTC from IEEE Xplore.  Restrictions apply. 



2156-3950 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2020.3033772, IEEE
Transactions on Components, Packaging and Manufacturing Technology

TCPMT-2020-338 3 

220 μm diameter apertures. This controlled the volume of 

solder paste printed on the pads. The coated solder spheres were 

then dropped on the printed paste using another stencil and the 

boards were reflowed using a production-graded 5-zone reflow 

oven (Electrovert Omniflo 5). The time above liquidus (TAL) 

was controlled to be 94 s to achieve controlled solder wicking 

height of 120 μm on the surface of the sphere [18]. The boards 

were then diced using a mechanical dicing tool to get 8 mm x 8 

mm coupons. One coupon was cross-sectioned and polished to 

reveal the microstructure of the joints. The cross-sectioned 

coupon, along with another 8 mm x 8 mm coupon, was 

thermally aged in an air convection oven at 120 °C. This 

temperature was chosen as an accelerated testing condition for 

socketing operation temperatures. 

 
Fig. 2: Cross-section of Ni(P)-Au coated SAC305 sphere (a) as fabricated, and after (b) 250 h (c) 500 h (d) 1000 h of thermal aging at 120 

°C 

 

 
Fig. 3: Comparison of theoretical predictions and experimental 

values for consumption of Ni barrier layer for five spheres 

during thermal aging at 120 °C. 

 

 
Fig. 4: Depiction of Ni3Sn4 IMC islands formed in the SAC305 

core as a result of Ni diffusion during thermal aging. 
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III. THERMAL AGING OF PACKAGES 

Four aspects were studied in the thermal aging experiments. 

The consumption of Ni barrier layer with thermal aging was 

studied from the cross-section by measuring the Ni layer 

thickness at each checkpoint for five spheres and was correlated 

with the theoretical model. The microstructure evolution of the 

SBA joint and the SAC305 core was also studied from the 

cross-sectioned sample. The joint shear strength evolution with 

thermal aging was studied by performing shear tests on 

individual spheres on the coupon. The contamination of top Au 

surface, during thermal aging, was monitored by X-ray 

photoelectron spectroscopy (XPS) analysis. For all tests, the 

analysis and measurements were performed on samples as 

fabricated (t0) and after 250 h, 500 h, 750 h and 1000 h of 

thermal aging. 

A. In-situ thermal aging study 

The cross-sectioned package was thermally aged, and the 

thickness of the Ni layer was monitored using a Zeiss Ultra60 

FE-SEM with EDX, and a Zeta instruments optical profilometer 

with a least count of 0.1 μm at 50X magnification. The cross-

section of one solder ball is shown in Fig. 2 at t0 and after 

thermal aging for 250 h, 500 h and 1000 h. A comparison of the 

theoretical Ni consumption to the experimentally measured 

values is shown in Fig. 3. It can be seen that the experimental 

values are higher than those predicted by the theoretical model 

but follow a similar trend as the theoretical predictions. After 

1000 h of thermal aging at 120 °C, 1.6 μm of Ni was consumed 

experimentally, while 1.32 μm of Ni consumption was 

predicted by the model. This can be explained by the 

assumptions of the theoretical model. The model assumes that 

 
Fig. 5: Cross-section of SBA solder joint (a) as fabricated, and after (b) 250 h (c) 500 h (d) 1000 h of thermal aging at 120 °C. 

 

 
Fig. 6: Effect of thermal aging time on solder joint shear 

strength. 
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the Ni layer is consumed only by the reaction between Ni and 

the solder at the interface leading to IMC formation. It does not 

consider the solid-state diffusion of the Ni into the solder bulk 

during thermal aging, which occurs at 4X slower rate as 

compared to the IMC formation. This explains the extra Ni 

consumption compared to the theoretical predictions. This 

effect can be seen in Fig. 4 where small Ni3Sn4 IMC islands are 

formed in the solder core. The IMC islands are identified by 

energy-dispersive X-ray spectroscopy (EDX) using 

nanoanalysis software by Oxford Instruments and are formed 

by the reaction of the diffused Ni with the Sn in the solder core 

during thermal aging.  The diffusion of Ni is faster during the 

initial hours of thermal aging since the Sn and Ni are directly in 

contact. Hence, the islands grow rapidly in the initial stages of 

thermal aging, with the growth slowing down as the Ni in each 

island gets consumed. Over longer thermal aging times, the 

IMC layer forms at the interface of Ni and solder core, causing 

the Ni to diffuse through the IMC layer to reach the solder core. 

This slows down the diffusion of Ni into the solder core over 

time, causing lesser new islands being formed. This explains 

the large difference in the experimental and theoretical 

predictions in the initial stage of thermal aging as compared to 

the later stages. While these reactions are known to occur, they 

were not considered in the initial model assumption, and will 

be considered in the revised model. 

 

The microstructure evolution of the SBA solder joint fillet 

was also observed as a function of thermal aging and is shown 

in Fig. 5. Irregular lamellar eutectic morphology for the solder 

joint was observed after reflow. Presence of large Bi grains in 

the microstructure was also observed, which can be attributed 

to the irregular solidification of the solder during cooling. 

During thermal aging, substantial grain coarsening was 

observed after only 250 h which is in good agreement with 

Chen et. al [19], eventually leading to the formation of large 

grains of Bi in the Sn matrix. 

 
Fig. 8: Top surface XPS scans for Ni 2p for package thermally 

aged at 120 °C. No Ni signal is observed during thermal aging. 

 

 
Fig.7: Package-side SEM micrographs of fracture interfaces for samples as-fabricated, and after thermal aging for 250 h and 1000 h. 

Fracture profile changed after 250 h aging and remained the same till 1000 hr aging. Top row shows the entire pad and bottom row shows 

the magnified view. 
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B. Effect on joint shear strength 

The joint shear strength was measured as a function of 

thermal aging time. The shear test was done using a XYZTEC 

Condor Sigma bond tester with a 250 µm wide tool head at a 

shear height of 20 µm and a shearing speed of 100 µm/s. Fig. 6 

shows the evolution of the shear strength with aging time. The 

as-reflowed samples showed a shear strength of ~33.5 MPa. As 

thermal aging progressed, the shear strength showed a 52% 

reduction and stabilized at ~16 MPa. The fracture interfaces 

were observed under SEM for all thermal aging times. It was 

seen that the fracture occurs mainly through the solder for the 

as-fabricated (t0) sample, while it occurs partially through the 

solder and IMC for samples aged for 250 h through 1000 h, as 

seen in Fig. 7. The reduction is shear strength can be partially 

attributed to grain coarsening of the solder joint during the 

initial aging period. This reason has previously been reported in 

the literature [20]. Moreover, the unchanged fracture interface 

from 250 h through 1000 h explains the stabilization of the joint 

shear strength. An additional factor contributing to the decrease 

in joint shear strength is the reduction of solder volume in the 

joint fillet. This occurs due to continuous solid-state wicking of 

solder from the joint along the surface of the sphere and is 

discussed in detail in the next sub-section. 

 

C. Au surface contamination study 

To study the contamination of the top Au surface of the 

sphere, X-ray photoelectron spectroscopy (XPS) analysis was 

performed on the area of interest at every checkpoint. Thermo 

K-alpha XPS equipped with a 1.486 KeV Al source was used 

to perform the analysis with a spot size of 50 µm for each 

measurement. XPS scans for Ni 2p at times t0, and after 250 h, 

500 h, 750 h and 1000 h of thermal aging as shown in Fig. 8 do 

not show any Ni signal, implying that there is no Ni diffusion 

to the outer surface of the Au. However, as shown in Fig. 9, Au 

4f signal disappears after 500 h of thermal aging. This is 

accompanied by a strong increase of the Sn 3d signal after 500 

h as shown in Fig. 10, implying that the Au surface gets covered 

with Sn. Weak Sn 3d signals in the as fabricated sample and 

after 250 h of aging can be attributed to the SBA solder paste 

on the edge of the spheres. This happens due to the curvature of 

the sphere and a very small spot size, which leads to residual 

signals outside the spot size area being picked up by the XPS 

detector. The Sn signal becomes stronger and can be distinctly 

seen after 500 h, 750 h and 1000 h of thermal aging. This 

observation suggests that the solder from the SBA joint 

continues to wick during thermal aging and covers the entire 

surface of the sphere after about 500 h of aging, leaving no free 

Au surface for stable mechanical contact with the socket. The 

aging temperature of the system (120 °C) is very close to the 

melting temperature of the solder (138 °C). Under the 

continuous mechanical stress applied by the weight of the 

coated solder sphere, the SBA solder in the joint undergoes 

extreme creep at this temperature and owing to the excellent 

wettability of Au towards solder, keeps wicking on the Au 

surface. This would render the package to be devoid of free Au 

surface after 500 h of thermal aging. 

A solution to this could be the use of polymer collars between 

adjacent spheres. Polymer collars are thermoset polymer 

materials which can be spin coated on a package, to act as 

partial underfills, providing higher shear strength to the joints. 

We hypothesize that these collars, when applied to the package 

such that the solder fillet is covered by the collar, would prevent 

the migration of the solder from the joint along the surface of 

the sphere during thermal aging. 

IV. CONCLUSIONS 

In this paper, we were able to assess the feasibility of using Ni-

Au coated solder spheres for socketing applications. The 

previously established theoretical diffusion models were 

experimentally verified by measuring the consumption of the 

Ni barrier layer and further improvements to the model were 

suggested. It was understood that the diffusion of Ni from the 

coating into the solder bulk has a measurable effect on the 

model predictions. It was also understood that the SBA solder 

from the joint undergoes solid-state wicking at the thermal 

aging temperature of 120 °C leading to the complete coverage 

of outer Au surface by Sn. This significantly affects the 

applicability of this system in socketing and polymer collars are 

presented as a possible solution to this challenge, which will be 

explored in future work. The evolution of SBA solder joint 

 
Fig. 9: Top surface XPS scans for Au 4f for package thermally 

aged at 120 °C. The Au 4f7/2 and Au 4f5/2 peaks disappear after 

500 h of thermal aging. 

 

 
Fig. 10: Top surface XPS scans for Sn 3d for package thermally 

aged at 120 °C. Sn 3d5/2 and Sn 3d3/2 peaks become more 

prominent with thermal aging time. 

 

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on November 22,2020 at 20:56:43 UTC from IEEE Xplore.  Restrictions apply. 



2156-3950 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2020.3033772, IEEE
Transactions on Components, Packaging and Manufacturing Technology

TCPMT-2020-338 7 

morphology was studied and its effect on the joint shear 

strength was understood. The shear strength decreased by ~52% 

and eventually stabilized as thermal aging progressed. The 

decrease in shear strength was attributed to the grain coarsening 

in the solder joint and the solid-state solder wicking leading to 

depletion of the solder volume in the joint. 
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