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a b s t r a c t

The electronic industry faces a number of issues as a result of the rapid miniaturization of

electronic products and the expansion of application areas, with the reliability of electronic

packaging materials playing a significant role. Moreover, the continuously harsh service

conditions of electronic products like high current density and excessive Joule heat will

lead to severe reliability concerns of electromigration and thermomigration, which

evidently curtail the lifespan of solder joints. Therefore, to maintain the reliability of solder

joints in recent microelectronic applications, several investigations have been conducted

in the last decade to proffer solutions to the drawbacks affecting the full implementation of

the Sn-based solders in advanced packaging technologies. This article reviews the recent

developments on the reliability investigation of Sn-based solder joints and discusses the

influence of interlayer materials, electroless nickel immersion silver (ENImAg) surface

finish, geopolymer ceramics and rotary magnetic field (RMF) technology. The 3D network

structure of porous interlayer metals and the beneficial features of ENImAg surface finish

have demonstrated to be highly efficient in revamping existing lead-free solders by satis-

fying the needs of both high-temperature service operation and low-temperature
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soldering. While transient current bonding technology is efficient at preventing agglom-

eration and floating of nano-sized reinforcements in composite solders, RMF technology is

effective in controlling the flow and solidification of liquid metal during the soldering

process. Finally, emerging technologies for future research directions have been summa-

rized to provide further theoretical basis required for the investigation of solder joint

reliability of electronic devices in service.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bonding technology is of utmost importance in microelec-

tronic packaging since it allows mechanical and electrical

interconnection between the semiconductor chips and the

printed circuit board. Function integration and downsizing of

electronic devices have become essential trends that call for

better dependability of solder joints as the electronic industry

experiences rapid technological improvement [1e5]. Solder

alloy as the major material that forms the solder joint has

been utilized in surface mount technology (SMT), ball grid

array (BGA) and chip-scale package (CSP) for microelectronic

packaging [6e8]. Hence, solder performance plays a pivotal

role in the reliability of the solder joint [9].

Even though, the SnePb solders have advantages in low

melting temperature, affordability and excellent wettability

[10,11], given the RoHS (Restriction of Hazardous Substances)

Act [12,13], and the increased sensitivity on green electronic

packaging [14], the industry is compelled to rule out the uti-

lization of Pb-based solders [15]. Given this circumstance, the

Pb-free solder alloys, most especially, the Sn-based solders

(e.g. SnBi, SnAg, SnCu and SnAgCu) have been widely

researched and employed in soldering applications [16e20].

Nevertheless, the Sn-based solders are affected by limitations

generated by elevated thermal stress and evolution of thicker

interfacial IMCs, which give rise to issues over their reliability,

especially in application areas involving harsh operating

conditions [21e24].

More specifically, the introduction of alloying elements

[25e27], especially micro/nanoparticles including carbon

nanotubes and graphene nanosheets [28e33] to Sn-based

solder has been employed to impede the excessive evolution

of IMCs in the course of aging and enhance the mechanical

properties of the solder joint. Additionally, it has been

demonstrated that adding nanoceramics such as nano-TiN

particles to lead-free solder systems can improve the wetta-

bility, microstructural refinement, and mechanical properties

of the solder joints [34]. However, these approaches cannot

efficiently control the development of composite solders with

homogenous composition that will result to irregular thick-

ening of the interfacial IMCs in few locations at the solder/

substrate interface. Therefore, appreciable microstructural

optimization is required to further improve the solder joint

performance.

In recent times, interlayer metals with a continuous 3D

structure have been applied in the field of electronic pack-

aging owing to their remarkable mechanical properties,
thermal conductivity and electrical conductivity [35,36]. The

potentials of these interlayer metals as viable reinforcements

for lead-free solder joints have been demonstrated in recent

studies [37,38]. Besides, the surface technology for the pro-

duction of printed circuit board (PCB) offers enhanced solder

joint reliability [39e43]. Among the surface finishes employed

to date, the ENImAg is no doubt an economically viable

candidate with the capacity for the reliability enhancement of

various solder materials [44,45]. More so, investigations con-

ducted recently have showcased high-performance geo-

polymer ceramics comprising a semi-crystalline structure

with SieOeAl and SieOeSi bonds as viable materials for the

development of high-performance composite solders [46e50].

Most recent, microstructural modification and mechanical

performance enhancement of solder alloys have been ach-

ieved by applying electromagnetic field during the course of

solidification [51e53]. As numerous published review papers

[54e59] have already focused on the alteration of the Pb-free

solder materials through doping with micro- and nano-sized

articles, this study creates a holistic insight into the recent

developments in the last decade for revamping existing Sn-

based solders. The influence of interlayer metals, ENImAg

surface finish, geopolymer ceramics and rotary electromag-

netic field on the wettability, melting temperature, micro-

structure and mechanical behavior of different Sn-based

solder systems are comprehensively discussed (see Fig. 1).

There are eight sections in this article. In section 2, the

survey methodology is described. The various interlayer

components including porous copper, nickel foam and others

are highlighted in Section 3. In Section 4, significant

improvement in the overall reliability of Sn-based solder

joints using the ENImAg surface finish is reported. The bene-

ficial effects of geopolymer ceramics addition to Sn-based

solder systems are described in Section 5. Section 6 reviews

the rotary magnetic field technology and the joint reliability

enhancement of Sn-based solders from the perspectives of

flow and solidification behaviour of molten solder during the

soldering process. In Section 7, some emerging technologies

that have proven to be beneficial to the microelectronics

packaging industry have been put forward for more compre-

hensive research and evaluation. Finally, the article ends with

the concluding remarks in Section 8.
2. Survey methodology

The preferred reporting items for systematic review and

meta-analysis (PRISMA) procedure [60] was used in this study
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Fig. 1 e Schematic summary of recent materials and technologies for enhancing the reliability of Sn-based solder joints.
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to conduct the literature search. Scopus, ScienceDirect, and

IEEE Xplore were just a few of the well-known databases used

to search for the relevant papers. Accordingly, it was discov-

ered that 2669 papers had been published within the last

decade on the three databases that were emphasized. Using

the procedure shown in Fig. 2, 144 highly relevant publications

were chosen for in-depth research after the authors con-

ducted rigorous screening and investigation. The final 144

articles were organized into five themes: interlayer compo-

nents, electroless nickel immersion silver surface finish,

geopolymer ceramics, rotary magnetic field and emerging

technologies for solder joint reliability enhancement. To

create the background, contributions, and application of the

analysis, 204 papers altogether deemed closely related to the

study's focus were looked into and incorporated in other

sections of the paper.
3. Interlayer components

Interlayer materials with 3D continuous network structure

have wide application in petrochemical, aerospace, energy

industry and other areas owing to their inherent properties
including excellent thermal property, light weight and

improved ductility [61e63]. Based on their compositions,

porous metals are often categorized into the single composi-

tion metal foams such as copper foam [64e66], nickel foam

[67e69], aluminum foam [70,71] and compound composition

type like FeCrAl [72,73] foam. Recently, porous metals have

been investigated as promising reinforcements to enhance

the performance of bonding layers. In the field of metal

joining, the unique 3D structure of porous Cu facilitates

improved interfacial behavior during diffusion bonding

[74,75], high efficiency of heat transfer for relieving CTE

mismatch-influenced residual thermal stress [76,77] and

remarkable absorption of energy through plastic deformation

[78,79].

3.1. Porous copper

The effect of porous Cu (1mm thick) additions of 100 pores per

inch (pore size ¼ 0.2 mm) and 500 pores per inch (pore

size ¼ 0.05 mm) (Fig. 3a and b) on the microstructure (Fig. 3c

and d), mechanical and thermal properties of SnBi/Cu solder

joint was reported by Liu et al. [80,81]. The introduction of the

porous Cu led to hardness enhancement of the Bi-rich and b-
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Fig. 2 e PRISMA-based literature selection methodology.
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Sn phases present in the SnBi solder. From the morphology of

the IMC layer, it was observed that the IMC grain size

increased in both solders enhanced with porous Cu and

consequently resulted in thicker IMC layers relative to the

SnBi/Cu counterpart. This occurrence is mostly due to an in-

crease in the Cu content of the solder caused by the inclusion

of porous Cu. Porous Cu andmolten solder interact during the

soldering process to produce a reaction where Cu atoms

disperse into the liquid solder and migrate along with the

solder's internal motion. This phenomenon raises the con-

centration of Cu atoms at the solder/substrate interface,

which in turn favours the development of the Cu6Sn5 IMC.

As a result of the porous Cu interlayer's inclusion, ther-

mal conductivity values of the solder alloy increased

remarkably (Fig. 3e) due to the relatively high thermal con-

ductivity of Cu (398 W/mK). A comparison between the SnBi

and SnBi@PeCu showed that porous Cu incorporation actu-

ated the formation of a localized ring-shaped Cu pattern
within the solder. Notably, the thermal conductivity of the

SnBi@500PeCu is higher in comparison to its SnBi@110PeCu

counterpart due to the higher content of Cu which was

effective in facilitating heat transfer via the porous Cu's
array structure. Adding to the aforementioned conclusions,

the impact of isothermal aging on the development of the

interfacial IMC layer in the porous Cu-reinforced SnBi solder

alloy was reported [82]. After 21 days of aging at 100 �C, the
solder joints with porous Cu additions exhibited lesser IMC

layer thicknesses in comparison to the SnBi/Cu counterpart.

This was further substantiated with the growth rates esti-

mated from the empirical diffusion formula of 0.61506 mm/

day1/2, 0.48725 mm/day1/2 and 0.55385 mm/day1/2 for SnBi/Cu,

SnBi@110PeCu/Cu and SnBi@500PeCu/Cu, respectively

(Fig. 1f).

Incorporating porous Cu (1 mm thick) with a pore size of

1.3 mm into SnBieAg solder matrix also improved the

microstructure and strength of the solder interconnects [83].
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Fig. 3 e Microstructures of the porous Cu sheets of (a) 110 PPI, (b) 500 PPI, and solder sheets for (c) SnBi@110PeCu, (d)

SnBi@500PeCu, (e) thermal conductivity plot of the SnBi@xP-Cu, and (f) correlation between IMC growth and square root of

aging duration [80,82].
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In the SnBi-xAg matrix, multiple triangular spots surrounded

by porous Cu frames were formed due to the presence of

porous Cu. The porous Cu frames inhibited the growth of both

the Bi-rich and b-Sn phases in these locations leading to

remarkable microstructural refinement inside the triangular

spots. As a result, the degree of hardness in the porous Cu

frame sections was significantly enhanced as compared with

that of the surrounding solder bulk. More so, the introduction

of porous Cu led to improved shear strength, particularly the

SnBi-0.4Ag@P-Cu solder joint which exhibited the superior

shear strength.

The microstructure of porous Cu was barely effective

on the IMC morphologies of the SnBi@PeCu/Cu, SnBi-

0.4Ag@P-Cu/Cu and SnBie1Ag@PeCu/Cu solder joints [84].

Nevertheless, because the solder bulks contained more Cu

than usual, the interfacial IMCs exhibited slight growth.
Meanwhile, porous Cu addition showed no remarkable impact

on the IMC evolution of the solder joints, most especially the

SnBi-xAg samples subjected to isothermal aging (Fig. 4a). Be-

sides the strength improvement before and after aging actu-

ated by the addition of Ag particles to the SnBi matrix, it was

found that the shear strength before and after aging was

further enhanced by the inclusion of porous Cu to the solder

joints. (Fig. 4b). Porous Cu dispersed in the solder matrix to

promote dispersion strengthening and the resulting skeleton

of porous Cu exhibited capacity for crack propagation inhibi-

tion during shear test. Hence, the synergetic shear strength

improvement of the solder joint. In the same vein, porous Cu

was effective in improving hardness at regions within the

porous Cu frame (see region a; Fig. 4c). The quantitative effect

can be observed in the higher hardness exhibited by the ‘re-

gion a’ for the three solder joints tested relative to ‘region b’
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Fig. 4 e (a) Interfacial IMC thickness values and (b) shear strength values of the solder joints against the aging time; (c)

microstructure of SnBi-0.4Ag solder bulk, (d) hardness of SnBi-xAg solder bulks [84].
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(Fig. 4d). The existence of refinedmicrostructure in this region

was attributed to this finding.

To avoid the poor contact between porous Cu and the Cu

board during reflow soldering process due to the lower specific

gravity of porous Cu, pressure aided soldering of Cu using

porous Cu-reinforced Sn58Bi solder was employed elsewhere

[85]. The sizes of the pores for the 100 PPI and 500 PPI are

200 mm and 50 mm, respectively, while the thicknesses of the

struts are 1.3 mm and 1.0 mm. The soldering process involves

preparing a sandwich structure with SnBi@porous Cu com-

posite interlayers (100 PPI and 500 PPI) pressed in between two

Cu substrates at 180 �C, under 0.1 MPa for 3 min. From the

examined microstructures (Fig. 5), the SnBi@500PeCu/Cu

exhibited more porous Cu skeletons and very few solder

portion within the solder bulk in comparison to the

SnBi@110PeCu/Cu. With this microstructure, the reliability of

the SnBi solder joint can be enhanced to meet the conditions

for low-temperature soldering and high-temperature
operating condition. Meanwhile, the shear strength of the

SnBi@110PeCu/Cu exhibited the highest strength relative to

other solder joints. The result was supported with the

different fracture morphologies exhibited by the solder joints

reinforced with porous Cu and the plain counterpart where

fracture mainly occurred in the solder bulk of the SnBi@xP-Cu

relative to the brittle interfacial fracture associated with the

SnBi solder joint.

Elsewhere [86e88], the joint strength of SAC 305/Cu joint

reinforced with 15 PPI (Ø ¼ 1.7 mm) and 25 PPI (Ø ¼ 1.0 mm)

porous Cu interlayers with 0.1 mm thickness increased as the

soldering duration and temperature were sequentially

increased. The typical fracture in between the solder and Cu

board was exhibited by the solder joint without porous Cu

whereas, the solder joints with porous Cu fractured at three

regions, including the solder/porous Cu interface, the interior

of porous Cu and within the solder. Also noticeable was the

fact that the IMC was thicker at the interface of the solder and

https://doi.org/10.1016/j.jmrt.2023.06.193
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Fig. 5 e Magnified microstructures of (a) SnBi@110PeCu/Cu, and (b) SnBi@500PeCu/Cu; microstructure of (c) SnBi@110PeCu/

Cu, and (d) SnBi@500PeCu/Cu [85].
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Cu board relative to the solder/porous Cu interface. The sub-

stantiating phenomenon is the irregular area of contact at the

solder/porous Cu interface which led to the less intense IMC

layer formation. Upon subjecting similar set of samples to

isothermal aging at 150 �C and aging duration between 100

and 500 h, the joint strength deteriorated with increased

isothermal aging duration as expected and crack initiation

occurred mainly at the interfaces between the SAC 305 and

porous Cu [89].

The P35 porous Cuwith a uniform thickness of 0.1 mmwas

introduced in addition to those used above by the similar

authors for the purpose of further showcasing the porous Cu

interlayer as a viable component in enhancing solder joint

reliability [90]. A thinner solder layer was noticed in the sol-

dered sample having the P15 porous Cu due to the relatively

easy penetration of the liquid solder through the larger pores.

However, samples prepared with both the P25 and P35 porous

Cu exhibited thicker solder layer of approximately 80 mmsince

the liquid solder was unable to easily penetrate through the

smaller pores present in these grades of porous Cu interlayer.

Meanwhile, it was noticed that the IMC grew thicker with

rising pore size of the porous Cu component indicating the

difficulty in molten solder penetration with increasing pore

size and the subsequent solidification at the porous Cu-solder

alloy interface. Findings reported regarding how cooling rate
affects the IMC layer thickness revealed that the smaller pore

sizes of the P25 and P35 resulted in prolonged cooling duration

for solder solidification in comparison to the P15. The gradual

cooling rates demonstrated by the samples with P25 and P35

increased the time for Cu6Sn5 growth and formation at the

interface layer of liquid solder.

Comparative investigation on the evolution of IMC layer

and shear strength behavior of MWCNTs-doped SAC 305

composite solders incorporated with porous Cu (15, 25 and 50

PPI) was systematically performed by Hanim et al. [91]. Prior to

the soldering process, the porous Cu materials were rolled to

achieve homogenous layer and to reduce the gap formed in

the resultant joint. The average sizes of the pores for the 15, 25

and 50 PPI are 0.68 mm, 0.29 mm and 0.14 mm, respectively,

while in a similar sequence, the average thicknesses of the

struts are 0.17 mm, 0.06 mm and 0.03 mm. The porous Cu

materials were more effective in inhibiting the IMC growth at

the interfaces of both the solder/Cu and the solder/porous Cu

for the solder doped with 0.01 wt% MWCNTs as compared

with the 0.04 wt% MWCNTs counterpart.

Better MWCNTs dispersion was observed in the SAC sol-

der/porous Cu doped with 0.01 wt% MWCNTs as compared

with the counterpart with 0.01 wt%MWCNTs which led to the

enhancement in retardation of the active Sn atoms and a

concurrent retardation in the accelerated dissolution of Cu

https://doi.org/10.1016/j.jmrt.2023.06.193
https://doi.org/10.1016/j.jmrt.2023.06.193


Fig. 6 e Microstructures of the disconnected Cu substrates from the fractured (a,b) SAC-0.01CNT-15PCI [91].
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atoms at the interfaces of both the solder/Cu and the solder/

porous Cu for the formation of IMC layer. In addition, the

porous Cu materials were highly influential in enhancing the

shear strength of the MWCNTs-doped SAC 305 solder joint,

particularly solder joints reinforced with 0.01 wt% MWCNTs.

From the fracture surfaces (Fig. 6) of the disconnected Cu

substrates from the failed single-lap joint, it was surmised

that fracture mostly occurred at the solder/porous Cu inter-

face, where the highly ductile porous Cu was able to reduce

stress.

By employing different Cu-foams of 0.15 mm and 0.5 mm

thicknesses as reinforcing structures, a strong metallurgical

bond was formed between the Cu board and Cu-foam/SAC305

layer with no presence of cracks [92]. Under the joint influence

of Cu-foam and ultrasonic vibration, the study revealed a

novel technique for the design and fabrication of solder in-

terconnects with the highest reliability in microelectronic

applications. By extending the ultrasonic soldering duration to

30 s, the Cu skeleton was largely liquefied in the SAC305, and

the Cu6Sn5 IMC was detached from the subsequent IMC layer

and broken into microscopic proportions by applying the ul-

trasonic vibration. Meanwhile, the 3D repeated network

structure of Cu-foam alongside microstructure refinement

actuated by ultrasonic cavitation synergistically enhanced the

shear strength of the SAC305 solder interconnect.

The lotus porous Cu having tubular pores (Ø ¼ 174 mm)

arrayed in a particular direction (Fig. 7a) was bonded to Cu

substrate utilizing the SAC305 solder under diverse bonding

modes and diverse orientations in the lotus porous Cu [93].

Three kinds of bonding modes were employed in the study

including; (i) mode 1, where the interface of the joint is normal

to the direction of pores of the lotus porous Cu and (ii) mode 2

and mode 3, where direction of pores is parallel to the joint

interface. The shear strength analysis revealed that even

though the bonding regions of the entire lotus porous Cu

joints weremore expansive relative to the nonporous Cu joint,

the entire lotus porous Cu joints demonstrated inferior joint

strengths relative to that of nonporous Cu joint (Fig. 7b).
Nevertheless, the bonding ductility of the entire porous Cu

joints was enhanced relative to the nonporous Cu

counterpart.

The entire lotus type porous Cu joints showed high von

Misses stresses at the two extremes of a pore located on the

lotus porous Cu/solder interface, according to a simulation

using the Finite Element Analysis (FEA) on the stress distri-

bution of soldered interconnect under shear stress. (Fig. 7def).

More so, von Misses stress was large at the LHS of the Cu

substrate/solder interface of the same set of samples. The

maximum von Misses stress of these samples was compara-

tively higher than that of the nonporous counterpart (Fig. 7c).

It was inferred that the deformation of pores in lotus porous

Cu probably occurred as a result of stress concentration

around pore structures in the course of the shear test. Hence,

the shear strength deterioration demonstrated by the lotus-

type porous Cu joints was attributed to the debonding be-

tween the pore wall and solder interface by pore distortion in

the course of the shear strength investigation.

Nanoporous Cu (NPC) sheet having uniform ligament-pore

microstructure (mean pore size 320 nm) was prepared by

dealloying Cu40Al60 precursor alloy in 1.45 mol/L HCl solution

and later sandwiched two Cu substrates with infiltrated SAC

305 solder [94]. A high-temperature resistant bondline was

created as a result of the NPC's excellent solder wettability on

both the inner and outside components. The average shear

strength of these bondlines was 37.68 MPa while the highest

shear strength got up to 57.38 MPa. Moreover, the mean re-

sistivity demonstrated by the bondlines was 13.38 mU cm.

More so, the bondlines exhibited no clear defect after aging at

200 �C for 360 h. Hence, the bondlines were not significantly

degraded in terms of the Vickers hardness and shear strength

properties after the aging process.

Koga et al. [95] investigated the structure of a fabricated

nanoporous Cu sheet and the shear strength of the resultant

joint utilizing the NPC sheet to affirm its suitability for high-

temperature application. The bonded area produced by uti-

lizing the NPC sheet was performed on an electroless nickel

https://doi.org/10.1016/j.jmrt.2023.06.193
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Fig. 7 e (a) Cross-sectional views of lotus porous Cu, (b) shear strength versus displacement plots of joints with diverse

bonding modes, stress distribution of (c) nonporous Cu joint and lotus type porous Cu joints for (d) mode 1, (e) mode 2, and

(f) mode 3 during the shear strength investigation [93].
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immersion gold (ENIG) substrate. With the spontaneous re-

action between the surface structure of NPC and the Au from

the substrate, the shear strength of the joint prepared with

NPC sheet was seven times higher than the joint with no

NPC sheet.
Table 1 summarizes the various solder reliability improve-

ments actuated by the reinforcement of traditional and com-

posite lead-free solders with porous Cu interlayer. Clearly from

the highlighted studies, porous Cu demonstrated immense

capacity in revamping existing lead-free solder interconnects.

https://doi.org/10.1016/j.jmrt.2023.06.193
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Table 1 e The effect of porous Cu on the solder reliability of lead-free solder joints.

Solder material Solder reliability improvement Ref.

Sne58Bi Hardness enhancement was achieved in the Bi-rich and b-Sn and thermal

conductivity of the solder increased with porous Cu incorporation.

[80,81]

Sne58Bi Effect of isothermal aging was minimal on the IMC layer thickness and the

growth kinetics of the IMC.

[82]

Sne58Bi-xAg (x ¼ 0.4e1 wt%) Porous Cu addition strengthened the solder and demonstrated capacity for

crack propagation inhibition during shear test.

[83,84]

Sne58Bi The brittle interfacial fracture of the plain solder joint was transformed into

fracturewithin the solder bulk for the porous Cu reinforced solderwhich led

to the superior shear strength of the porous Cu reinforced Sne58Bi solder.

[85]

SAC 305 IMC layer grew thicker with increasing pore size of porous Cu interlayer

indicating difficulty in molten solder penetration with rising pore size and

the addition of porous Cu with smaller pore sizes led to prolonged cooling

period for solder solidification.

[90]

SAC305-xMWCNTs (x ¼ 0.01e0.04 wt%) The porous Cu was more capable of inhibiting the interfacial IMC layer

growth and enhancing the solder strength with 0.01 wt%MWCNTs addition

as compared with the 0.04 wt% MWCNTs counterpart.

[91]

SAC305 The 3D repeated network structure of Cu foam together with the grain

refinement actuated by ultrasonic cavitation synergistically enhanced the

shear strength of the solder joint.

[92]

SAC305 Despite the lower shear strength of the lotus porous Cu solder joints and

with the supporting von Misses stresses demonstrate by these joints

relative to the nonporous Cu solder joint, the lotus porous Cu solder joints

demonstrated superior bonding ductility.

[93]

SAC305 Excellent wettability of the solder on the nanoporous Cu led to the

development of a high-temperature resistant bondline with maximum

shear strength of 57.38 MPa and mean resistivity of 13.38 mU cm.

[94]
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With the 3D continuous network structure of the porous Cu,

microstructural refinement was achieved which subsequently

led to significant strength enhancement of the solder joints.

More so, the observed improvement was substantiated using

the fracture morphologies of the tested samples wherein frac-

ture occurred primarily in the bulk of the solder joint reinforced

with porous Cu as comparedwith the brittle interfacial fracture

associated with the plain counterpart.

3.2. Nickel foam

Open cell Ni-foam having remarkable mechanical properties

and excellent metallurgical reactivity has shown great po-

tentials as a strengthening component in solder materials. He

et al. [96] carried out a comparative research on the micro-

structural and mechanical properties of Sn-based composite

solders reinforced with three distinct foams (Ni foam, Cu

coatedNi foam, and CueNi alloy foam), and Cu joints linked to

these composite solders.The skeleton of the CueNi alloy foam

(Fig. 8aec) exhibited a rough surface morphology indicating

the ability of this foam type to optimally promote molten Sn

solder infiltration since substrates with high surface rough-

ness promote solder wettability easily. The cross-sectional

images (Fig. 8def) of the composite solder foils showed the

absence of a reaction layer on the skeleton of the Cu coated Ni

foam. Moreover, a gray contrasting IMC layer having approx-

imately 2.5 mm was generated on the skeletal surface of the

CueNi alloy foam/Sn composite solder, indicating superior

rate of reaction with the solder matrix than the other two

foam types.

Tensile strength gains of 161.1%, 200.2%, and 234.4% for the

Ni/Sn, Cu coated Ni/Sn, and CueNi alloy/Sn composite solder,
respectively, were noted when compared to the tensile

strength of the plain Sn solder. The enhanced interfacial re-

action between the reinforcing foam and the solder was

highly critical in achieving adequate strengthening. Hence,

the superior tensile strength demonstrated by the CueNi

alloy/Sn composite solder. The electron back scatter diffrac-

tion (EBSD) for the phase distribution of Cu joints with the

different composite solders for 1 h demonstrated the

(Cu,Ni)6Sn5 as the main phase in the solder seam with few Ni

skeleton structures and residual Sn solder distributed in it.

The remaining metal skeleton structures in the solder seam

diminished slowly in the three joint types leading to signifi-

cant rise in the rate of dissolution of the metal skeletons.

Themean grain sizes of the (Cu,Ni)6Sn5 phase and Snmatrix

present in the solder joints prepared with Ni/Sn, Cu coated Ni/

Sn, and CueNi alloy/Sn were 6.8 m, 6.3 m, and 4.8 m, respec-

tively, according to the EBSD grainmapping pictures (Fig. 8gei).

The grains at the center of the solder seam of the joints pre-

pared with Cu coated Ni and CueNi alloy composite solders

were highly refined but grew larger close to the Cu substrates in

comparison to the homogeneous grains present in the joint

prepared with Ni/Sn composite solder. Meanwhile, the joints

prepared (at 260 �C for 60min) using CueNi alloy/Sn composite

solder demonstrated the superior shear strength (61.2 MPa),

whereas those prepared with Ni foam exhibited the lowest

(52.7 MPa). According to the results of the fractography inves-

tigation, all solder joints had cracks that primarily came from

the solder seam. More specifically, the CueNi alloy/Sn com-

posite solders created substantial amounts of (Cu,Ni)6Sn5 par-

ticles, which had the smallest grain sizes in the joints they

formed. Hence, the superior strength of the joints prepared

with the CueNi alloy/Sn composite solders.
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Fig. 8 e Microstructures of (a) Ni foam, (b) Cu coated Ni foam, (c) CueNi alloy foam; cross-section of Sn-based composite

solders reinforced with (d) Ni foam, (e) Cu coated Ni foam, (f) CueNi alloy foam; EBSD images of grain mapping of Cu joints

soldered for 60 min utilizing (g) Ni foam, (h) Cu coated Ni foam, (i) CueNi alloy foam [96].
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The same set of authorsworked on a complementing study

focusing on the characterization of isothermal diffusion

reaction-induced microstructure of Cu interconnects bonded

with Ni-foam reinforced Sn-based composite solder [97]. The

metallurgical reaction of the solder seam subjected to pro-

longed soldering durationwas reported to be controlled by the

solid-state diffusion process, during which Ni segregated at

the Cu3Sn/(Cu,Ni)6Sn5 interface and inhibited Cu diffusion

from the Cu board into the solder seam. This suggests that Cu

supply into the solder seam can be inhibited, whilst Ni can

maintain its diffusion into the solder seam through the pro-

gressing NieSn reaction. More so, grain boundary diffusion of

Cu and Sn was identified as the primary controlling mecha-

nism for the growth rate of (Ni,Cu)3Sn4 phase. The (Ni,Cu)3Sn4

phase's average size decreased as a result of progressive
nucleation of new grains, which outpaced grain expansion.

Meanwhile, because of the high nucleation rate, the (Ni,Cu)3-
Sn4 grains that surrounded the Ni skeleton's surface exhibited

highly refined grain sizes.In order to produce highly reliable

joints, it is worth noting that high purity of Ni-foam must be

ensured prior to its addition as a component for soldering

operation. In line with this, Wang et al. [98] utilized 5% hy-

drochloric acid and ethanol to ensure the removal of oxide

impurities before dipping into molten Sn solder for the

ultrasonic-aided soldering of Cu alloy. According to the

comparative study on the effect of ultrasonic-aided soldering

duration on the shear strength of Cu/NieSn/Cu joints, the

following findings were observed: (i) shear strength of 24 MPa

wasmeasured at 5 s with fracture occurring within the solder,

(ii) shear strength of 58 MPa was measured at 20 s with

https://doi.org/10.1016/j.jmrt.2023.06.193
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Fig. 9 e Microstructures of (a) cross-section, (b) Ni foam interlayer, (c) soldering seam/Cu interface for Cu/NieSn/Cu at 250 �C
for 5 s; microstructures of (d) cross-section, (e) Ni foam interlayer, (f) soldering seam/Cu interface for Cu/NieSn/Cu at 250 �C
for 20 s; microstructures of (g) cross-section, (h) Ni foam interlayer, (i) soldering seam/Cu interface for Cu/NieSn/Cu at 250 �C
for 30 s [99].
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fracture occurring along the Ni-foam within the solder, and

(iii) highest shear strength of 64 MPa was measured at 30 s

with fracture occurring within the solder close to the reaction

interface.

Inspired by the capacity for the production of durable joints

at reduced temperature within a limited bonding period, Xiao

et al. [99] successfully utilized ultrasonic vibration to solder

copper with Ni foam-reinforced Sn composite solder. The

microstructures of the Cu/NieSn/Cu joint (Fig. 9aec) subjected

to ultrasonic soldering at 250 �C for 5 s reveal random distri-

bution of Ni skeletons in the Sn-based solder and seamless

layers of reaction on both the Cu substrates and Ni skeletons.

The EDS of the region marked a1 revealed that the (Ni,Cu)3Sn4

phase developed on the Ni skeletal surface while that of the
region a2 revealed the (Cu,Ni)6Sn5 phasemainly formed on the

Cu substrate. According to the microstructures of the Cu/

NieSn/Cu joint thatwas ultrasonically soldered for 20 s (Fig. 9e

and f), the amount of Sn and the thickness of the Ni skeleton

abruptly decrease in comparison to the joint soldered for 5 s.

Similar phases/location as those of the joint soldered for 5 s

were detected in the joint soldered for 20 s except for the

Cu3Sn located on the Cu substrate as well as the combination

of (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 phases present on the Ni skel-

eton surface close to the Cu substrate.

Meanwhile, a significant change in morphology (Fig. 9gei)

was observed in the solder joint prepared for 30 s as compared

with the 20 s counterpart. The thin layer of Cu3Sn has been

completely consumedwith the formation ofmicro-sized black

https://doi.org/10.1016/j.jmrt.2023.06.193
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Fig. 10 e Images of Ni foams with (a) 80%, and (b) 60% porosities; cross-section of (c) Ni80eSn, and (d) Ni60eSn foils [101].
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particles (predominantly composed of (Ni,Cu)3Sn4 phase),

which dispersed uniformly in the solder seam with few Ni

skeleton structures dispersed at random among them. Addi-

tionally, the uniformly dispersed micro-sized (Ni,Cu)3Sn4

particles in the solder seam demonstrated potential as rein-

forcing areas in the solder with the ability to increase the joint

strength. The effect of microstructural evolution was

observed in the shear test conducted on the Cu/NieSn/Cu

ultrasonically soldered for 30 s, which exhibited the superior

strength of 64.9 MPa while 52.5 MPa and 26.4 MPa were

measured for the joints soldered for 20 s and 5 s, respectively.

The homogenously dispersed micro-sized (Ni,Cu)3Sn4 parti-

cles in the solder seam were suggested to be responsible for

the strengthening of the joint based on the Orowan

strengthening mechanism.

In another study by the same team [100], themicrostructure

and strength integrity of 075-Al alloy joints soldered using an

ultrasonic process with Ni-foam/Sn composite solder were

investigated. It was discovered that the Sn-based solder

completely filled the pores in the Ni-foam, proving that the Ni

skeleton and Sn solder had a strong link, thanks to the for-

mation of Ni3Sn4 on the surface of the Ni skeleton. At the Al

substrates and with increased ultrasonic soldering, the Al3Ni

IMC layerwas created. Al atoms from theAl substrates diffused

through the solder to precipitate the evolution of Al3Ni phase

on the Ni skeleton structure in addition to the existing Ni3Sn4

phase. The wetting between the Ni-foam/Sn composite solder

layer and the Al substrate was therefore determined to be
caused by the mechanical friction impact of the long duration

(over 10 s) ultrasonic soldering. It was also deduced from the

shear strength measurement that the strip type Ni skeleton of

the Ni-foam alongside the Al3Ni and Ni3Sn4 IMCs played a

critical role in strengthening the Al/NieSn/Al joint.

A similar soldering process was employed in bonding 2024

Al alloy for use in the aerospace and automotive industries

[101]. Two types of Ni-foam were used in the study including;

(i) Ni-foam having 80% porosity, 150 mm mean pore diameter

and with continuous, interweaved and intertwined Ni skele-

tons (Fig. 10a), and (ii) Ni-foamwith 60% porosity, 50 mmmean

pore diameter and Ni skeletons with struts that are contin-

uous but more compact (Fig. 10b). From the cross-section

micrographs, triangular hollow pores are present in the

Ni80eSn struts (Fig. 10c), while that of the Ni60eSn are

approximately solid (Fig. 10d). The Ni foam maintained 3D

seamless network architecture and Sn solder dispersed in the

cells of the Ni foam which accounts for the interpenetrating

strengthening structure of the Ni-foam/Sn composite solder.

With the introduction of Ni foams with 60% and 80% po-

rosities, the tensile strength of the composite solders

increased by 219.3% and 344.8%, respectively. Moreover, the

Ni skeletons of Al/Ni80eSn/Al joint maintained a 3D seamless

network architecture and demonstrated a striped distribution

pattern. However, portions of the Ni skeletons for the Al/

Ni60eSn/Al joint were damaged and lost their seamless

structure as the ultrasonic bonding duration increased. The

shear strength data supported the impact of the
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Table 2 e The effect of Ni foam on the solder reliability of lead-free solder joints.

Solder material Solder reliability improvement Ref.

Sne58Bi The brittle interfacial fracture common to joints prepared with SnBi

solder was restrained by the incorporation of porous Ni.

[85]

Sn-based The skeleton of the Ni foam actuated the progressive nucleation of new

(Ni,Cu)3Sn4 grains and resulted in their average grain size reduction.

[97]

Sn-based Treating the Ni foam with 5% HCl and ethanol solution enhanced the

shear strength of the Sn solder joint.

[98]

Sn-based The homogenous dispersion of the (Ni,Cu)3Sn4 particles in the solder

seam which was actuated by the Ni skeleton close to the Cu substrate

enhanced the joint strength based on the Orowan strengthening

mechanism.

[99]

Sn-based Ultrasonic soldering aided the wetting between Ni foam/Sn solder and

the Al substrate, thereby improving the capacity of the Ni skeleton

alongside the formed Al3Ni and Ni3Sn4 IMCs in strengthening the

developed joint.

[100,101]

Sn-based Dissociation of the IMCs into uniformly dispersed refined particles

accompanied by Ni skeletons inhibited fracture propagation and

enhanced the joint strength.

[102]

Sn-3.5Ag The deposition of Cr layer on 500 nm thick Ni interlayer contributed

immensely in improving the strength reliability of reactively bonded

solder joints.

[103]
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aforementioned discovery because they showed that, for

comparable bonding conditions, the Al/Ni80eSn/Al joint out-

performed its Al/Ni60eSn/Al counterpart.

With the utilization of ultrasonic-assisted soldering, the

introduction of Ni foam as a reinforcing phase in Sn-based

solder intensified the metallurgical reactivity owing to sub-

stantial quantity of liquid/solid interface, and refined IMC

grains by ultrasonic cavitation [102]. Moreover, the dissolution

of Ni skeletons occurred as ultrasonic time increased and

resulted in the peeling off of the IMCs from the substrates and

their subsequent disintegration into smaller particles. There-

after, the IMCs dissociated slowly into refined grains and

dispersed uniformly in the entire solder seam under the in-

fluence of cavitation. The uniformly dispersed IMC granules

and Ni skeleton structures inhibited fracture propagation and

enhanced the strength of the joints formed on the Cu

substrates.

Namazu et al. investigated the joint effects of exothermic

reactive layer (Al/Ni) and metal interlayer on the fracture

patterns of solid single crystal silicon (SCS) with reactively

attached Sn-3.5Ag solder joint using two types of interlayer

components (500 nm thick Ni single interlayer and 500 nm

thick Ni with 50 nm Cr double layer) [103]. For the double

interlayer, it was observed that the Cr layer deposit between

the Ni layer and SCS promoted the strengthening of the solder

interconnects prepared using the Al/Ni reactive bonding.

Thus, it was revealed that increasing the thickness of the Al/Ni

and adding a layer of Cr between the Ni layer and the SCS are

essential for enhanced mechanical strength and reliability of

reactively bonded solder joints. According to the fractography,

the development of a silicide layer at the Ni single interlayer-

SCS interface reduced the adhesion strength between Ni and

SCS in comparison to the adhesion strengths of reacted NiAl,

SnAg, and NiAleSnAg. However, the presence of Cr in the

double interlayer at the Ni and SCS enhanced the bond

strength between SnAg and SCS owing to better affinity be-

tween Cr and SCS.
The comparative study between two solder joints prepared

with different types of porous Ni (i.e. 110 PPI and 500 PPI)

showed that the SnBi@500PeNi demonstratedmore porous Ni

skeletons and barely few solder parts were retained in the

solder bulk [85]. This finding shows that the SnBi@500PeNi is

capable of operating at high temperatures while still being

suitable for low-temperature soldering. The shear strength of

joint reinforced with the 110 PPI demonstrated the highest

strength relative to others. According to the fracture analysis

conducted, the incorporation of porous Ni in the solder joints

affected the crack propagation paths in the solder joints.

Thereby, indicating the capacity of the porous Ni in limiting

the brittle interfacial fracture common in SnBi solder joint.

A summary of the solder joint reliability improvement by

Ni foam interlayer is presented in Table 2. This interlayer

material demonstrated capacity to revamp existing lead-free

solders in meeting the conditions of low-temperature sol-

dering and high-temperature service operation. More so, the

applicability of the Ni foam-reinforced composite solders on

different substrates including Al substrates demonstrates an

immense potential of the Ni-foam interlayer in improving

solder joint reliability.

3.3. Other interlayer materials

Because graphene possesses a number of outstanding prop-

erties, including high electrical conductivity and excellent

mechanical properties, it can be used to reinforce conven-

tional solder alloys, which has been demonstrated in various

studies [33,104]. Additionally, with optimum GNS reinforce-

ment, it is possible to increase the electrical conductivity of

solders by preventing electron scattering even in the presence

of lattice defects [105e107]. The use of graphene as an inter-

layer in lead-free soldering process has shown remarkable

IMC growth inhibition at the solder/substrate interface owing

to its ability to protect the Cu substrate from oxidation and

diffusion [108]. The study of Yang et al. [109] supports the

https://doi.org/10.1016/j.jmrt.2023.06.193
https://doi.org/10.1016/j.jmrt.2023.06.193


Fig. 11 e TEM micrographs showing the interface between Cu and Cu6Sn5 (a) without graphene interlayer and (b) with the

graphene interlayer [109].
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promising potentials of graphene interlayer in solder joints

because, in contrast to the SneCu counterpart, no appreciable

IMC layer formation was seen at the bonding interface before

and after 24 h of aging (150 �C). Moreover, the IMC layer

thickness recorded for the SneCu bonding interface after 72 h

of aging was 2.63 mm whereas, that of the Sn-graphene-Cu

counterpart was 1.14 mm. More so, the EDS analytical line of

the TEMmicrostructure examined at the solder joint interface

with graphene interlayer confirms the presence of C element

layer (10 nm thickness) between the Cu and Cu6Sn5 and its

inhibitory role in limiting Cu atoms diffusion from the Cu

substrate (Fig. 11). It is also important to note that the Sn-

graphene-Cu counterpart showed a lower rate of degrada-

tion of the shear strength values over time than the SneCu

counterpart.

The effect of the layer by layer graphene transfer at the

interface between SAC305 solder and Cu pad on the interfacial

reactions and IMC evolution control was investigated by Ko

et al. [110]. A sandwich-like sample having Cu/3 layers of

graphene/SAC305 solder/3 layers of graphene/Cu prepared

after 10 times of reflow soldering (Fig. 12a) was employed to

substantiate that the transferred graphene stayed unimpaired

at the interfacial area after multiple reflow soldering. Upon

analyzing the mechanically delaminated sample with the

Raman spectroscopy (Fig. 12b) using the spots marked with

red circle, the 2D and G peaks of graphene were detected in

spite of 10 iterations of the reflow soldering. Whereas, in the

blue marked region within the solder bulk, graphene peaks

were not detected, confirming that the transferred graphene

layers existed at the interface, in spite of several reflow

processes.

After 10 iterations of the reflow soldering, the increasing

height of the interfacial IMC with several graphene layers

declined in excess of 20% relative to the interface of the plain

Cu without graphene (Fig. 12c). For the Cu pad with no gra-

phene (Fig. 12d), Cu atoms easily diffused and reactedwith the

Sn atoms in the liquid solder or the IMCs in the course of the
reflow soldering. While in the case of the interface with gra-

phene layers (Fig. 12e), Cu atoms passed through the honey-

comb lattice of graphene to permeate and activate reaction

with Sn in the solder. Hence, the Cu atoms were readily

confined in the graphene lattice or lattice defects like va-

cancieswhich then resulted in increasing the diffusion path of

Cu atoms. Moreover, the joint with graphene layer demon-

strated superior shear strength relative to the joint without

graphene, since the brittle fracture at the IMC region (Cu6Sn5/

Cu3Sn interface) was hindered by the inhibited IMC increment

with graphene.

Despite its contribution in inhibiting the immoderate

growth of IMCs according to Yang et al. [109], the chemical

vapor deposition technique for the preparation of graphene

on Cu foil and the subsequent transfer for bonding as inter-

layer between the Cu pad and solder are complex and easy to

produce contaminants which are unsuitable for wide-ranging

industrial production. In view of this, Yin et al. [111] prepared

reduced graphene oxide (rGO) layer right on the Cu pad sur-

face using the secondary reduction (SR) method. The C¼O

peak (288.44 eV), C-O peak (286.84 eV), and C-C peak

(284.77 eV) are the highest observable constituents in the C 1s

spectrum of graphene oxide nanosheets after performing XPS

experiments to analyze the composition of the C elements in

detail (Fig. 13a). In contrast, the rGO film's C 1s spectrum after

the SR process (Fig. 13b) showed significantly smaller C¼O and

C-O. The C-C peak developed into a substantially symmetrical

peak while the entire width at half maxima (FWHM) of the

triple peaks also reduced relative to the GO nanosheets. Thus,

confirming the secondary reduction method as a viable tech-

nique in the production of good quality rGO film containing

lesser intricate chemical reactions on the surface as compared

with the GO nanosheets.

Then, the potential of the produced rGO film to restrain the

heightened growth of the IMCs was investigated by utilizing it

as an interlayer component between the Cu pad and the Sn-

3.0Ag-0.5Cu (SAC305) solder. Relative to the Cu/SAC305, the
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Fig. 12 e (a) Schematic showing the preparation of sandwich-like test specimen; (b) Raman spectra of delaminated interface

after 10 iterations of the reflow soldering; (c) total IMC thickness versus number of graphene layers; schematic showing

graphene influence on Cu diffusion for sample (d) without graphene layer, and (e) with several graphene layers [110].
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interfacial IMC thickness for the aged (150 �C) Cu/rGO/SAC305

was inhibited beyond 30%, and the protruding region of IMC

grains declined beyond 80%. Furthermore, the rGO interlayer

had a lower rate of shear strength depreciation over time than

the plain joint did. The incorporation of graphene/Cu nano-

cone array (NCA) composite on the plain Cu pad, according to

Wang et al. [112], simultaneously addressed the high bonding

temperature and aging deterioration problems that have been

undermining the reliability of the Pb-free Cu bonding

technology.

In order to overcome the roughness and numerous valleys

present on the Cu NCA substrate, an ethylene-vinyl acetate

(EVA)-aided graphene transfer approach was employed. The

technique involves bringing the EVA/graphene batch into

contactwith theCuNCAsubstrate in deionizedwater. Owing to

the relatively high elastic modulus of the EVA (20 times larger

relative to PMMA), a conformal coating on the Cu NCA was
achieved and upon removing the EVA, a substantially better

graphene coverage was obtained. While the bonding yield of

aged Sn-graphene-Cu bonds prepared at 150 and 160 �C
remained at 100%, that of the entire SneCu bonds showed se-

vere deterioration, regardless of the bonding temperature. This

is measured as the ratio of solder joints with >20 MPa shear

strength to the number of tested solder joints. The import from

this is that graphene interlayer incorporation into the SneCu

bonds played remarkable function in inhibiting the impair-

ment problem associated with the aging process.

The diffusion soldering process involves melting a low-

melting metallic thin-film interlayer sandwiched between two

high-melting substrates that have the ability to melt at low

temperatures, in accordance with the basic principle of

isothermal solidification [113]. The resultant IMCs formed

exhibited higher melting temperature than the starting low-

melting interlayer. Hence, its promising potential for low-
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Fig. 13 e XPS spectra of (a) GO nanosheets, (b) rGO filmwith SR, and curve fit of (c) C 1s spectra for the GO nanosheets, (d) C 1s

spectra for the rGO film with SR [111].
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melting temperature bonding and utilization at higher oper-

ating temperature. On this note, the studyof Liang et al. [114] on

the incorporation of Sn interlayer for the diffusion soldering of

Cu/Ti/Si and Au/Cu/Al2O3 at temperatures between 250 �C and

400 �C showed the elimination of the Sn interlayer during the

process and formation of bilayer IMCs including: (i) (Cu0.99-

Au0.01)6Sn5 corresponding to the ɳ-Cu6Sn5 phase, and (ii)

(Au0.87Cu0.13)Sn which corresponds to the d-AuSn phase.

Moreover, a desirable tensile strength of 132 kg/cm2 corre-

sponding to IMC thicknesses of 1.46 mm and 1.63 mm for the

(Au0.87Cu0.13)Sn and (Cu0.99Au0.01)6Sn5 IMC layers, respectively

was achieved under diffusion soldering condition of 300 �C for

20 min.

The reinforcement of Sn-3.5Ag solder with Ag interlayer

offered remarkable improvement in the derived joint [115]. In

the two sandwich structures of Cu/Ag/Sn3.5Ag/Cu and Cu/

Sn3.5Ag/Cu, the degree of asymmetrical growth of IMCs was

higher in the latter than the former. By comparison, the ther-

momigration test revealed that the formation of Ag3Sn layer at

the upper interface owing to the presence of the Ag layer

effectively suppressed the thermomigration-induced Cu flux.
Meanwhile, the estimated⌡TM,Cu which was approximately 0.3

times that without Ag3Sn layer (Cu/Sn3.5Ag/Cu) further

revealed that the Ag3Sn has capacity to act as a barrier layer to

inhibit the Cu flux. Furthermore, the crystallographic orienta-

tion of Snwasnoticed to be influenced byAg interlayer. TheCu/

Ag/Sn3.5Ag/Cu joints demonstrated higher angle a relative to

joints without Ag interlayer. This property further enhanced

the effect of inhibition on ⌡TM,Cu.

A summary of solder joint reliability improvement by other

interlayer materials is presented in Table 3. Degradation is-

sues associated with isothermal aging process was signifi-

cantly inhibited by graphene interlayer in the solder joints.

More so, some of these interlayer materials exhibited great

potentials for low-melting temperature bonding and utiliza-

tion at higher operating temperature.
4. ENImAg surface finish

As the demands for increased functionality of electronic gad-

gets increase coupled with their miniaturization, the
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Table 3 e The effect of other interlayer materials on the solder reliability of lead-free solder joints.

Solder material Solder reliability improvement Ref.

SneCu Graphene interlayer addition was highly effective in suppressing IMC

layer growth and deterioration rate of shear strength after aging.

[109]

SAC305 Impairment of graphene interlayer was prevented after multiple reflow

soldering by utilizing the layer-by-layer technique which resulted in 20%

decline in the interfacial IMC layer thickness.

[110]

SAC305 After isothermal aging, the solder reinforced with rGO interlayer

demonstrated inhibited interfacial IMC thickness beyond 30%, decline in

average projected area of IMC grains beyond 80% and inhibited shear

strength deterioration.

[111]

SneCu The bonding yield of solders incorporated with graphene/Cu NCA

interlayer remained at 100% despite the high bonding temperature and

aging deterioration problems.

[112]

Sn-3.5Ag The thermomigration-induced Cu flux was effectively suppressed by the

introduction of an Ag interlayer.

[113]
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expectations placed on the design and fabrication of the PCB

have become greater. For some considerable time, the Elec-

troless nickel immersion gold (ENIG) has been the prioritized,

high-performance surface finish utilized in the printed circuit

board (PCB) industry. Despite the clear benefits associated with

this surface finish such as, superior solderability and corrosion

resistance, the ENIG surface finish has its limitations [116].

They include; (i) high cost and price volatility of precious metal

such as gold, (ii) the use of cyanide which is a strong chelator

and a contaminant of wastewater stream, and (iii) the emer-

gence of black line nickel solder joint defect (Fig. 14).

The recent choice of the electroless nickel immersion silver

ENImAg surface finish has proven to be a highly effective and

economically feasible alternative to the expensive ENIG. In

addition, the use of the ENImAg prevents the additional cost

incurred for the application and maintenance of the cyanide

license required for the ENIG process. Herein, the perfor-

mance of solder joints prepared using the ENImAg is

comprehensively discussed. Fig. 15 presents the various steps

involved in the preparation of the ENImAg surface finish [118].

Before investigating the nickel-doped SAC solder joint pre-

pared using ENImAg substrate, Electroless Nickel (EN) was

deposited at 90 �C for an hour on the pre-treated Cu substrate

alongside chemical blends of sodium hypophosphite, sodium
Fig. 14 e (a) Black pad between the nodules, and (b)
acetate, nickel sulfate and lead acetate [119]. Thereafter, the

EN substrate was deposited in an ImAg solution at 40 �C for

8 min. The interfacial IMCs formed i.e. (Cu,Ni)6Sn5 and

(Ni,Cu)3Sn4 exhibited different types ofmorphology and shape

for each reflow stage which was attributed to multiple reflows

and the type of surface finish utilized [120,121]. Moreover, the

grain size of IMCs also increased with increasing reflow times.

By exploring the positive features of the ENImAg surface

finish on the IMC layer evolution at the interface of the

adjoining SneAg solder, it was observed aftermultiple reflows

that a thinner IMC layer (including NiSneP) emerged for the

solder joint prepared on the ENImAg as compared with that of

bare Cu. Improved fracture strength with the use of the ENI-

mAg surface finish was another significant finding that

emerged from the study [122]. Elsewhere [123], the IMC

thickness increased with increasing solder volume, however,

the use of the ENImAg was able to mitigate the growth rate

since the dissolution of NieP resulted in ultrafine grains. In

the course of soldering using the ENImAg surface finish, the

silver layer dissolves into the molten solder owing to disso-

lution of silver into the tin, thus exposing the nickel layer to

interfacial reaction with the molten solder (see Fig. 16). It is

worth noting that the Ag layer offers a protective solderable

layer and ensures the solderability of the underlying
Ni corrosion layer of ENIG surface finish [117].
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Fig. 15 e Schematic for the deposition process of electroless nickel immersion silver [118].
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substrate. To ensure positive impact on solder joint, reduction

in dissolution time and optimal solderability over different

pad of printed circuit board, the thickness of the ImAg layer

must be maintained at a value less than 1.0 mm [124e127].

Meanwhile, the thinner IMC layer demonstrated by

SAC305/ENImAg solder joint triggered its enhanced shear

strength relative to the solder joint prepared on bare Cu [128].

The finding was substantiated with the superior wetting per-

formance of the SAC305/ENImAg which led to dispersion of

more solder balls on the substrate and the creation of bigger

joint area required to delay the initiation of crack propagation

during the axial loading process. The same finding was pre-

sented in another complementing investigation where the

ENImAg was used to prepare a solder joint having SAC405 as

the base material [129].

Elsewhere [130], three kinds of IMC i.e. (Cu,Ni)6Sn5,

(Ni,Cu)3Sn4 and AgSn3 were observed at the interface between

Sn-4.0Ag-0.5Cu solder and ENImAg surface finish exposed to
Fig. 16 e (a) Schematic of silver layer dissolution into molten so

Cu substrate, and (c) Ag and NieP structures [123].
different cooling rates and multiple reflow soldering. Only the

(Cu,Ni)6Sn5 emerged after the first reflow while other IMCs

evolved with increased reflow time. Hence, the increase in

grain size and thickness of the IMC. More so, it was discovered

that the IMC thickness and grain size increased rapidly with

slower cooling rate (i.e. furnace cooling) compared to the

faster cooling rate (i.e. water cooling). In addition to the

interfacial IMC growth retardation prompted by the addition

of bismuth reinforcement and the ENImAg surface finish,

formation of spalling IMC emanating from high interfacial

energies was detected at the SneAgeBi/ENImAg interface

[131]. In the course of reflow soldering, internal stresses are

induced between the thick compound layer and the substrate.

Hence, the resultant effect of releasing the stress led to the

formation of the spalling IMC. Elsewhere, the synergistic ef-

fect of utilizing CNTs/GNSs alongside the ENImAg surface

finish was well marked in the barrier created for Sn and Cu

atoms diffusion necessary for the formation of IMC and the
lder at the interface, (b) SEM microstructure of the ENImAg/
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Table 4 e The effect of ENImAg surface finish on solder reliability of lead-free solder joints.

Solder material Solder reliability improvement Ref.

SneAg A thinner IMC layer and improved fracture strength were achieved with

the use of the ENImAg surface finish.

[122]

SneAgeCu The dissolution time of the NieP layer was significantly reduced which led

to the growth inhibition of the IMC.

[123]

SAC305 The superior wetting performance triggered by the ENImAg surface finish

resulted in the homogenous dispersion of more solder balls on the

substrate and the emergence of a stronger joint area.

[128]

SAC405 The formation of a bigger joint area due to the superior wettability of the

solder caused a delay in the initiation of crack propagation during axial

loading process and shear strength improvement.

[129]

SneAgeBi The Bi addition corroborated the ENImAg in retarding IMC growth and in

raising the interfacial energies leading to the formation of spalling IMCs at

the interface.

[131]

SAC105-CNTs/GNSs The introduction of the carbon-based nanomaterials alongside the

ENImAg slowed down the diffusion of the Sn and Cu atoms required for the

formation of IMC.

[132,134]
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effective strengthening of the composite solder joints formed

with the Sn-1.0Ag-0.5Cu solder [132,133].

A summary of solder joint reliability improvement by uti-

lizing the ENImAg surface is presented in Table 4. Clearly from

the reviewed studies, the challenges associated with the use

of other surface finishes, particularly, the ENIG have been

significantly reduced by using the ENImAg surface finish. Be-

sides the reduced cost of producing the ENImAg substrate

demonstrated in these studies, the elimination of the black

line nickel solder joint defect affirms the viability of ENImAg

as a reliable candidate for the surface finish technology in

soldering applications.
5. Geopolymer ceramics

The restriction on the use of lead in solder alloys in electronic

packaging has piqued the interest of researchers in devel-

oping lead-free solder materials. Among the candidates for

lead solder replacement, SneAgeCu (SAC) solder is a better

choice, but it is not able to match the performance of lead

solder in terms of wettability, joint strength and lowermelting

point [134,135]. However, incorporating reinforcing particles
Fig. 17 e Effect on the electrical resistivity of Sn-0.7Cu composite

[136].
such as geopolymer ceramics into the matrix of a solder alloy

has resulted in improvedmechanical strength, reliability, and

microstructure.

Mostapha et al. [136] investigated the effect of milling time

and speed on the morphology and electrical properties of Sn-

0.7Cu geopolymer ceramics separately reinforced with kaolin

and fly ash. Fig. 17 shows that the composite solder reinforced

with 1 wt% kaolin geopolymer ceramics (KGC) had the lowest

resistivity (2.78 mUcm) at 500 rpm milling speed and 10 h

milling time. The low resistivity observed was attributed to

the subangular structure and irregular shape of KGC. Else-

where, the b-Sn dendrite in the bulk microstructure was

significantly refined due to the addition of fly ash geopolymer

ceramic to the SAC305 solder interconnect [137].

Zulkifli et al. [138] investigated the thickness of the IMC

layer in a Sn-0.7Cu solder alloy reinforced with KGC and fly

ash geopolymer. The IMC thickness was 2.0827 mmwith 1.0 wt

% fly ash geopolymer compared to 1.827 mm with the addition

of 0.5 wt% KGC. Furthermore, by adding 1.5 wt% KGC and

0.5 wt% fly ash geopolymer, the melting temperatures of the

reinforced solder were lowered to 228.83 �C and 228.15 �C,
respectively. The presence of non-alloying particles with the

ability to slightly alter the thermal properties of the host
s solder with different (a) milling speed and (b) milling time
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solder system was attributed to the decrease in melting tem-

perature. Because high melting temperature increases energy

consumption, the inclusion of these reinforcing materials will

consequently result in a significant decrease in the cost of

thermal application during the reflow soldering process. The

effect of 1.0 wt% KGC introduction on the wettability of the

SAC305 solder was examined by Zaimi et al. [139]. The

increased wettability with contact angle of 20.8� of the rein-

forced SAC305 composite solder was ascribed to the clustering

of KGC particles at the interface of the liquid solder and flux,

which caused surface tension. Zulkifli et al. [140] conducted a

review of studies on the feasibility of fabricating geopolymer

reinforced solder alloy. The assessment of chemical compo-

sitions, on the other hand, has been shown to have no nega-

tive effect on the solder joint performance.

Zaimi et al. [141] found that adding ceramic geopolymer

improved the shear strength of SAC 305 solder significantly.
Fig. 18 e (a) Shear strength of SAC305 solder having various ad

of SAC305 composite solders doped with different KGC additio

(f) 2.0 wt% [143].
The shear strength increased to 8.098MPawith the addition of

0.5 wt% geopolymer, compared to 6.518 MPa for the plain

solder. The enhanced shear strength of the composite solder

was attributed to the geopolymer ceramis's refinement of the

IMC morphology at the solder/substrate interface. Further-

more, when compared tomonolithic SnCu having hardness of

6.48 HV, the influence of slag geopolymer on the SnCu solder

increased hardness up to 7.84 HV [142]. In addition, the

compressive strength of SnCu solder reinforced with slag

geopolymer was significantly higher than that observed when

kaolin and fly ash geopolymer were used. The improvement

caused by the slag geopolymer was attributed to the homo-

geneous distribution of the slag particles along the grain

boundaries of SnCu.

The same team [143] studied the influence of kaolin geo-

polymer ceramic on the microstructure and other properties

of SAC305 solder. Outstanding performance was seen in the
ditions of KGC; FESEM micrographs of fracture surfaces

ns; (b) 0 wt %, (c) 0.5 wt%, (d) 1.0 wt%, (e) 1.5 wt%and
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microstructure, thermal properties, spreadability, and joint

strength of the composite solder reinforced with 1.0 wt% KGC.

However, the addition of KGC aided in the refinement of the b-

Sn phase while also limiting the growth of Cu6Sn5 and Ag3Sn.

In conclusion, the addition of KGC in various amounts

significantly increased the shear strength of solder joints. As

shown in Fig. 18, the shear strength increased to 13.01 MPa

when 1.0 wt% KGC was added, compared to 9.95 MPa for pure

lead-free solder. The authors attributed the excellent shear

strength to the theory of dispersion strengthening.

The inhibition of the primary Cu6Sn5 and interfacial IMCs

in the SAC solder joint doped with KGC led to 13% decline in

shear strength after multiple reflow as compared to 27% shear

strength decline demonstrated by the plain solder subjected

to similar condition [144]. In another complementing study by

similar authors [145], the KGC particles significantly sup-

pressed the growth of Cu3Sn IMC layer by 24% relative to the

plain SAC305 solder during isothermal aging. The ability of the

KGC particles to be adsorbed on the IMC surface, thereby

inhibiting the diffusion of Cu at the interfacial IMC layer, was

attributed to the suppression in the thickness of Cu3Sn. The

result was further supported by activation energy of 104 kJ/

mol exhibited by the Cu3Sn IMC of the SAC305-KGC and its

lesser diffusion coefficient even at high temperature relative

to the monolithic solder.

Table 5 summarizes the beneficial effects of the various

geopolymer ceramics incorporated in Sn-based solder sys-

tems. Mechanical properties and microstructure improve-

ments of reinforced lead-free solder have been highlighted.
6. Rotary magnetic field

By producing Lorentz forces, the rotational magnetic field

can affect the flow and solidification behavior of liquid

metal, which in turn affects the microstructure and perfor-

mance [146e148]. Additionally, it works well to eliminate
Table 5 e Summary of the influence of different geopolymer ce
lead free solder composites.

Solder composite Type of geopolymer

Sne0.7Cu Kaolin and fly ash With 1wt% kaoli

milling speed an

Sne0.7Cu Kaolin and fly ash a. 0.5 wt% of kao

observed with 1.

b. Melting tempe

228.15 �C with 0.

Sne3.0Age0.5Cu Kaolin The clustering of

flux resulted in i

Sne3.0Age0.5Cu Geopolymer ceramic The addition of 0

8.098 MPa as com

SnCu Slag, kaolin and fly ash Improvements in

were observed to

kaolin and fly as

Sne3.0Age0.5Cu Kaolin a. The introducti

thermal properti

b. Shear strength

the 9.95 MPa for

Sne3.0Age0.5Cu Kaolin The introduction

diffusion coeffici
flaws, reduce nugget size, and enhance the solder joint's
ability to dissipate plastic energy [149]. Comprehensive

studies have been conducted to determine how best to use a

rotational electromagnetic field to improve the drop reli-

ability of SnePb solders. These studies have confirmed that

RMF can influence several aspects of solidification, such as

decreasing dendritic or interlamellar spacing, changing

heterogeneous columnar structures into homogeneous

equiaxed structures, removing micro- and macro-

segregation of solute constituents, improving IMC refine-

ment and dispersion, and remarkably refining grain struc-

ture [150,151]. To determine the lowest creep rate of SneBi

solder solidified under RMF, the short term stress relaxation

test (SRT) and strain relaxation and recovery test (SRRT)

were performed [152]. Fig. 19 shows a schematic of the RMF

experimental setup. A pair of 0.5 T permanent magnets with

their N and S poles facing each other and rotating with a

variable speed motor produced the magnetic field. The so-

lidification process was performed by melting the Sne20Bi

solder alloy in a quartz tube at 600 �C for 1 h. Throughout the

process, the molten alloy was continuously stirred in the

revolving permanent magnets, and it was subsequently

cooled at room temperature.

The samples with and without RMF clearly differ in terms

of grain size and dendritic lamellar structure orientation.

(Fig. 20a and b). A significant number of columnar dendrites in

the b-Sn phase with alternate-layered lamella shape to amore

rounded typewere found in themicrostructure of the Sne20Bi

solder without RMF. The fine eutectic regions intensified (see

Fig. 20c and d) and exhibited a regular lamella structure hav-

ing an alternate layer of Bi and Sn phases with little spacing.

Additionally, the grain boundary regionwas evenly covered by

these fine eutectic particles. Compared to the sample without

RMF, the Sne20Bi solder that had been hardened by RMF

demonstrated greater resistance to stress and strain relaxa-

tion. Furthermore, the Sne20Bi with and without RMF creep

stress exponents of 9.8e8.1 and 9.5e6.3 (see Fig. 20e and f)
ramics on the mechanical properties and microstructure of

Solder reliability improvement Ref.

n reinforcement, lowest resistivity of 2.78 mUcm at 500 rpm

d 10 h milling time was achieved.

[136]

lin resulted in 1.827 mm as opposed to the 2.0827 mm

0 wt% of fly ash.

rature reduced to 228.83 �C with 1.5 wt% of kaolin and

5 wt% fly ash geopolymer.

[138]

kaolin particles at the interface of the liquid solder and

ncreased wettability with a contact angle of 20.8�.
[139]

.5 wt% geopolymer enhanced shear strength up to

pared to 6.518 MPa for the plain solder.

[141]

hardness up to 7.84 HV and the compressive strength

be greater for solder with slag reinforcement than when

h were used.

[142]

on of 1.0 wt% of kaolin led to excellent microstructure,

es, spreadability and joint strength.

increased to 13.01 MPa with 1.0 wt% kaolin compared to

pure solder.

[143]

of KGC led to activation energy of 104 kJ/mol and lesser

ent of the Cu3Sn IMC during isothermal aging.

[145]
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Fig. 19 e A schematic diagram of the RMF process [152].
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indicate a sizable number of fine-grained lamella eutectic

structures in Sne20Bi solder.

Due to its capacity to enhance the reliability of lead-free

solders, an assessment of the influence of RMF on solidifica-

tion microstructure and tensile behavior of Sne20Bi and

Sne20Bi-0.4Cu was performed [153]. Three critical non-

dimensional parameters were taken into account to control

the liquid melt that can yield the needed growing interface

character and in turn meet the industrial requirements [147]:

a) The Taylor number (Ta), which establishes the magnetic

force by RMF; b) the Reynolds number (Re), which measures

the magnetic field skin depth in relation to cylinder radius;

and c) the Hartmann number (Ha), which is essential for the

assessment of field velocity resulting from the electromotive

force and viscous force.

Ha ¼BR

ffiffiffiffiffiffi
s

2m

r
(1)

Re ¼uR2

n
(2)

Ta ¼Re �H2
a ¼

suB2R4

2rn2
(3)

where u is the angular velocity, R is the cylinder radius

(1.5 cm). The magnetic field is characterized by magnetic
induction B, the viscosity by m while r, n and s stand for the

density, kinematic viscosity and electrical conductivity of the

Sn matrix. The Ha and Re measured for the Sne20Bi solders

were 248.1 and 1:3� 105, respectively. Thus, themagnetic Ta of

7:9� 109 was attained indicating the consideration of themelt

flow as a turbulent flow [150,154] and the subsequent reduc-

tion in the quantity of unwanted dendrite components.

Due to the forced melt convection and the uniformity of

the concentration and temperature fields triggered by RMF,

the coarse-Sn dendrites, the eutectic structure, and Cu6Sn5

were effectively refined. In Sne20Bi and Sne20Bi-0.4Cu sol-

ders, the appearance of spheroidal or equiaxed grains sug-

gests an activated columnar-to-equiaxed transition (CET)

produced under the RMF state. With the application of RMF,

the yield strength (YS) of Sne20Bi solder was 14.2% higher

than that without RMF, whereas ductility reduced slightly

from 62% to 57%. The induction of CET and the appearance of

a eutectic area in the structure created during the RMF state

were attributed to the improvement in YS. As for the Sne20Bi-

0.4Cu, the increased ductility and lower strength were attrib-

uted to the RMF's substantial reduction in the amount of

coarse Cu6Sn5 phase. El-Taher et al. reported on the effect of

RMF on the physical properties of the Sn-0.5Ag-0.5Cu-2.0Sb-

0.1Al (SAC0505SbAl) solder alloy [155]. Besides the trans-

formation of the b-Sn grains from columnar to equiaxed, the

RMF treatment remarkably decreased the aspect ratio of the b-
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Fig. 20 e OM micrographs of (a) Sne20Bi without RMF and (b) Sne20Bi with RMF, FESEM micrographs of (c) Sne20Bi without

RMF and (d) Sne20Bi with RMF, Stress dependence of global strain rate for Sne20Bi solder (e) without RMF and (f) with

RMF [152].
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Sn grains. The IMCs detected by the XRD were SbSn, Cu6Sn5,

AlCu and Ag3Sn. Meanwhile, the extension of the RMF process

duration until total sample solidification resulted in the evo-

lution of thicker IMCs. For diffusion-assisted solid-state

mechanism, the IMC evolution is dependent on the magnetic

field intensity and diffusion coefficient. Therefore, the likeli-

hood of jump in different magnetic routes and the diffusion

coefficient were influenced by the variation in the magnetic

properties of the principal elements (Al and Sn are para-

magnetic, whereas Ag, Cu, and Sb are diamagnetic).
This substantiates the increased growth rate of the IMC

with the application of RMF. Moreover, the combined effect of

the equiaxed b-Sn grains and the coarse IMCs created due to

RMF treatment led to the higher ductility and low Young's
modulus exhibited by the Sn-0.5Ag-0.5Cu-2.0Sb-0.1Al solder.

By implementing the RMF procedure, a slight drop in the

melting point of the solder from 223.8 �C to 221.6 �C was

observed which is essential for reducing surface tension and

promoting quicker wetting of the solder alloy. The RMF also

showed the ability to reduce undercooling from 13.1 �C to 9 �C

https://doi.org/10.1016/j.jmrt.2023.06.193
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Table 6 e The effect of RMF on the solder reliability of lead-free solder joints.

Solder material Solder reliability improvement Ref.

Sne20Bi The uniform dispersion of fine eutectic particles across the grain

boundaries promoted the superior resistance of the solder to stress and

strain relaxation.

[152]

Sne20Bi and Sne20Bi-0.4Cu The improvement in YS was ascribed to the induced CET and emergence

of eutectic area in the structure developed under the RMF condition.

[153]

SAC0505SbAl The implementation of RMF procedure led to decline in melting

temperature while the combined effect of the equiaxed b-Sn grains and

the coarse IMCs led to the higher ductility and low Young's modulus.

[155]

Sn-2.0Ag-2.0Zn Increased creep resistance of 366% and superior creep rupture were

achieved with the use of RMF.

[156]

Sn-2.0Ag-0.5Cu-2.0Zn Mean grain sizes of the b-Sn and other IMCs reduced remarkably due to

the microstructural refinement actuated by the RMF process.

[157]

SAC205 Substantial improvement of the tensile properties was achieved over the

entire strain rate and temperature ranges.

[158]

Sn-1.0Ag-0.5Cu-0.5Sb-0.07Ce A drop in the pasty range of the solder was achieved alongside 13.4%

increase in elongation.

[159]
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due to its influence on b-Sn grain refinement and nucleation.

The findings are undoubtedly expected to provide a compre-

hensive insight into the performance of these newly discov-

ered solder alloys under the influence of RMF that are

potential candidates as Pb-free interconnects in microelec-

tronic packaging industry.

The application of RMF to the Sn-2.0Ag-2.0Zn (SAZ) solder

led to increased creep resistance of 366% and superior creep

rupture time of 56.4% [156]. Their findings further showcase

RMF as a reliable technique for enhancing the mechanical

performance of Sn-based solder alloys for industrial applica-

tions. In another complementing study, the utilization of the

RMF improved the microstructure and mechanical perfor-

mance of Sn-2.0Ag-0.5Cu-2.0Zn (SACZ) solder [157]. Mean

grain size of 10e20 mm for b-Sn as well as mean grain size of

5e10 mm for Cu6Sn5, Ag3Sn and (Cu,Ag)5Zn8 were obtained for

the SACZ solder prepared with RMF. The effect of the micro-

structural refinement was observed in the enhancement of

the ultimate tensile strength, yield strength, elastic modulus

and elongation by 110%, 112%, 119% and 108%, respectively.

Similar findings were reported by the same team [158] for the

SAC205 solder, where the tensile properties improved signif-

icantly with RMF application over the entire strain rate and

temperature ranges.

Elsewhere [159], the Sn-1.0Ag-0.5Cu-0.5Sb-0.07Ce solder

alloy was showcased as a plausible solution to the reliability

issue of the Pb-free joint, thanks to the capacity of RMF pro-

cessing in decreasing the pasty range of the solder from 5 to

4.7 �C as well as enhancing the mechanical properties (elon-

gation increased by 13.4%). Meanwhile, the impact of RMF

during the solidification process of BieSneAg ternary eutectic

alloy on the electrical resistivity revealed a rise from

35.6 � 10�5 to 38.6 � 10�5 U mm [160]. Furthermore, the elec-

trical resistivity of the alloy increased from 35.4 � 10�5 to

43.5 � 10�5 U mm with rising temperature.

A summary of solder joint reliability enhancement by

employing the RMF technology is presented in Table 6. Clearly

from the reviewed studies, the utilization of the rotary mag-

netic field is beneficial to the flow and solidification behavior

of molten metal during the soldering process. In addition, the

microstructural refinement, improved dispersion of IMC and
the subsequent improvement in mechanical performance

affirm the viability of this processing microelectronic

packaging.
7. Emerging technologies

Recently, rice husk ash (RHA) has emerged as an affordable

reinforcing material for metal-matrix composites, especially

in developing nations. The option of RHA as reinforcement

emanates from its high silica content and the matching low

density compared to other traditional ceramics [161e163]. The

interfacial IMC layer thickness of the ENImAg solder joints

was significantly lower than that of the bare Cu counterparts,

according to a comparative investigation [164] on the reli-

ability of RHA-reinforced Sn-0.7Cu composite solder joints

formed on bare Cu and ENImAg surface finish. Similar to the

bare Cu counterpart, the plain solder/ENImAg junction

showed increased shear strength. The exploration of dimple

microtextured Cu substrate on the performance of Sn-0.7Cu

solder revealed surface texturing as a reliable method for

producing outstanding interfacial reaction between solder

and Cu substrate. Increased dimple depth led to a drop in

wetting angle of solder joint from 36.5� to 35.1� [165].
Due to its subdued standard Gibbs free energy, the Sn-

based Pb-free solder can oxidize easily under ambient condi-

tions [166]. It has been generally established that the oxide

film on the solder surface can hinder wettability and solder-

ability, hence, affecting the solder joint reliability. Several

methods including the use of doping elements [167e171], acid/

plasma cleaning [172e174] and the use of flux have been

considered to mitigate the oxidation of solder surface and

enhance surface reactivity. However, most of these methods

are either less efficient or costly to be implemented. Ther-

mocompression bonding technology using micro-nano cones

array (MCA) has shown great potentials for fluxless bonding

and can achieve bonding in ambient atmosphere at low

temperatures (160 �Ce200 �C) [175,176].
Fig. 21a shows the schematic for the thermocompression

bonding used in preparing the joint of Ni MCA (Fig. 21b) with

SAC305 solder ball [177]. The Ni MCA layer was fabricated on
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Fig. 21 e (a) Schematic for the bonding process, and (b) Microstructure of Ni MCA employed for bonding [177].
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the Cu substrate with the Ni cones having an average height of

700e1000 nm. More so, the Ni MCA was electroplated with a

thin Pd layer to decrease the interference of the Ni side at the

bonding interface. Ultimately, the local plastic deformation

triggered bymicrocone tips in the course of bonding led to the

disintegration of the oxide layer that enabled close metallic

contact and thus bonding. The interface was compact and the

shear strength did not degrade after aging for 120 h.

Transient liquid phase bonding (TLPB), as compared to

other bonding types can significantly reduce the temperature

and amount of time needed for effective 3D packaging. Sun

et al. [178] studied the microstructure evolution and bonding

strength of the Sn-0.3Al solder system as a transient liquid

bonding intermediate layer. The submicron Al addition

appeared to have slowed the onset of IMC and greatly

decreased the frequency of voids in the Sn-0.3Al TLPB joints,

thus, improving the reliability of TLPB joints. Additionally, the

submicron Al particles greatly increased the spreading area,

shear strength, and microhardness of the developed TLPB

joints by 69.5%, 45.6%, and 20%, respectively.

A major challenge limiting the full implementation of Sn-

based Pb-free solder is its poorer wettability compared to

that of the SnePb counterpart. Since the solder wets and

spreads on the Cu6Sn5 IMC layer during interfacial reaction

with the Cu substrate, the higher the surface energy of the

Cu6Sn5 layer which is strongly associated with its crystal

orientation, the greater the wettability of the solder. In

essence, a reliable method to improve the wettability of Sn-

based Pb-free solder, in particular, without the use of any

additives, is to generate a Cu6Sn5 coating with high surface

energy on the Cu substrate by controlling the crystal orien-

tation. Magnetron sputtering technology was used to create

Cu6Sn5 preferred-orientation coatings with high surface en-

ergies on Cu substrates, with the ability to adjust crystal

orientation using its power and substrate temperature [179].

The results of the experiment showed that the preferred

orientation of the Cu6Sn5 coatings (40e2 and 132) had a sig-

nificant positive impact on the wettability and wetting dy-

namics of the SAC305 solder alloy. In the course of exploring

the effectiveness of epoxy resin in enhancing the intrinsic

properties of SAC305 solder paste, Zhang et al. [180] observed

improved spreadability of solder on Cu substrate due to
decrease in the surface tension and viscosity of the molten

solder by the presence of the epoxy resin. As a result of the

mechanical blocking influence of the epoxy resin layer, the

shear force of the solder joint increased significantly with the

solder having 8 wt% epoxy resin demonstrating the superior

value of 35.39 N. Having inspired immense concern among

researchers, the superb intrinsic strength and outstanding

thermal conductivity of graphene [134,181e183] have been

identified as promising solution to the challenges inhibiting

the implementation of composite solder systems for indus-

trial applications.

Nevertheless, researches done so far on the preparation of

graphene reinforced Sn-based solder using the conventional

reflow soldering process have indicated the high possibility of

agglomeration occurrence despite the homogenous engulf-

ment of graphene in the solder matrix. Moreover, several

reinforcing materials have been detected to float at the

topmost part of the matrix by using this technique which in

turn deteriorate the mechanical behavior of the solder joints

[184,185]. It has been reported that the transient current

bonding (TCB) technology can remarkably hinder the

agglomeration phenomenon and floating of graphene in the

solder matrix during reflow in order to improve the solder

joint strength [181,186e188]. In addition, the suitability of TCB

for composite soldering also stems from the capacity of the

technology to enhance the transformation of scallop-like IMC

into dendrites [189,190].

Recently, the lifespan of solder interconnect has been

shortened by serious reliability issues of electromigration (EM)

and thermomigration (TM) resulting from high-density pack-

aging, increasing chip integration and the reduction of micro-

bump size in 3D integrated circuits [181]. In general, the di-

rection of the driving force for EM is from the cathode to the

anode in the solder joint, and that for TM is from the hot end

to the cold end. When the two directions are the same, the

migration of metal atoms will be promoted, otherwise EM flux

and TM flux will cancel each other out and atomic migration

will be hindered. In view of this, researchers in recent times

have focused on boosting the electromigration resistance of

micro-joints by microalloying and substrate improvement.

The enhancement of EM resistance bymicroalloying can be

achieved through the addition of Zn and Ag alloying elements
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that can react with Sn and Cu atoms to form fine and stable

IMCs capable of suppressing the polarity effect and strength

reduction caused by current stress [191,192]. The addition of

Co has the capacity to tilt the c-axis of Sn grains and increase

the angle between the c axis and the current direction [193].

Therefore, Cu atom diffusion in Sn and the growth of inter-

facial IMCs are inhibited and the EM life of the solder joint can

be improved. The ability of rare earth elements such as Ge and

Ce to aggregate at the grain boundaries make them inhibit

grain boundary slip and dislocation movement, which im-

proves the EM resistance of solder joint [194,195].

Recently, a new MEIMC has been explored at the interface

between Sn-rich solders andmultielement alloys (MEAs) lying

between medium and high-entropy alloys [196e198]. It

exhibited excellent thermal stability during thermal aging,

which can be attributed to the good thermal stability and slow

diffusion of the MEA substrate. Among MEAs, the FeCoNiMn

alloy (FCNM) has shown excellent wettability with Sn-based

solders, forming a super thin (Fe, Co, Ni, Mn)Sn2 IMC at the

interface [199]. Shen et al. [200] investigated thermomigration

in Cu/Sn3.5Ag/FCNM solder joints between a cold end (50 �C)
and a hot end (200 �C) at different times. The rapid thick-

enening of the multielement intermetallic compound

(MEIMC), (Cu, Mn, Fe, Co, Ni)6Sn5 at the Sn3.5Ag/FCNM inter-

face was curtailed by the low chemical flux from FCNM,

thereby causing a replacement by Cu6Sn5 formation near the

Cu/Sn3.5Ag interface. Hence, the systemhas been proposed as

a promising diffusion barrier for thermomigration in micro

solder joints.
8. Concluding remarks

In the last decade, a great number of researches have been

explored tomake clear the reliability progression of Sn-based

lead free solders subjected to various unique environments

through the exploration of several novel techniques for the

preparation of the solder joints. Numerous efforts have been

directed towards the utilization of ENImAg surface finish to

enhance the reliability of the Sn-based solder joints. Besides

the economic viability of producing the ENImAg substrate,

the elimination of the black line nickel solder joint defect

commonwith ENIG substrate corroborates the viability of the

ENImAg for advanced packaging technologies. Meanwhile, it

is important to note that the 3D continuous network struc-

ture of interlayer materials can not only remarkably refine

the solder microstructure, but also strengthen the mechan-

ical performance, thermal conductivity and overall reliability

of the solder. Even though, reliability enhancement could be

achieved in solder joints doped with geopolymer ceramics,

the composite solder systems are still stuck in the realm of

academic research and are quite far from industrial exploi-

tation due to difficulty in controlling the development of

composite solders with homogenous composition. Moreover,

it may be significant to explore the TCB technology for

composite soldering which is viewed as an effective tech-

nique to prevent the agglomeration and floating of reinforc-

ing materials, especially nano-sized reinforcements.

However, it remains unknown whether the high current

density and short bonding duration will impact the phase
composition grain orientation and slip system. In summary,

this review focuses on the current reliability investigations

on Sn-based lead-free solder systems and attempts to offer

theoretical support for the development of robust intercon-

nectionmaterials for microelectronics packaging. With rapid

advancement in electronics technology, more researches on

developing novel solder materials or techniques to revamp

the existing ones are envisaged to be further explored in

order to achieve compliance with the standards of elec-

tronics industry in the near future.
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