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ABSTRACT

Low-temperature soldering technology (185–195 �C) is applied for assembling

consumer electronics with various Bi contents, and board-level drop reliability

of hybrid Sn–Ag–Cu/Sn–Bi–X ball grid array (BGA) solder joints interconnected

chip components and PCB boards was evaluated. A hybrid solder joint structure

of a partial melting Sn–Ag–Cu BGA solder ball wrapped by a continuous Bi-

containing region was fabricated, and the effects of low Bi content and minor

additives of Sn–Bi–X solders on microstructure and board-level drop reliabilities

were revealed. The thicker interfacial Cu6Sn5/(Cu,Ni)6Sn5 intermetallic com-

pounds (IMCs) accompanied with larger Bi-rich phases formed at the solder/Cu

interface with decreasing Bi content of Sn–Bi–X solder. Drop impact-induced

cracks initiated and propagated within the larger Bi-rich phases in a wear-out

failure mode, compared with cracks initiated and propagated along the solder/

IMC interface in an early failure mode if fine Bi-rich phases segregated at the

solder/IMC interface. The Sn–49Bi–1Ag solder was the optimum low-temper-

ature solder for assembling Sn–Ag–Cu/Sn–Bi–X hybrid solder joints, which

failed in a wear-out failure mode with the highest drop characteristic lifetime of

420 drops, significantly higher than those failed in an early failure mode.

1 Introduction

Nowadays consumer electronic devices are popular

and develop rapidly with the demands of multi-

function, miniaturization and green manufacturing.

Up to date, the consumer electronic devices are

manufactured with thinner printed circuit boards

(PCBs), lower Z-height chips and components, and

the ball grid array (BGA) solder balls of 100 lm or

less in diameter [1]. Since a typical reflow tempera-

ture for Sn–Ag–Cu solder ball is as high as 240–260

�C, the warpage induced by the mismatch between

the chips and the substrates due to the different

coefficients of thermal expansion (CTE) is becoming

an issue. In addition, lower energy consumption and

lower cost are also demanded. As a result, low-
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temperature soldering technology at 170–200 oC is of

interest [2].

So far the Sn–Ag–Cu is the dominant solder alloy

to make prefabricated BGA solder balls on chips of

electronic components [3], which are not easy to be

substituted by the low-temperature solders, such as

Sn–Bi-based solder balls. Therefore, a novel low-

temperature soldering process is applied in assem-

bling hybrid solder joints for consumer electronic

devices [4, 5], i.e., the prefabricated Sn–Ag–Cu solder

balls on chips of components are hybrid soldered

with low-temperature Sn–Bi-based solder pastes,

which are stencil printed on substrates such as PCBs.

During the assembling process, the molten low-tem-

perature Sn–Bi-based solders wet the Sn–Ag–Cu BGA

solder balls to form the hybrid solder joints. The low-

temperature soldering of hybrid solder joints can

effectively relieve the warpage of the BGA packages

of consumer electronic devices.

As for the low-temperature solder alloys, Sn–Bi

eutectic solder is one of the highly promising candi-

dates, due to its low melting point, good wettability

and low cost [6, 7]. However, there are obvious

drawbacks for Sn–Bi eutectic solder, e.g., the high

content of Bi in the solder increases the brittleness [8],

and Bi atoms tend to segregate and also induce voids

at the Cu3Sn/Cu interface during aging, where cracks

initiate and propagate [9, 10]. Therefore, the research

on improving the mechanical properties such as drop

performance and reducing the brittleness of Sn–Bi-

based solder alloys attracts attention.

It is reported that the low content of Bi improves

the mechanical properties of the Sn–Bi-based solders.

When the Bi content decreased from 58 to 40%, the

elongation of solder alloys increased [11]. However,

the low content of Bi in Sn–Bi-based solder joints has

a limited effect on the improvement of drop property,

which is one of the critical properties related to the

reliability of consumer electronic devices [12]. Fur-

thermore, the minor additives also influence the

microstructure and mechanical properties of the Sn–

Bi-based solders joints. Fu [13] reported that a small

addition of Ag in the Sn–Bi solder restrained the Bi

segregation at the Cu3Sn/Cu interface, which low-

ered the embrittlement of solder joints. Other refer-

ences [14–16] reported that the addition of 3 wt% Sb

into the Sn–Ag–Cu alloys increased the ultimate

tensile strength (UTS) and creep resistance, which

was attributable to the solution strengthening of

dissolved Sb atoms in b-Sn, Ag3Sn and Cu6Sn5

phases. The effects of low Bi content and minor

additives on the microstructure and board-level drop

reliabilities of low-temperature soldering hybrid

BGA solder joints are of interest.

In the present work, four types of low-temperature

Sn–Bi–X solders with lower Bi content than that of

Sn–Bi eutectic and minor additives were used to

assemble the chips of components with prefabricated

Sn–3.0Ag–0.5Cu BGA solder balls and the PCB sub-

strates. The microstructure and the board-level drop

reliability of these low-temperature Sn–Ag–Cu/Sn–

Bi–X hybrid solder joints were investigated.

2 Experimental

The test vehicle involves a silicon chip of 27 mm 9 27

mm 9 2.13 mm in size, which interconnected to a

PCB of 103 mm 9 52 mm 9 1.60 mm in size. The

UBM on the chip is Ni of 15 lm thick, and the pad

finish on the PCB is an organic solderability preser-

vative (OSP) of 60 lm thick. 733 Sn–3.0Ag–0.5Cu

solder balls of 500 lm in diameter were prefabricated

on the chip. Four types of low-temperature Sn–Bi–X

solder pastes of 180 lm in thickness were stencil

printed on the PCB, as listed in Table 1. The hybrid

solder joints were soldered under various reflow

profiles (185–195 �C) to achieve a Bi mixing percent-

age of 40–50%—the area of Bi distribution occupied

the area of the whole hybrid solder joint [17].

Board-level drop impact test system (JEDEC, Salon

Teknopaja Oy, Finland) was used to assess the drop

reliability of test vehicles, according to the Joint

Electron Devices Engineering Council (JEDEC) stan-

dards of JESD22-B111 and JESD22-B104C. Figure 1

shows the schematic configuration of the drop impact

test system. The PCB boards of test vehicles were

fixed at the four corners of the drop table with the

mounted BGA components facing downward. The

equivalent drop height was 180 mm, the acceleration

peak was 270 g, and the pulse duration was 1.55 ms.

For each type of low-temperature Sn–Bi–X solder

paste, 32 specimens were tested to obtain a high

confidence coefficient of 95%. A real-time resistance

measurement system was used to monitor the drop

failures of the test vehicles. The failure criterion was

defined as the case in which the overall electrical

resistance of the solder joints of a component board

exceeds 999 X during two consecutive drops.
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Test vehicle specimens were prepared for cross-

sectional analyses before and after the failure. A Zeiss

Supra 55 scanning electron microscope (SEM) and a

JXA-8530 F Plus Hyper Probe field-emission electron

probe micro-analyzer (EPMA) were employed to

investigate the microstructure of hybrid solder joints.

3 Results

3.1 Microstructure of Sn–Ag–Cu/Sn–Bi–X
hybrid solder joints

Figure 2 shows the cross-sectional microstructure of a

low-temperature soldering Sn–Ag–Cu/Sn–Bi–X

hybrid solder joint in the as-soldered state. The low-

temperature soldering process caused partial melting

of Sn–Ag–Cu solder ball, and consequently an inho-

mogeneous microstructure of the hybrid solder joint

was observed, of which the un-melted Sn–Ag–Cu

solder ball was partially wrapped by the low-tem-

perature Sn–Bi–X solder.

Figure 3 shows the enlarged SEM images of inter-

facial microstructure at the solder/PCB interfaces of

hybrid solder joints. Scalloped Cu6Sn5 intermetallic

compound (IMC) grains formed at the Sn–Bi–X/Cu

interfaces of Sn–40Bi–2Sb, Sn–49Bi–1Ag, Sn–57Bi-1Ag

hybrid solder joints, and (Cu0.9Ni0.1)6Sn5 grains

formed at the interface of Sn–58Bi–1Sb–1Ni hybrid

solder joint. However, the thickness of interfacial

IMC layer varied with the Bi content of solder joints,

which was in an order of Sn–40Bi–2Sb (1.93 lm) [
Sn–49Bi–1Ag (1.81 lm) [ Sn–57Bi–1Ag (0.81 lm) [
Sn–58Bi–1Sb–1Ni (0.58 lm), i.e., the higher Bi content

resulted in the thinner interfacial IMC.

Moreover, abundant discontinuously Bi-rich pha-

ses randomly segregated in front of the solder/

Fig. 1 Schematic configuration of drop impact test system

Fig. 2 Cross-sectional microstructure of low-temperature Sn–Ag–

Cu/Sn–Bi–X hybrid solder joint in as-soldered state

Table 1 Information of Sn–

Bi–X solders Alloy type Compositions (wt%) Melting temperature (�C) Flux type

Sn–40Bi–2Sb Sn–40Bi–2Sb 143–144 ROL0

Sn–49Bi–1Ag Sn–49Bi–(0.8–1.2)Ag ? 1Additives 138–151 ROL0

Sn–57Bi–1Ag Sn–57Bi–1Ag 138 ROL0

Sn–58Bi–1Sb–1Ni Sn–58Bi–1Sb–1Ni 140–145 ROL0
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Cu6Sn5 interface, since Bi atoms were not involved in

the interfacial reaction during the low-temperature

soldering. As shown in Fig. 3, the size of Bi-rich

phase also follows a descending order of Sn–40Bi–2Sb

(4.94 lm) [ Sn–49Bi–1Ag (3.85 lm) [ Sn–57Bi–1Ag

(2.97 lm) [ Sn–58Bi–1Sb–1Ni (2.45 lm). It seemed

that the thicker the interfacial Cu6Sn5 IMC formed,

the more the Bi-rich phases segregated in front of the

solder/Cu6Sn5 interface.

Figure 4 shows the top-view SEM images of inter-

facial Cu6Sn5 grains at the Sn–Bi–X/Cu interface of

hybrid solder joints in the as-soldered state. The

average diameters of Cu6Sn5 grains were 0.65, 0.61,

0.54 and 0.20 lm for Sn–40Bi–2Sb, Sn–49Bi–1Ag, Sn–

57Bi–1Ag and Sn–58Bi–1Sb–1Ni hybrid solder joints,

respectively, which were in good agreement with the

IMC thicknesses, as shown in Fig. 3.

3.2 Drop impact and fracture behavior
of Sn–Ag–Cu/Sn–Bi–X hybrid solder
joints

Figure 5a shows the Weibull plots of cumulative

failure probability of the test vehicle hybrid solder

joints. The Weibull probability distribution function

was expressed by [18]:

FðtÞ ¼ 1 � exp � t

k

� �j� �
; ð1Þ

where F(t) is the cumulative failure probability, t is

the number of drops to failure, j is the shape

parameter, and k is the scale parameter. j and k
values reflect the dispersion of lifetime and charac-

teristic lifetime of the hybrid solder joints,

respectively.

Fig. 3 Enlarged SEM images of interfacial microstructure (PCB side) with different Sn–Bi–X solders: a Sn–40Bi–2Sb, b Sn–49Bi–1Ag,

c Sn–57Bi–1Ag and d Sn–58Bi–1Sb–1Ni
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The characteristic lifetimes k were 247, 482, 320 and

202 drops for Sn–40Bi–2Sb, Sn–49Bi–1Ag, Sn–57Bi–

1Ag and Sn–58Bi–1Sb–1Ni hybrid solder joints,

respectively. Further considering the 10% of cumu-

lative failure, the lifetimes were 15, 84, 9 and 7 drops

for Sn–40Bi–2Sb, Sn–49Bi–1Ag, Sn–57Bi–1Ag and Sn–

58Bi–1Sb–1Ni hybrid solder joints, respectively. It

was shown that the Sn–49Bi–1Ag hybrid solder joints

exhibited a superior drop resistance than the Sn–

40Bi–2Sb, Sn–58Bi–1Sb–1Ni and Sn–57Bi–1Ag hybrid

solder joints.

Moreover, the dispersion of lifetime j for Sn–49Bi–

1Ag hybrid solder joints was 1.29, which was higher

than those of 0.80, 0.64 and 0.67 for Sn–40Bi–2Sb, Sn–

57Bi–1Ag and Sn–58Bi–1Sb–1Ni hybrid solder joints,

respectively. Figure 5b shows the Weibull probability

failure density distribution plots of the test vehicle

hybrid solder joints. The density distribution function

was expressed by:

fðtÞ ¼ jk�jtj�1exp � t

k

� �j� �
: ð2Þ

The shape of density distribution for Sn–49Bi–1Ag

hybrid solder joints is convex, showing a wear-out

failure mode, which means the hybrid solder joints

preferred to fail at the later stage of the drop tests.

However, the shapes of density distributions for Sn–

40Bi–2Sb, Sn–57Bi–1Ag and Sn–58Bi–1Sb–1Ni hybrid

solder joints are concave, showing early failure

modes, which mean the hybrid solder joints pre-

ferred to fail at the early stage of the drop tests. Thus,

the Sn–49Bi–1Ag hybrid solder joints showed a sig-

nificant enhancement in the drop impact reliability,

compared to the Sn–40Bi–2Sb, Sn–57Bi–1Ag and Sn–

58Bi–1Sb–1Ni hybrid solder joints.

Figure 6 shows the crack locations in hybrid solder

joints that failed at the characteristic lifetime. As

shown in Fig. 6b, the Sn–49Bi–1Ag hybrid solder

bumps completely separated from the Cu substrate

along the interfacial IMC, while in the Sn–40Bi–2Sb,

Fig. 4 Top-view images of interfacial Cu6Sn5 grains (PCB side) with different Sn–Bi–X solders: a Sn–40Bi–2Sb, b Sn–49Bi–1Ag, c Sn–

57Bi–1Ag and d Sn–58Bi–1Sb–1Ni
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Sn–57Bi–1Ag and Sn–58Bi–1Sb–1Ni hybrid solder

joints, small cracks located at the solder/Cu inter-

faces, and the solder joints still kept integrity, as

shown in Fig. 6a, c, d. Therefore, the Sn–49Bi–1Ag

hybrid solder joints failed in the wear-out failure

modes has a longer critical crack length, compared to

the other three hybrid solder joints failed in the early

failure modes.

Figure 7 shows the EPMA mapping analysis of

fracture surfaces on the PCB side, corresponding to

Fig. 6a–d. As shown in Fig. 7a and b, in the Sn–40Bi–

2Sb and Sn–49Bi–1Ag hybrid solder joints, a high

content of Bi remained and occupied the most region

of fracture surface, whereas Sn and Cu partially

preserved in the other sections, confirming that

fracture mostly occurred within the Bi-rich phases.

However, in the Sn–57Bi–1Ag and Sn–58Bi–1Sb–1Ni

hybrid solder joints, high contents of Sn and Cu were

observed across the entire fracture surfaces, showing

that the drop fracture occurred across the IMC layer,

as shown in Fig. 7c and d. Bi was also detected in the

fracture surfaces, but the sizes of Bi phases of Sn–

57Bi–1Ag and Sn–58Bi–1Sb-1Ni hybrid solder joints

were much smaller than those of Sn–40Bi–2Sb and

Sn–49Bi–1Ag ones.

4 Discussion

4.1 Effect of Bi content on microstructure
of hybrid solder joints

Figure 8 shows the average Bi contents in the Bi

mixing regions of hybrid solder joints. In the as-sol-

dered state, the Bi content varied from 17.4 to 23.7

wt%, and followed an order of Sn–40Bi–2Sb \ Sn–

49Bi–1Ag \ Sn–57Bi–1Ag \ Sn–58Bi–1Sb–1Ni.

According to the Sn–Bi phase diagram [19], the alloy

with a lower Bi content has a higher liquidus tem-

perature. As a result, to obtain a similar Bi mixing

percentage in hybrid solder joints, a higher soldering

temperature is required for the hybrid solder joints

with a lower Bi content. Moreover, a lower Bi content

also resulted in an increase in the kinetics of interfa-

cial reaction, since Bi atoms were not involved in the

interfacial reaction. Thus, the lower the Bi content of

solder joints was, the thicker the IMC layer formed.

Moreover, based on the concentration gradient

control (CGC) interfacial reaction model [20, 21], the

size of Bi phases was mainly controlled by the Bi

influx, i.e., the flux of Bi atoms flowing toward the

front of solder/IMC interface (Jinter=Bi). In the as-sol-

dered state, the Bi influx was mainly supplied by the

segregation flux (Jpre=Bi), while it was consumed by

the up-diffusion flux (Jup=Bi) of Bi atoms due to the

low concentration of un-melted SAC region. There-

fore, the influx of Bi atoms could be expressed by:
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Jinter=Bi ¼ Jseg=Bi � Jup=Bi / Bisize ð3Þ

Since Bi atoms were not involved in the interfacial

reaction, a thicker IMC formation resulted in a higher

Bi segregation at the front of solder/IMC interface.

As a result, Jseg=Bi of hybrid solder joints with lower Bi

content is higher than that of hybrid solder joints

with the higher Bi content, that is Jlowseg=Bi [ Jhigh
seg=Bi:

After reflow, although the difference in Bi content

between Sn–49Bi–1Ag and Sn–57Bi–1Ag solders

decreased from 8 to 2 wt% (Fig. 8), the up-diffusion of

Bi atoms in hybrid solder joints with the higher Bi

content was still higher than that with the lower Bi

content, which means Jlowup=Bi\Jhigh
up=Bi:

Based on Eq. 3, it was concluded that

Jlowinter=Bi [ Jhigh
inter=Bi: Therefore, the hybrid solder joints

with a lower Bi content precipitated large Bi phases.

4.2 Effects of minor additives
on microstructure of hybrid solder
joints

As shown in Fig. 4, the grains of interfacial Cu6Sn5

with minor additives of Sb and Ni were remarkably

finer than those with Ag addition. Figure 9 shows the

elemental mapping of Cu, Sn, Ag, Sb, Ni and Bi for

the four types of Sn–Bi–X solders. Ag addition

induced the formation of Ag3Sn in the b-Sn matrix

Fig. 6 Crack locations in hybrid solder joints after drop impact failure at characteristic life times of a Sn–40Bi–2Sb, b Sn–49Bi–1Ag,

c Sn–57Bi–1Ag and d Sn–58Bi–1Sb–1Ni
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(Fig. 9b and c), while Sb and Ni formed a solid

solution in b-Sn (Fig. 9a and d).

The addition of Ag into the Sn–Bi-based solder was

reported to decrease the brittleness and improve the

mechanical properties [22, 23]. The Ag3Sn particles

formed in the b-Sn solder matrix can effectively

hinder the movement of interfacial dislocations due

to the pining effect. Consequently, the Sn–49Bi–1Ag

and Sn–57Bi–1Ag hybrid solder joints with the Ag

addition exhibited superior drop reliability. In com-

parison, Sb and Ni additives significantly improved

the UTS but depressed the elongation of solder joints,

due to the stronger solid-solution hardening and

particle hardening effects [15, 16]. As a result, the

worse drop reliability was obtained for the Sn–40Bi–

2Sb and Sn–58Bi–1Sb-1Ni hybrid solder joints.

Moreover, it was reported that the addition of 1.0

wt% Sb into Sn–3.0Ag–0.7Cu solder led to the for-

mation of Ag3(Sn,Sb) IMC layers, and thus decreased

the grain size of Cu–Sn IMCs [24]. That is why the

thickness of IMCs in Sn–58Bi–1Sb–1Ni hybrid solder

joints was approximately half of that in Sn–57Bi–1Ag

ones, as shown in Fig. 3. Consequently, smaller Bi-

rich phases formed in front of solder/Cu interface for

hybrid solder joints with Sb and Ni additions com-

pared to that with Ag addition.

Fig. 7 EPMA mapping analysis results of drop failure fracture surface (PCB side) with different Sn–Bi–X solders: a Sn–40Bi–2Sb, b Sn–

49Bi–1Ag, c Sn–57Bi–1Ag and d Sn–58Bi–1Sb–1Ni
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4.3 Distribution of Bi phases in hybrid
solder joints

Figure 10 shows the interfacial microstructure at the

PCB side of Sn–49Bi–1Ag hybrid solder joints. Cracks

were inclined to propagate within the large Bi-rich

phases that segregated at the solder/IMC interface,

and the secondary cracks were also observed, as

shown in Fig. 10c. It was indicated that the cracks

were inclined to propagate in the large Bi-rich phases

to relax the stress concentration, due to the lower

elastic modulus of Bi phase (25 GPa) than those of

pure Sn (44 GPa) and (Cu,Ni)6Sn5 (100–210 GPa)

[25–27]. The large Bi-rich phases had higher stress

compliance and higher plastic energy dissipation

ability during the crack propagation process, which

effectively toughened the crack tip and prolonged the

lifetime to reach the critical rupture stress.

Moreover, the segregated large Bi-rich phases

consist of fine Bi grains with diameters lower than 1

lm, as shown in Fig. 10b. Fine grains further pro-

longed the crack paths. The appearance of the

secondary crack tips during the drop impact tests

released and redistributed the stress, absorbed the

energy and deferred the main crack propagation.

Therefore, the hybrid solder joints with large Bi-rich

phases exhibited superior drop properties with a

wear-out failure mode.

As to the fine Bi-rich phases segregated in front of

the solder/IMC interface, according to the Orowan

mechanism [28–31], cracks preferentially propagated

at the weaker solder/IMC interface rather than across

the Bi particles, as shown in Fig. 11. Therefore, the

hybrid solder joints with fine Bi-rich phases were

inclined to fail in an early failure mode with poor

drop properties.

Figure 12 shows the schematic of hybrid solder

joints with two different failure modes. For the wear-

out failure mode, large Bi-rich phases segregated in

front of the solder/IMC interface, and the drop

impact-induced crack occurred at the corner of solder

joints and subsequently propagated and derived the

secondary cracks within the Bi-rich phases. For the

early failure mode, fine Bi-rich phases segregated and

Fig. 9 EPMA map scanning of different bulk Sn–Bi–X solder alloys: a Sn–40Bi–2Sb, b Sn–49Bi–1Ag, c Sn–57Bi–1Ag and d Sn–58Bi–

1Sb–1Ni
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Fig. 10 Cross-sectional drop impact failure fracture morphologies (PCB side) of Sn–49Bi–1Ag hybrid solder joints: a crack path, b and

c enlarged images of Bi-rich phase and crack path in (a), respectively

Fig. 11 Cross-sectional drop impact failure fracture morphologies (PCB side) of Sn–58Bi–1Sb-1Ni hybrid solder joints, a crack path in

integrate solder joint, b bumps separated from PCB, respectively
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the cracks propagated along the solder/IMC

interface.

5 Conclusions

1. With decreasing Bi content in Sn–Bi–X solder, the

thicker interfacial Cu6Sn5 or (Cu,Ni)6Sn5 IMC

accompanied with larger Bi-rich phases formed at

the solder/Cu interface of low-temperature sol-

dering Sn–Ag–Cu/Sn–Bi–X hybrid solder joints,

due to the lower Bi concentration gradient and

higher reflow temperature.

2. The addition of Ag promoted the formation of

Ag3Sn particles with a pinning effect, while the

minor additives of Sb and Ni formed a solid

solution in b-Sn matrix and hindered the growth

of interfacial Cu6Sn5/(Cu,Ni)6Sn5 grains.

3. If large Bi-rich phases segregated in front of

solder/IMC interface of hybrid solder joints, drop

impact-induced cracks initiated and propagated

within Bi-rich phases and the hybrid solder joints

failed in a wear-out failure mode, while if fine Bi-

rich phases segregated, drop impact-induced

cracks initiated and propagated along the sol-

der/IMC interface and the hybrid solder joints

failed in an early failure mode.

4. Combined with microstructure and board-level

drop reliability, Sn–49Bi–1Ag solder was the

optimum low-temperature solder for assembling

Sn–Ag–Cu/Sn–Bi–X hybrid solder joints, which

failed in a wear-out failure mode with the highest

drop characteristic lifetime of 420 drops, 138.6,

50.6 and 95.9% higher than those of Sn–40Bi–2Sb,

Sn–57Bi–1Ag and Sn–58Bi–1Sb-1Ni hybrid solder

joints failed in an early failure mode, respectively.
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