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Abstract Electromigration (EM) phenomenon has be-

come more troublesome in the Sn–Bi solder joints as the

increase of current density. Doping method is reported as

one of the solution to improve solder joints. However, the

doped particles are easily aggregated and formed large

sized intermetallic compounds (IMCs) in the solder matrix

during reflow soldering. In this research, EM phenomenon

was studied in the Sn57.6Bi0.4Ag, Sn58Bi with 0.4 wt%

Ag doping (Sn58Bi ? 0.4Ag) and Sn58Bi solder joints to

fully understand the influence of the aggregated Ag3Sn

IMCs. The grain refinement effect of the Ag element was

found to be the main reason of the improvement of EM

phenomenon. Also, it was proved that Sn57.6Bi0.4Ag

solder joints with uniformly distributed Ag3Sn IMCs per-

formed well in preventing the segregation of Bi phase.

However, Sn58Bi ? 0.4Ag solder joints with the aggre-

gated Ag3Sn IMCs did not perform well, forming thicker

Bi rich layer at the anode. On the other hand, the addition

of Ag element had minimal effect on the formation and

consumption of Cu–Sn IMCs in the Sn–Bi solder joints.

The thickness of Cu–Sn IMCs layer at the cathode in the

Sn57.6Bi0.4Ag and Sn58Bi solder joints were found to be

similar. However, the aggregated Ag3Sn IMCs in the

Sn58Bi ? 0.4Ag solder joints could promote the migration

of Cu–Sn IMCs to the cathode.

1 Introduction

As the development of lead free solder material, Sn–Bi and

Sn–Ag–Cu solder alloy have been proved to be the best

substitutes for the Sn–Pb solder alloy. However, the appli-

cation of Sn–Ag–Cu solder is restricted by the high melting

temperature and is not appropriate for temperature sensitive

components. Thus, low temperature Sn–Bi solder alloy has

attracted more attentions in this aspect, and is extensively

used for low temperature packaging. On the other hand, as

the scaling down of the electronic devices, the current

density reaches even higher than 108 A/m2 at the connect-

ing joints, making the electromigration (EM) phenomenon

become more troublesome. Unfortunately, Sn–Bi solder

joints with weak resistance to EM are needed to be im-

proved, especially in micro-sized 3D packaging [1, 2].

The micromorphology evolution, which is induced by the

effect of EM in the Sn–Bi solder joints, can be divided into

two aspects. One is the promotion of phase segregation, and

the other is the influence on the growth and the migration of

inter-metallic compounds (IMCs). As for the Cu/Sn58Bi/Cu

solder joint, Bi rich layer is usually formed at the anode

because of the faster migration rate of Bi phase under current

stress. On the other hand, Sn phase will be left behind and

accumulated at the cathode. Besides, current stress can ac-

celerate the formation of Cu–Sn IMCs at both the cathode

and the anode, but Bi rich layer can hinder the accumulation

of Cu–Sn IMCs at the anode [3]. The IMCs consumption

phenomenon at the cathode, which makes Cu–Sn IMCs re-

duced at the cathode and accumulated at the anode, cannot

be neglected as well [4]. In brief, either Bi phase segregation

or the Cu–Sn IMCs consumption and excessive growth will

lead to bad influences on the properties of the joints.

Many efforts have been studied to inhibit the EM phe-

nomenon in the solder joints, such as plastic pre-strain and
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the application of barrier layer at the interface of the joint

[5, 6]. Particle doping method is another extensively used

solution as well. Metallic nanoparticles, such as Ag and Ni

[7, 8], and non-metallic nanoparticles, such as graphene

and carbon nanotubes CNTs [9, 10], have been studied to

improve the resistance to EM in the solder joints. However,

the particle doping method cannot guarantee the dopants

against aggregation in the solder joint. Theoretical evi-

dences have shown that the dopants are easily redistributed

during reflow soldering [11]. The forces caused by the

melted solder alloy and solder flux are found to have huge

impact on the distribution of the doped nanoparticles [12].

Also, considering the high surface energy of nanoparticles,

it is inevitable that some dopants will be aggregated after

the reflow soldering. Our former studies have proved that

the doped Ag nanoparticles are easily aggregated and

formed large-sized Ag3Sn IMCs in the Sn58Bi with

0.4 wt% Ag doping (Sn58Bi ? 0.4Ag) solder joints [13]. It

can lead to the degradation of mechanical properties of the

doped joints. Also, after long-time aging, the near eutectic

Sn57.6Bi0.4Ag solder joints perform better in mechanical

properties than the solder joints prepared by particle doping

method.

Thus, the effect of the aggregated particles and IMCs in

the doped solder joints should be comprehensively studied

to understand its effects on EM phenomenon. Unfortu-

nately, no research has been done on this aspect.

In this research, EM phenomenon was studied in the

Sn57.6Bi0.4Ag, Sn58Bi ? 0.4Ag and Sn58Bi solder

joints. Firstly, the theoretical analysis was made to basi-

cally understand the effect of Ag element. After that, with

assistance of detecting methods, morphology changes, the

thickness of Bi rich layer, the thickness of Sn rich layer,

and the thickness of IMCs layer were be compared.

2 Experimental procedure

The near eutectic Sn57.6Bi0.4Ag and eutectic Sn58Bi

solder pastes were both commercially available (Alpha

Advanced Materials). Sn58Bi ? 0.4Ag solder paste was

prepared by sufficient mechanical stirring to have the

dopant distributed uniformly. To make solder balls with

mean diameter of 380 lm, the solder pastes were screen

printed onto ceramic substrates, and then reflowed in the

reflow oven (Pyramax-100N; BTU International) with peak

temperature of 178 �C and time up melting point of 55 s.

Flame retardant 4 (FR4) substrates with thickness of

1.5 mm were used to make the flip chip solder joints. The

up substrates were applied Cu pads and the bottom sub-

strates were applied Ni/Au metallized Cu pads with

thickness of Ni layer of 5 lm. The opening diameter of

these pads was around 320 lm. Firstly, the solder balls

were reflowed on the up substrates. After that, the up

substrates with solder balls were attached onto the bottom

substrates via the flip chip bonder (SUSS, FCM). Also,

solder flux was used to assist soldering by cleaning the

oxidations on the pads. Finally, three kinds of flip chip

solder joints were made by this method, including Cu/

Sn57.6Bi0.4Ag/Au/Ni/Cu, Cu/Sn58Bi ? 0.4Ag/Au/Ni/Cu

and Cu/Sn58Bi/Au/Ni/Cu.

Current stress with value of 2.5 A was applied on these

solder joints for 100, 200 and 300 h respectively, under

temperature of 70 �C. Figure 1 shows the current distri-

bution of the solder joint in the 3D model and 2D model

via finite element modeling (FEM). It could be found that

the current density reaches the highest value at the entrance

and exit traces in flip chip joint structure. This phenomenon

was recognized as current crowding effect. Though the

mean current density was around 3 9 107 A/m2, it can be

greater than 108 A/m2 at the stress concentration regions.

After the current stress finished, all the samples were cross-

sectioned and mounted in the resin for further detection.

To characterize the morphology evolution, the cross-

sectioned samples with Au sputter-coated were detected by

scanning electron microscope (SEM, Philips XL 40 FEG)

in backscattered electron (BSE) image mode. Also, energy

dispersive X-ray spectrometer (EDX, International, DX-4)

was used to determine the chemical composition of IMCs.

According to the modeling results, BSE images were se-

lectively taken at the stress concentration regions for the

phenomenal detection. Besides, the comparison of the

thickness of Bi rich layer, the thickness of Sn rich layer and

the thickness of Cu–Sn IMCs layer were made between

different solder joints after different stressing time.

Fig. 1 The current distribution of the solder joint in the 3D model

and 2D model via finite element modeling
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3 Results and discussion

3.1 Theoretical analysis

From the perspective of materials, it should be noticed that

the most fundamental difference between these two solder

pastes is the status of Ag element. In the near eutectic

Sn57.6Bi0.4Ag solder paste, Ag element exists as a com-

ponent of Ag3Sn IMCs with micro size. On the other hand,

Ag element exists as nano-sized particles in the

Sn58Bi ? 0.4Ag solder paste. During the reflow soldering,

Ag nanoparticles will be redistributed and reacted to form

Ag3Sn IMCs in the doped solder matrix, which are induced

by the interaction forces and chemical reactions with

melted solder flux and alloy. Also, the aggregation of Ag

nanoparticles is likely to generate, forming large-sized

Ag3Sn IMCs. In our former researches, it has been proved

that some Ag3Sn IMCs in the Sn58Bi ? 0.4Ag solder

joints have larger size than them in the Sn57.6Bi0.4Ag

solder joints, especially after thermal stress [13].

Thus, it does not only contain nano-sized Ag3Sn IMCs

but also micro-sized Ag3Sn IMCs with non-uniformly

distribution in the Sn58Bi ? 0.4Ag solder joints. By con-

trast, in the Sn57.6Bi0.4Ag solder joints, micro-sized

Ag3Sn IMCs are uniformly distributed. This difference

between these solder pastes can lead to the different re-

sistance to EM, which will be discussed in detail later.

The addition of Ag element in the Sn–Bi solder joints can

refine the grain size of Sn phase. It has been reported that as

the increasing addition of Ag content in the Sn based metal,

the grain size of Sn phase decreases significantly [14]. On

the other hand, the addition of Ag element has no influence

on the grain size of Bi phase, because no chemical reaction

can be happened between Bi and Ag atoms to form IMCs.

Thus, the theory that the addition of Ag element can im-

prove EM phenomenon in the solder joints, should be based

on the effect of grain refinement. The following equation

describes the atoms flux induced by EM (Jem):

Jem ¼ Cm ¼ C
D

kT
Z�eqj ð1Þ

where C is the concentration of diffusing atoms, m is the

drift velocity of atoms, Z� is the effective charge number of

EM, e is the electron charge, q is the resistivity of the

matrix, j is the current density, D is the diffusivity coeffi-

cient of atoms, and kT is the average thermal energy.

In addition, the diffusivity coefficient (D) for self-dif-

fusion in solid state can be expressed [15]:

D ¼ fa2v0 exp
�DG
RT

� �
ð2Þ

where a is the cubic lattice parameter, f is a temperature-

independent quantity, v0 is the attempt frequency, R is the

gas constant, T is the absolute temperature and DG is Gibbs

free energy which depends on the kind of the diffusion

paths [16].

The paths of atom diffusion, which induced by the EM,

include diffusion through the lattice, along the grain

boundary and along the metal surface [17]. The migration

processes of Sn and Bi atoms can be considered to occur in

the same condition where the values of f, a, v0, and T in the

Eq. (2) can be fixed. However, the Sn phase with refined

grain size has higher probability to diffuse along boundary

which needs lower Gibbs free energy (DG) than other

diffusion paths. So, the refined Sn phase can acquire higher

atom flux, according to Eqs. (1) and (2). As a result, the

migration rate gap between Bi and Sn phases can be nar-

rowed with the addition of Ag content, so that the EM

phenomenon in the Sn–Bi solder joints can be eased.

However, via particle doping method, Sn58Bi ? 0.4Ag

solder joints cannot work in the ideal way. The aggregation

of Ag nanoparticles is inevitable during the reflow sol-

dering, having Ag3Sn IMCs non-uniformly distributed and

formed large grain size. Finally, it can make the function of

the addition of Ag element useless. On the other hand,

Sn57.6Bi0.4Ag solder joints which are minimally influ-

enced by the reflow soldering may perform better under

current stress. In the next section, experimental results will

be discussed to prove these findings.

3.2 Experimental results

3.2.1 Cu–Sn IMCs formation and consumption

Figure 2 shows the BSE images of EM phenomenon in the

Sn57.6Bi0.4Ag, Sn58Bi ? 0.4Ag and Sn58Bi solder joints

with Ni/Au metallic layer at the cathode after current stress

for 100 and 300 h respectively. At the cathode, the coated

Au layer was fast dissolved into the solder matrix. Ni/Au

metallic layer as a barrier was applied to ease the formation

of Cu3Sn and Cu6Sn5 IMCs via hindering the migration of

Cu atoms into the solder matrix. However, it was still found

that some Cu6Sn5 formed at the cathode and migrated to the

anode with the flow of electron. By contrast, the Cu–Sn

IMCs formation and consumption phenomenon at the

cathode were not obvious in the Sn57.6Bi0.4Ag solder joints

after current stress for 100 h. It might be caused by the close

arrangement of atoms in the solder matrix.

As the increase of time, Cu–Sn IMCs aggregated at the

anode gradually. At the same time, Bi phase with higher

migration rate than Sn phase formed a Bi rich phase at the

anode. This Bi rich layer could slow down the accumulation

of Cu–Sn IMCs layer at the anode via impeding the contact

between Sn phase and Cu phase. After current stress for

300 h, Cu–Sn IMCs layers became relative thicker at the

anode, via joint effects of Cu–Sn IMCs growth and
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migration. However, Cu–Sn IMCs were scattered at the

cathode and could not form a complete layer, which was

caused by the effect of IMCs consumption.

The thickness of Cu–Sn IMCs layer at the anode in the

different solder joints were measured out, and the results

were shown in Fig. 3. It could be found that the thickness

of Cu–Sn IMCs layer increased faster at the initial stage of

current stress. After the current stress for 200 h, the in-

creasing rate of the thickness of Cu–Sn IMCs layer

decreased significantly. It was mainly because of the for-

mation of Bi rich layer at the anode, which had negative

effects on the formation of Cu–Sn IMCs. By contrast, Cu–

Sn IMCs layer grew faster and thicker in the

Sn58Bi ? 0.4Ag solder joints than the other kind of solder

joints. The possible explanation was Sn58Bi ? 0.4Ag

solder matrix had looser arrangement of lattice, which was

caused by the large-sized Ag3Sn IMCs. It could make the

migration of Cu–Sn IMCs become easier. However, the

Fig. 2 BSE images of cross-sectioned a, b Sn57.6Bi0.4Ag, c, d Sn58Bi ? 0.4Ag, and e, f Sn58Bi solder joints with Ni/Au metallic layer at the

cathode after current stress for 100 and 300 h
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result did not show a big difference in the thickness of Cu–

Sn IMCs layer, especially between Sn57.6Bi0.4Ag and

Sn58Bi solder joints.

Thus, it could make a conclusion that the addition of Ag

element had minimal effect on the formation and con-

sumption of Cu–Sn IMCs in the Sn–Bi solder joints.

However, the aggregated Ag3Sn IMCs could promote the

migration of Cu–Sn IMCs layer to the cathode.

3.2.2 Bi phase segregation

On the other hand, the Bi phase segregation phenomenon,

which was induced by the faster migration rate of Bi phase

than Sn phase, was restrained well in the Sn57.6Bi0.4Ag

solder joints as shown in Fig. 2b. Though Bi phase was still

dominant at the anode, the segregation phenomenon was not

obvious, comparing with the conditions in Sn58Bi ? 0.4Ag

and Sn58Bi solder joints. This finding is in conformity with

the previous discussions in Sect. 3.1. However, though

Sn58Bi ? 0.4Ag solder joints had the same content of Ag

element, the improvement of the segregation phenomenon

was not good enough. It was caused by the non-uniform

distribution and the aggregation of Ag3Sn IMCs. In addition,

fewer Sn rich phases could be found in the Sn57.6Bi0.4Ag

solder joints than them in the other kind of solder joints. It

was due to the function of grain refinement which was ob-

tained from the uniformly distributed Ag content.

The thickness of Bi rich layer at the anode and Sn rich

layer at the cathode were measured out, and the results were

shown in Fig. 4. It could be found that Sn57.6Bi0.4Ag sol-

der joints with thinner Bi and Sn rich layers performed better

resistance to the Bi phase segregation. However, little dif-

ference was found between Sn58Bi ? 0.4Ag and Sn58Bi

solder joints. It indicated that the solder joints with Ag

particles doping did not work well. Once the doped particles

were aggregated and formed large-sized Ag3Sn IMCs, the

function of the reinforcement would be seriously restricted.

Thus, the addition of Ag element could improve the Bi

phase segregation phenomenon in the Sn–Bi solder joints.

However, the aggregation of Ag3Sn IMCs could restrict the

effectiveness of improvement.

3.2.3 Functions of Ni/Au metallized Cu pads

In the former discussion, only the solder joints with Ni/Au

metallized Cu pads at the cathode were taken into account.

In this section, it will make a brief discussion on the solder

joints with Ni/Au metallized Cu pads at the anode.

Ni/Au metallic layer as a barrier was applied to ease the

formation of Cu3Sn and Cu6Sn5 IMCs via hindering the mi-

gration of Cu atoms into the solder matrix. Figure 5 shows the

EM phenomenon in the Sn57.6Bi0.4Ag and Sn58Bi ? 0.4Ag

solder joints with Ni/Au metallic layer at the anode after

current stress for 300 h. By contrast with Fig. 2a, b, it could

be found a big difference in morphology evolution. Ni/Au

metallic layer worked well as a barrier layer at the cathode,

while, it was nearly out of function at the anode. Fierce for-

mation and migration of Cu–Sn IMCs phases could be found

in both Sn57.6Bi0.4Ag and Sn58Bi ? 0.4Ag solder joints,

which could definitely interfere the studies on the function of

Ag content. It was mainly because that the Cu–Sn IMCs and

Cu atoms preferred to migrate with the flow of electron from

the cathode to the anode.

Fig. 3 The changes of the thickness of Cu–Sn IMCs layer at the

anode in the Sn57.6Bi0.4Ag, Sn58Bi ? 0.4Ag, and Sn58Bi solder

joints with Ni/Au metallic layer at the cathode as the increasing time

of current stress

Fig. 4 The changes of the thickness of Bi rich layer at the anode and

Sn rich layer at the cathode in the Sn57.6Bi0.4Ag, Sn58Bi ? 0.4Ag,

and Sn58Bi solder joints with Ni/Au metallic layer at the cathode as

the increasing time of current stress
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As a result, in this research, the detailed analysis was

only made to discuss the EM phenomenon in the solder

joints with Ni/Au metallized Cu pads at the cathode.

4 Conclusion

In this research, EM phenomenon was studied in the

Sn57.6Bi0.4Ag, Sn58Bi ? 0.4Ag and Sn58Bi solder joints

to fully understand the influence of the aggregated Ag3Sn

IMCs. Via theoretical analysis, the grain refinement effect of

Ag element was found to be the main reason of the im-

provement of EM phenomenon. The Sn with smaller grain

size can acquire higher atom flux, which reduced the mi-

gration rate gap between Bi and Sn phases. It could help to

prevent the segregation of Bi phase. According to the ex-

perimental results, Sn57.6Bi0.4Ag solder joints with uni-

formly distributed Ag3Sn IMCs performed well in hindering

the segregation of Bi phase. However, Sn58Bi ? 0.4Ag

solder joints with aggregated Ag3Sn IMCs did not perform

well, forming thicker Bi rich layer at the anode. On the other

hand, the addition of Ag element had minimal effect on the

formation and consumption of Cu–Sn IMCs in the Sn–Bi

solder joints. The thickness of Cu–Sn IMCs layer at the

anode in the Sn57.6Bi0.4Ag and Sn58Bi solder joints were

found to be similar. However, the aggregated Ag3Sn IMCs

in the Sn58Bi ? 0.4Ag solder joints could promote the

migration of Cu–Sn IMCs to the anode.

As a whole, the aggregated Ag3Sn IMCs could restrict

the effectiveness of the improvement of EM phenomenon

in doped Sn58Bi ? 0.4Ag solder joints.
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