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Abstract

Low-temperature bonding has become a significant trend in advanced electronics packaging technology. A low-reflow-
temperature process can effectively reduce the risk of warpage, thus greatly enhancing device reliability. SnBi eutectic
solder is one of the best candidates for low-temperature assembly. In this study, first, a layer of pre-solder (Sn-0.3Ag-0.7 Cu,
SAC0307) was reflowed; then, another layer of low-temperature solder (Sn-56Bi-1Ag-0.2Cu, SB102) was reflowed on top
to create a hybrid solder joint. Small bismuth precipitates were uniformly distributed in the SAC0307 layer after long-term
aging. Cross-sectional images were examined to analyze the kinetics between the SB102/SAC interdiffusion reaction. Shear
tests and fracture surface analyses were undertaken to investigate the joint strength and the failure mode. The SAC0307 layer
prevented the solder embrittlement by reducing the ratio of Bi-rich phases in the SB102 matrix and successfully transformed
the mechanical fracture mode from brittle to ductile. The results demonstrated that the mechanical properties of the solder

joint were greatly improved after long-term heat treatment.
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Introduction

As the miniaturization trend of large-scale-circuit integra-
tion is approaching the limit of Moore’s law, the electronics
industry has been searching for ways to overcome or extend
the limit of Moore’s law. One promising method is the
assembly of a three-dimensional integrated circuit (3D IC).
Package-on-package is a common 3D IC method, wherein
the role of solder joints is critical when stacking two differ-
ent components on the same package. However, the reflow
of traditional SAC305 Pb-free solder requires a reflow tem-
perature of around 250°C. Such a high temperature induces
thermal stress between the Si chips and polymer substrates
due to the difference in their thermal expansion coefficients.
Furthermore, the thermal stress may induce severe warpage,
thus damaging the chips.

Compared with other common Pb-free solders used in the
industry, Sn-58Bi (SnBi) alloy has a relatively low melting
point (139°C) with good wettability and high mechanical
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strength.'™ Despite being a promising low-temperature sol-
der, however, a continuous Bi-rich phase can disintegrate,
and an intermetallic compound (IMC) layer formed at the
interface between the Sn-Bi solder matrix and the substrate
significantly reduces the joint strength after long-term heat
treatment.! When the composition of SnBi was modified by
alloying a minor amount of Ag, a continuous brittle Bi-rich
layer was not observed for the entire aging process.” With
the addition of Ag, the increased apparent activation energy
inhibits the high growth rate of IMC.? Although the mechan-
ical properties of SnBiAg were enhanced by the addition of
minor Ag, the morphology of the fracture surface still exhib-
ited brittle behavior.* For advanced electronics packaging
technology, the solder joints should have sufficient strength
and ductility as well as high reliability. Furthermore, it is
essential to prevent the formation of cracks between the sol-
der joints and Cu wires.?

In our research, SnBi with minimal alloying with Ag
and Cu was chosen as the low-temperature bonding mate-
rial, exhibiting a low melting point and superior mechani-
cal properties. The alloy is expected to reduce the risk of
thermal warpage and enhance the device reliability after
long-term aging. To fulfill the demand for high ductility
in 3D IC, the hybrid solder joint contained Sn-56Bi-1Ag-
0.2Cu (SB102) on top and Sn-0.7Ag-0.3Cu (SAC0307) on
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the bottom, and the reflow temperatures were set as 170°C
and 190°C. By utilizing the ductile SAC solder after reflow
and long-term aging,®’ the hybrid solder joint exhibited
improved ductility by reducing the ratio of Bi-rich phases.
The mechanical properties could be enhanced by an inter-
diffusion between SB102 and SAC0307 post-heat treat-
ment. The hybrid solder joint microstructure was observed
after reflowing at 170°C and 190°C via a scanning electron
microscope and a backscattered electron microscope. To
verify the relationship between the Sn dissolution rate at
different reflow temperatures, a liquid/solid interdiffusion
reaction test was conducted by immersing an SAC solder
wire in molten SB102 solder. The mechanical properties
of the hybrid solder joint were investigated by a shear test
that involved analyzing the fracture surface and the shear
strength after long-term aging.

Experimental Methods

The hybrid solder joint used in this study was provided by
Shenmao Technology Inc. An Sn—0.3Ag—0.7Cu (SAC0307)
solder paste was screen-printed on a predefined Cu pad on
a printed circuit board (PCB), followed by the reflow. An
Sn-56Bi-1Ag-0.2Cu (SB102) solder paste was then screen-
printed above the reflowed SAC0307 solder cap, followed
by another reflow at 170°C and 190°C. The reflow dwell
time at peak temperature (170°C) was 75 s. The heating
rate and cooling rate were 1.45°C/s and —0.9°C/s, respec-
tively. Another reflowed time dwelled at peak temperature
(190°C) for 75 s, and the heating rate and cooling rate were
1.75°C/s and —1.25°C/s, respectively. Samples with only
SB102 screen-printed and reflowed on PCB were fabricated
for comparison. All the samples were sealed in vacuumized
glass tubes to minimize oxidation interference after the long-
term reliability test. The samples were aged at 100°C for
15 days. Subsequently, the samples were mounted in epoxy
and carefully ground and polished to reveal the desired
cross-section. The cross-sectional images and phase com-
positions were analyzed by scanning electron microscope
(SEM, S-300H, Hitachi) in a backscattered electron (BSE)
imaging mode and an electron dispersive spectrometer
(model 7582, Oxford Instruments), respectively. Shear test
samples were aged at 75°C, 100°C, and 125°C for 15 days.
To confirm the relationship between the reflow temperature
and the dissolution rate of Sn in SB102, an SAC305 wire
was immersed in the molten SB102 solder bath at 140°C,
150°C, and 160°C for different intervals. 25 g of SB102
solder paste was first melted in a Petri dish and heated to
140, 150, and 160°C. The temperature of the liquid SB102
was monitored by inserting a K-type thermocouple into the
liquid SB102. Five-centimeter SAC305 wires with an aver-
age diameter of 845 pm were dipped into the liquid SB102.

At least five samples were tested for each parameter. The
amount of dissolved SAC305 wires was calculated by
observing the differences in the cross-sectional areas before
and after the immersion test, and the images were observed
via an optical microscope (OM, BX51M, Olympus) after
grinding and polishing.

The shear test samples were fabricated by assembling a
die on both the hybrid solder joint and SB102. The mechani-
cal properties were determined using the shear test equip-
ment (DAGE 4000PXY) with a shear height around the mid-
height of the die, and the shear speed was set as 50 pm/s.
The shear height was determined from the bottom side of
the PCB to the center of the capacitor. The shear height was
around 300 pm. The direction is perpendicular to the long
side of the capacitor. The contact areas were calculated from
the Cu pads beneath the capacitors. Since all the samples
were measured using the same approach, we believe that the
comparison for the shear strength is reasonable.

Results and Discussion

SB102/SAC0307 Hybrid Solder Joint Microstructure
After Reflow

Figure 1 shows the cross-sectional images of SB102 and
the hybrid solder joint reflowed at 170°C and 190°C that
were observed by SEM with a BSE mode. A clear bound-
ary can be seen between SB102 and SACO0307; thus, the
image presents a two-layered structure with SB102 on top
and SACO0307 on the bottom. However, the SB102 micro-
structure in the hybrid solder joint is different from that of
the reference sample. During the second reflow process, the
temperature was set between the melting point of SB102
(~139°C) and SACO0307 (~218°C). The reflow profiles
yielded a liquid/solid interdiffusion reaction during the
reflow. The liquid SB102 on top continuously dissolved Sn
from the solid SAC0307. For solid SAC0307 on the bot-
tom, Bi continuously diffused into $-Sn grains, forming a
solid solution. From the Sn-Bi phase diagram, eutectic Sn-Bi
shifted to hypoeutectic during reflow and underwent a non-
equilibrium cooling. The SB102 microstructure in the hybrid
solder joint was expected as eutectic formed within the $-Sn
dendritic matrix.

Kinetic Analysis of SB102/SAC305 Liquid/Solid
Interdiffusion

To kinetically understand the dissolution of Sn from
the SAC solder into molten SB102, an SAC305 wire
was placed in the molten SB102 bath. SAC305 replaced
SACO0307 due to its availability. Owing to the similar com-
position, the study on the SB102/SAC305 system should
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Fig. 1 Microstructure of (a) SB102 reflowed at 170°C, (b) hybrid solder reflowed at 170°C, (c) SB102 reflowed at 190°C, and (d) hybrid solder

reflowed at 190°C.

help in understanding the reactions between SB102 and
SACO0307. The temperature was set at 140°C, 150°C, and
160°C for different reaction durations. After the reac-
tion, the area of the remaining SAC wire decreased with
increasing reaction time. By comparing the SAC wire
areas before and after the reaction, an empirical power
function could be employed to analyze the dissolution
rate of the Sn wire during the reaction. The correspond-
ing equation can be written as:

(ro—r) = kt" (D)

In Eq. 1, 1y is the initial radius of the SAC305 wire, r is
the radius of the remaining wire, t is the reaction time, k
is the dissolution rate of Sn, and n is a time exponent. The
wire is assumed to have a circular shape; thus, its radius
can be calculated based on the measurement of the remain-
ing areas of residual SAC305 wire. Hence, (ry—r) is the
amount of the consumed SAC305 wire. Figure 2 shows
the consumed radius of the SAC305 wire with respect to
reaction time. Evidently, the consumed radius increases
with the elevated reaction temperature for the same reac-
tion time. Furthermore, the logarithm (log) of Eq. 1 yields
Eq. 2 as shown below.

In(ry—r) = Ink + nlnt )
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Fig.2 Consumed radius vs. reaction time at three temperatures:
140°C, 150°C, and 160°C (inset) Apparent activation energy for Sn
dissolving in liquid SB102.

The reaction constant, k, can be written as an Arrhenius
equation that can be used to determine the apparent activation
energy for Sn dissolving in liquid SB102 solder,

=9

k = kyexp RT
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where k is a constant, Q is the activation energy, R is the
gas constant, T is the reaction temperature and the reac-
tion constant, k, can be correlated with activation by taking
natural logs on both sides of the equation. By plotting In k
with respect to 1/RT, the slope of the line can be denoted as
the activation energy Q, as shown in Fig. 2. The activation
energy was deduced from the plot as 65.93 kJ/mol. This
value is lower than the results previously reported in the
literature.®~'° Possibly, the driving force in our study is the
concentration gradient of Sn between SAC305 and SB102.
Without the formation of the IMC layer between SAC and
SB102, Sn could easily diffuse to liquid SB102.

SB102/SAC0307 Hybrid Solder Joint Long-Term
Aging

Microstructure Evaluation After Thermal Aging

The evolution of the microstructure for the hybrid solder
joint during the aging process was found to demonstrate the
effect of the addition of the SAC0307 layer. Figure 3 shows
the BSE images of SnB102/SAC0307 reflowed at 170°C and
190°C, then aged at 100°C for 15 days. As shown in Fig. 3b,
small Bi particles precipitated in the f-Sn grains and were
distributed uniformly in the SAC0307 solder post-aging. The
same results were also observed when the hybrid solder joint
was reflowed at 190°C and aged at 100°C for 15 days, as
shown in Fig. 3d.

Mechanical Properties of the Hybrid Solder Joint After
Thermal Aging

To confirm the contribution of the SAC0307 layer to the
mechanical properties of the solder matrix after the long-
term heat treatment, the microstructure, fracture surface,
failure mode, and shear strength were analyzed. Figure 4
displays a schematic drawing of the sample, where a die
was assembled on a substrate with reflowed solders on
the two legs. The rectangular box indicates the cross-sec-
tional areas reflected in the images. The cross-section of
the hybrid solder joint in the shear test samples reflowed
at 170°C is shown in Fig. 5a. After assembling the die

IMC

Cu electrode
Solder
matrix

Fig.4 Schematic figure of a shear test sample. The rectangular on the
left is the area for microstructure observation. The five dotted lines
on the right represent five locations of fracture: (I) Cu electrode, (II)
IMC/solder, (IIT) Solder matrix, (IV) Solder/IMC, and (V) PCB.

Fig.3 Microstructure of the hybrid solder (a) as-reflowed at 170°C and aged for (b) 15 days; (c) as-reflowed at 190°C and aged for (d) 15 days.
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for 15 days; hybrid solder reflowed at 190°C (e) as-reflowed, (f) aging

Fig.5 Images from the rectangular box shown in Fig. 4. Microstruc-
at 75°C for 15 days, (g) aging at 100°C for 15 days, (h) aging at

ture of hybrid solder reflowed at 170°C (a) as-reflowed, (b) aging at
75°C for 15 days, (c) aging at 100°C for 15 days, (d) aging at 125°C 125°C for 15 days.
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Fig.6 Images from the rectangular box shown in Fig. 4. Microstruc- for 15 days; hybrid solder reflowed at 190°C (e) as-reflowed, (f) aging
ture of SB102 solder reflowed at 170°C (a) as-reflowed, (b) aging at at 75°C for 15 days, (g) aging at 100°C for 15 days, (h) aging at
75°C for 15 days, (c) aging at 100°C for 15 days, (d) aging at 125°C 125°C for 15 days.
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with the hybrid solder joint, the solder matrix formed a
two-layer structure with SB102 on top and SAC0307 on
the bottom. The hybrid solder joint microstructure after
aging at 75°C, 100°C, and 125°C for 15 days is shown in
Fig. 5b—d. The results show numerous small Bi particles
precipitated in the f-Sn grains and distributed uniformly
with aging at 100°C and 125°C. However, no Bi was
observed with aging at 75°C for 15 days. Similar results
were found when the hybrid solder joint was reflowed at
190°C. Small Bi particles were precipitated out of the
B-Sn grains due to the exceedance of maximum solubility.
SB102 was compared with the hybrid solder joint, which
was also reflowed at 170°C and 190°C, followed by aging
at 75°C, 100°C, and 125°C for 15 days. The cross-sec-
tional images are shown in Fig. 6. Bi-rich phases became
coarser after long-term aging. By adding minor quanti-
ties of Ag and Cu in SB102, no continuous Bi-rich phase
formed at the interface between the solder matrix and the
IMC layer. The fracture surface of SB102 and the hybrid
solder joint after the reflow and aging at 125°C for 15 days
are shown in Fig. 7. For SB102, a large brittle fracture
surface could be observed in both cases. However, with
the addition of the SAC0307 layer, the fracture surface
transformed from brittle to a dimple morphology in the
entire fracture area. The results clearly indicated that the

failure mode was successfully converted from brittle to
ductile. From the fracture surface morphology, five types
of failure modes could be concluded based on the frac-
ture location. As schematically presented in Fig. 4, the
fracture locations included the Cu electrode, IMC/solder,
solder matrix, solder/IMC, and PCB. The failure mode
percentages for SB102 and the hybrid solder joint aged at
75°C, 100°C, and 125°C for 5, 10, and 15 days are shown
in Fig. 8. SB102 showed no obvious tendency when aged
at 75°C and 100°C for 15 days. However, when the aging
temperature reached 125°C, the dominant failure mode
changed from the Cu electrode to the solder matrix or sol-
der/IMC. The results could be attributed to the decreasing
solder strength caused by the coarsening of Bi-rich phases.
However, the fractured location of the hybrid solder joint
changed from the solder matrix to the Cu electrode, sug-
gesting that the solder matrix’s strength was enhanced by
the long-term aging process and exhibited good ductility.
Wang et al. reported that Bi-segregations form near the Cu
substrate accompanied by the formation of CugSns IMC.
The accumulation of Bi near the surface may inhibit the
growth of the interfacial IMC during the subsequent aging
process.!! This study shows that the addition of Bi in the
solder degrades the joint strength. In this study, Bi segre-
gation is more prominent in the SB 102 than in the hybrid

Fig.7 Fracture surface of SB102 solder reflowed at (a) 170°C and (b) 190°C and aging at 125°C for 15 days; hybrid solder reflowed at (c)

170°C and (d) 190°C aging at 125°C for 15 days.
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solder joint, as can be seen from Figs. 5 and 6. In the
hybrid solder joint, the composition varies from eutectic
to hypoeutectic; hence, it is expected that Bi would dis-
solve in the matrix and diffuse toward the SAC0307 side.

The shear strengths of SB102 and the hybrid solder joint
are shown in Fig. 9. The strength of the hybrid solder joint
greatly increased with both the aging time and temperature.
Small Bi particles precipitated in the B-Sn grains strength-
ened the solder due to precipitation and solid solution
strengthening. The results prove that the hybrid solder joint
could endure a harsh environment exhibiting good strength
and ductility. The shear height was determined from the bot-
tom side of the PCB to the center of the capacitor. The shear
height was around 300 pm. The direction is perpendicular
to the long side of the capacitor. It is possible that the shear
strength of the die would decrease with increasing shear
height due to torque generated by the shear force. Accord-
ing to the test standard SEMI G63-95, there is a table that
shows the corresponding values of minimum shear strength
to different shear test height ratio. Therefore, the proposed

hybrid solder joint may be a very promising choice as a low-
temperature assembling material.

Conclusions

The addition of the SAC layer reduced the ratio of Bi-rich
phase in the SB102 matrix and changed the SB102 micro-
structure from eutectic to hypoeutectic via non-equilibrium
cooling. The results of the liquid/solid interfacial kinetic
analysis confirm that the dissolution rate of SAC increased
with the reflow temperature, with activation energy of
65.93 kJ/mol. With the addition of the SAC layer between
the SB102 and Cu substrate, the fracture mode changed from
brittle to ductile. Small Bi particles precipitated in the p-Sn
grain after the heat treatment, and the shear strength of the
hybrid solder joint increased due to precipitation and solid
solution strengthening.

1. The addition of the SAC layer reduced the ratio of Bi-
rich phase in the SB102 matrix and changed the micro-
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Fig.8 Percentage of failure mode for (a) SB102 reflowed at 170°C, (b) SB102 reflowed at 190°C, (c) hybrid solder reflowed at 170°C, and (d)
hybrid solder reflowed at 190°C. The data show the as-reflowed sample, the aging sample for 5, 10, and 15 days at 75, 100, and 125°C.
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Fig.9 Shear strength of (a) SB102 reflowed at 170°C, (b) SB102 reflowed at 190°C, (c) hybrid solder reflowed at 170°C, and (d) hybrid solder

reflowed at 190 after aging at 75°C, 100°C, and 125°C for 15 days.

structure of SB102 from eutectic to hypoeutectic by non-
equilibrium cooling.

2. From the results of liquid/solid interfacial kinetic anal-
ysis, it is confirmed that the dissolution rate of SAC
increased with reflow temperature, and the apparent
activation energy was 65.93 kJ/mol.

3. Adding the SAC layer between SB102 and the Cu sub-
strate could change the fracture mode from brittle to
ductile.

4. Small Bi particles precipitated in the #-Sn grain after
heat treatment, and the shear strength of hybrid sol-
der increased due to precipitation and solid solution
strengthening.
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