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Abstract Sn–8Zn–3Bi solder paste was applied as a

medium to joint Sn–3.2Ag–0.5Cu solder balls and Cu/

Ni/Au metallized ball grid array substrates at 210 �C.

Sn–Ag–Cu joints without Sn–Zn–Bi addition were also

conducted for comparison. The shear behavior of the

specimens was investigated after multiple reflow and

thermal aging. For each strength test, more than 40

solder balls were sheared. The shear strength of

Sn–Ag–Cu specimens kept constant ranging from

15.5 ± 1.3 N (single reflow) to 16.2 ± 1.0 N (ten

reflows) and the fractures occurred in the solder. Shear

strength of Sn–Ag–Cu/Sn–Zn–Bi specimens fell from

15.9 ± 1.7 N (single reflow) to 13.4 ± 1.6 N (ten

reflows). After single reflow, Sn–Ag–Cu/Sn–Zn–Bi

specimens fractured in the solder along Ag–Au–Cu–

Zn intermetallic compounds and at Ni metallization.

After ten reflows, fractures occurred in the solder and

at solder/Ni–Sn–Cu–Zn intermetallic compound inter-

face. The shear strengths of the Sn–Ag–Cu and

Sn–Ag–Cu/Sn–Zn–Bi packages changed little after

aging at 150 �C. Sn–Ag–Cu/Sn–Zn–Bi joints kept

higher strength than Sn–Ag–Cu joints. Sn–Ag–Cu

joints fractured in the solder after aging. But the

fractures of Sn–Ag–Cu/Sn–Zn–Bi specimens shifted to

the solder with aging time.

Introduction

Sn–Pb solder balls have been used to joint the Ball

Grid Array (BGA) packages to Printed Circuit Boards

(PCBs) due to low eutectic melting temperature

(around 183 �C) and good wetting behavior on several

substrate metallizations such as Cu, Ag, Pd and Au

[1–3]. However, lead (Pb) is toxic and detrimental to

the environment and our health. Hence the legislative

ban on the use of Pb-based solders is driving the need

for the Sn–Pb solder substitute. A number of Pb-free

solders have been proposed. Among these, Sn/Ag-

based alloys hold promise because of their good

resistance to thermal fatigue, high ductility [4] and

better solderability on copper than Sn–Pb solder [5].

Investigations have been conducted to modify the

thermal and mechanical characteristics of eutectic Sn–

3.5Ag solder with the addition of Bi, Cu, In, Sb or Zn

[6–11]. Additions in Sn–Ag eutectic solder not only

decrease the melting point but also enhance mechan-

ical properties.

Sn–Zn solder (Sn–9mass% Zn for the eutectic

composition), with a eutectic temperature of 199 �C,

has also been investigated as a lead-free solder.

Moreover, the addition of Bi to Sn–Zn near eutectic

solder can improve the soldering properties by lower-

ing melting temperature to 188–199 �C [3, 4].

In spite of the compositional modification, the

melting points of the Sn–Ag- or Sn–Zn-based solders

are still 15–60 �C higher than that of the Sn–Pb

eutectic solder. This is expected to result in the

excessive growth of intermetallic compounds (IMCs)

during the soldering process [12]. The overgrown IMCs

are detrimental to the bonding strength between the

solder and the substrate due to increased brittleness
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[13]. To overcome this problem, the Sn–Zn–Bi solder

paste of lower melting temperature (roughly 188–

199 �C) may apply in Sn–Ag–Cu packages as a joint

medium between the Sn–Ag–Cu solder ball and the

metallization pad during soldering.

The soldering temperature of Sn–Ag–Cu packages

may be lowered with the introduction of Sn–Zn–Bi

paste to inhibit the excessive growth of intermetallic

compounds. The purpose of this study was to investi-

gate the correlation between interfacial microstruc-

tures and shear properties of the Sn–Ag–Cu packages

which apply the Sn–Zn–Bi solder paste. Moreover, the

shear property of Sn–Ag–Cu packages without Sn–Zn–

Bi addition is compared.

Experimental procedure

Commercial Sn–8Zn–3Bi solder paste and Sn–3.2Ag–

0.5Cu (mass %) solder balls were used in this study.

The solder paste was composed of activated flux and

Sn–Zn–Bi solder particles (20–25 lm in diameter). The

solder balls were 760 lm in diameter. Prior to the

soldering process, the solder paste with a thickness of

200 lm was stencil printed onto Cu/Ni/Au-metallized

pad on the commercial BGA substrate, followed by

solder ball attachment on the paste-covered pad, as

shown in Fig. 1. The copper layer was 30 lm in

thickness, and the thicknesses of the nickel and gold

layers were 7 lm and 1 lm, respectively. In addition to

the Sn–Ag–Cu/Sn–Zn–Bi joints, the Sn–Ag–Cu joints

without paste were studied for comparison.

Shear test was conducted for multiple reflowed and

thermally aged BGA specimens. Multiple reflow were

conducted for 1, 5, and 10 cycles. The thermal aging

was conducted at 150 �C after single reflow cycle for

100, 200, 500 and 1,000 h. The reflow experiment was

performed in an infrared (IR) furnace under a protec-

tive atmosphere of 90%N2–10%H2. The reflow profile

consisted of an activation stage at 170 �C with a peak

temperature of 210 �C (for Sn–Ag–Cu/Sn–Zn–Bi sam-

ples) or 240 �C (for Sn–Ag–Cu samples) for 30 s and

then a descent to room temperature over 3–4 min. The

ball shear test was conducted at a constant shear speed

of 0.5 mm/s with a fixed shear tip height of 50 lm

above the BGA substrate. The fracture surface and

microstructure of the BGA joints were polished with

0.3-lm Al2O3 powder, and investigated by scanning

electron microscope (SEM), and energy dispersive

X-ray analysis (EDX).

Experimental results

Microstructure of the samples

Sn–Ag–Cu system

Figure 2a shows the SEM micrographs of both the

solder bulk and the interface between Sn–Ag–Cu solder

and Cu/Ni BGA substrate after single reflow. During

reflow soldering, the topmost Au layer dissolves into the

molten solder, leaving the Ni layer exposed to the

molten solder. According to the EDX results, the

interfacial reaction between molten solder and the Ni

layer results in the formation of the pyramid-shaped

compound (Cu:Ni Sn = 39:17:44, at %) and layered

compound (Ni:Cu:Sn = 36:7:57, at %) of 1.2 lm thick,

which respectively imply (Cu, Ni)6Sn5 and (Ni, Cu)3Sn4

by atomic ratio [5, 14–17], as shown in Fig. 2a. The

microstructure of the bulk material indicates the darker

regions of Sn-rich areas, which are surrounded by

brighter particle-sized Ag3Sn intermetallic compounds

[5, 14, 15]. After ten reflows (Fig. 2b), the interfacial (Ni,

Cu)3Sn4 grows further toward 3–4 lm thick. Two grown

(Cu, Ni)6Sn5 grains tend to incorporate to lower the

surface energy. After aging for 1,000 h (Fig. 2c), the

compounds of (Cu, Ni)6Sn5, (Ni, Cu)3Sn4 and Ag3Sn do

not show the significant grain growth.

Sn–Ag–Cu/Sn–Zn–Bi system

Figure 3a shows the SEM micrograph of Sn–Ag–Cu/Sn–

Zn–Bi solder jointed with Cu/Ni/Au BGA substrate

after single reflow cycle. The Ni–Sn–Cu–Zn compound

with a thickness of 1 lm forms at the interface of which

atomic ratio is Ni:Sn:Cu:Zn = 27:43:13:16 (at %), mainly
Fig. 1 Cross-sectional sketch of the Sn–Ag–Cu/Sn–Zn–Bi joint
before reflow
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consisting of Ni and Sn. According to Ag–Zn and Ag–Sn

phase diagrams [18, 19], the compounds identified in the

solder are likely to be Ag5Zn8 (Ag:Zn = 41:59, at %) and

Ag3Sn (Ag:Sn = 74:26, at %). Moreover, the layered

Ag–Au–Cu–Zn compound detaches from the interface

and moves into the solder after single reflow. Elemental

compositions of Ag, Au and Cu distribute in Ag–Au–

Cu–Zn compounds of which atomic ratios of points A

and B are respectively Ag:Au:Cu:Zn = 10:7:20:63 and

7:17:12:64 (at %). Bi is not identified in any compounds.

According to Bi–Sn phase diagram [20], Bi may dissolve

in Sn phase due to notable solubility from 5 (50 �C) to 21

at % (140 �C). Figure 3b, c indicates that micro-cracks

are identified locally between Ag–Au–Cu–Zn IMCs and

Ni metallization after single reflow. Figure 4a and 4b, c

respectively show SEM micrographs of Sn–Ag–Cu/Sn–

Zn–Bi solder jointed with Cu/Ni BGA substrate after

five and ten reflows. Ni–Sn–Cu–Zn IMCs grow signifi-

cantly from 3.2 lm thick (five cycles) to 5.0 lm (ten

cycles). Ag–Au–Cu–Zn IMC layer appears to shrink

with reflow cycles (Fig. 4b), or even shrinks to disappear

(Fig. 4c). The reason of Ag–Au–Cu–Zn IMC shrinkage

is not clear and needs further study.

Figure 5a–c respectively show SEM micrographs of Sn–

Ag–Cu/Sn-Zn-Bi solder jointed with Cu/Ni/Au substrate

after aging for 200, 500 and 1,000 h. Solid-state aging at

150 �C results in the growth of Ni–Sn–Cu–Zn compounds

from 1 lm (single reflow, or aging 0 h) to 2.1 lm thick

(aging 1,000 h), as shown in Figs. 3a and 5c. Ag3Sn is

embedded in Ni–Sn–Cu–Zn IMCs. Layered Ag–Au–Cu–

Zn IMCs appear not to thicken with aging time.

The shear behaviors of the samples

Figure 6a, b respectively shows the effects of reflow cycle

and aging time on shear strength. Figure 6a shows that

the shear strength of Sn–Ag–Cu joints (labeled SAC)

deviates slightly from single reflow (15.5 ± 1.3 N) to ten

reflows (16.2 ± 1.0 N). However, the shear strength of

Sn–Ag–Cu/Sn–Zn–Bi joints (labeled SAC + SZB) falls

from single reflow (15.9 ± 1.7 N) to five reflows

(13.8 ± 1.4 N) and changes little from 5 to 10 reflows

(13.4 ± 1.6 N). After thermal aging for 1,000 h, the

adhesion strengths of both joint systems change little,

as shown in Fig. 6b. The strengths of Sn–Ag–Cu joints

are 15.0 ± 1.4 N, 15.8 ± 1.1 N, 15.3 ± 1.1 N and

15.2 ± 1.3 N and those of Sn–Ag–Cu/Sn–Zn–Bi joints

are 15.6 ± 1.2 N, 16.5 ± 1.4 N, 16.7 ± 1.5 N and

16 ± 1.3 N after aging for 100, 200, 500 and 1,000 h,

respectively. It is noted that Sn–Ag–Cu/Sn–Zn–Bi joints

hold higher strength than Sn–Ag–Cu joints.

Figure 7a–c shows that the Sn–Ag–Cu joints fracture in

the solder after single reflow (7a), ten reflows (7b) and

aging for 1,000 h (7c). Figure 8a–e shows the cross-

sectional morphology of the Sn–Ag–Cu/Sn–Zn–Bi

sheared specimens after various reflows. Figure 8b, c

Fig. 2 Interfacial microstructures of the Sn–Ag–Cu specimens
after (a) single reflow, (b) ten reflows and (c) aging for 1,000 h
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Fig. 3 Interfacial microstructures of the Sn–Ag–Cu/Sn–Zn–Bi
specimens after single reflow: (a) IMC observation in the solder
and interfacial area, (b) local crack formation and (c) magnifi-
cation image of the crack between Ag–Au–Cu–Zn IMC and Ni
metallization

Fig. 4 Interfacial microstructures of the Sn–Ag–Cu/Sn–Zn–Bi
specimens after (a) five reflows and (b, c) ten reflows
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(magnifications of Regions A and B in Fig. 8a) shows

that, after single reflow, the fractures occurred in the

solder along Ag–Au–Cu–Zn IMCs (Fig. 8b) and at Ni

metallization (Fig. 8c). After five reflows (Fig. 8d), frac-

ture occurs in the solder along Ag–Au–Cu–Zn IMCs and

at solder/Ni–Sn–Cu–Zn IMC interface. After ten reflows,

shrinking Ag–Au–Cu–Zn IMCs are hardly observed in

the sheared solder. The fracture occurs in the solder and

at solder/Ni–Sn–Cu–Zn IMC interface (Fig. 8e).

Figure 9a–d shows the cross-sectional morphology

of the Sn–Ag–Cu/Sn–Zn–Bi sheared specimens aged

for different time. Fractures occur in the solder along

Ag–Au–Cu–Zn IMCs and at Ni metallization after

aging for 100 (Fig. 9a) and 200 h (Fig. 9b). However,

fractures gradually shift to the solder as aging time

increases from 500 (Fig. 9c) to 1,000 h (Fig. 9d).

Discussion

For Sn–Ag–Cu joints, fractures occurring in the solder

indicate that the interfacial compounds are minor to

failure behavior. Moreover, the microstructure of the

Fig. 6 Shear strength variation by (a) multiple reflows and (b)
thermal aging treatment (SAC: Sn–Ag–Cu joints, SAC+SZB: Sn–
Ag–Cu/Sn–Zn–Bi joints)

Fig. 5 Interfacial microstructures of the Sn–Ag–Cu/Sn–Zn–Bi
specimens aged for (a) 200 h, (b) 500 h and (c) 1,000 h
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bulk seems not to change significantly with reflows or

aging time, which may result in the constant shear

strength.

For Sn–Ag–Cu/Sn–Zn–Bi joints, the fracture occur-

ring in the solder along the Ag–Au–Cu–Zn compounds

may be ascribed to the detachment of Ag–Au–Cu–Zn

compounds into the solder which deteriorates the joint

strength due to IMC brittleness. Furthermore, the

fracture occurred at Ni metallization is likely due to

the crack formation (Fig. 3b, c) between Ag–Au–Cu–

Zn compounds and Ni metallization. The reason for

crack formation is not clear and the related studies are

in progress. After five reflows, interfacial Ni–Sn–Cu–

Zn IMCs grow to provide the significant joint strength

with Ni metallization. But the grown Ni–Sn–Cu–Zn

IMCs may degrade the joint strength between the

brittle Ni–Sn–Cu–Zn IMCs and the ductile solder,

contributing to the drops of the strength from 1 to 5

reflow cycles. The constant shear curve from 5 to 10

reflows may be ascribed to the similar fractures (at

solder/Ni–Sn–Cu–Zn compound interface). It implies

that the thickness of Ni–Sn–Cu–Zn compounds may

not involve in altering the joint strengths but adhere

notably with Ni metallization. After ten reflows, the

effect of the shrinkage of Ag–Au–Cu–Zn IMCs on

bonding strength is possibly insignificantly in that they

are hardly found in fractures. As aging test proceeds,

the growing Ni–Sn–Cu–Zn compounds also provide a

significant bonding with Ni metallization and result in

the transformation of the shear fracture to solder with

aging time toward 1,000 h. It suggests that the bonding

strength between thickened layered Ni–Sn–Cu–Zn

compounds and Ni metallization seems to be higher

than that of the solder, leading to the fractures in the

solder instead of at Ni metallization. Nevertheless, the

shear strength curve shown in Fig. 6b does not exhibit

the behavior. This is because the fractures usually

occur in the region of lower shear strength (the solder,

in this study), not in higher strength region (at Ni

metallization). Hence it is unable to measure the

strength between thickened layered Ni–Sn–Cu–Zn

compounds and Ni metallization. As mentioned above,

it is noted that Sn–Ag–Cu/Sn–Zn–Bi joints keep higher

strength than Sn–Ag–Cu joints in each corresponding

aging test. This phenomenon may be due to the Bi

addition because Bi is generally considered to be hard

which causes solid solution hardening of the Sn phase

[6, 21–23].

Soldering at lower temperature is beneficial for

energy saving and the inhibition of excessive IMC

growth. However, it may cause the poor bonding

strength between solder and metallization pad due to

the deficient interfacial reaction. Although Sn–Ag–Cu/

Sn–Zn–Bi joints hold lower strengths than Sn–Ag–Cu

joints under multiple reflows, thus produced packages

(Sn–Ag–Cu/Sn–Zn–Bi joints) also meet the minimum

Fig. 7 Cross-sectional fractures of the Sn–Ag–Cu joints after (a)
single reflow, (b) ten reflows and (c) aging for 1,000 h
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Fig. 8 Cross-sectional
fractures of the Sn–Ag–Cu/
Sn–Zn–Bi joints after various
reflows: (a) single reflow, (b)
the magnification of Region
A in (a), (c) the magnification
of Region B in (a), (d) five
reflows and (e) ten reflows

Fig. 9 Cross-sectional
fractures of the Sn–Ag–Cu/
Sn–Zn–Bi joints after aging
for: (a) 100 h, (b) 200 h, (c)
500 h and (d) 1,000 h
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ball shear force of 1 kg (9.8 N) in the industry

benchmark test [24]. As a result, the introduction of

Sn–Zn–Bi medium to join the Sn–Ag–Cu solder ball

with metallization pads seems to preserve the notable

bonding strength of BGA packages, even at a low

soldering temperature of 210 �C. However, it still

needs further reliability tests for practical feasibility

purpose.

Conclusion

The soldering temperature of Sn–3.2Ag–0.5Cu BGA

packages were successfully lowered to 210 �C with the

introduction of Sn–8Zn–3Bi solder paste as a joint

medium. Sn–Ag–Cu joints without Sn–Zn–Bi addition

were also conducted for comparison. The shear

strength of Sn–Ag–Cu specimens kept constant ranging

from 15.5 ± 1.3 N (single reflow) to 16.2 ± 1.0 N (ten

reflows) and the fractures occurred in the solder. Shear

strength of Sn–Ag–Cu/Sn–Zn–Bi specimens fell from

15.9 ± 1.7 N (single reflow) to 13.4 ± 1.6 N (ten re-

flows). After single reflow, Sn–Ag–Cu/Sn–Zn–Bi spec-

imens fractured in the solder along Ag–Au–Cu–Zn

IMCs and at Ni metallization. After ten reflows,

fractures occurred in the solder and at solder/Ni–Sn–

Cu–Zn IMC interface. The shear strengths of the Sn–

Ag–Cu and Sn–Ag–Cu/Sn–Zn–Bi packages changed

little after aging at 150 �C. Sn–Ag–Cu/Sn–Zn–Bi joints

kept higher strength than Sn–Ag–Cu joints. Sn–Ag–Cu

joints fractured in the solder after aging. Nevertheless,

the fractures of Sn–Ag–Cu/Sn–Zn–Bi specimens

shifted to the solder with aging time.
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